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Abstract

This study compares the seasonal and interannual-to-decadal variability in the strength and position of the
Kuroshio Extension front (KEF) using high-resolution satellite-derived sea surface temperature (SST) and sea
surface height (SSH) data. Results show that the KEF strength has an obvious seasonal variation that is similar at
different longitudes, with a stronger (weaker) KEF during the cold (warm) season. However, the seasonal variation
in the KEF position is relatively weak and varies with longitude. In contrast, the low-frequency variation of the KEF
position is more distinct than that of the KEF strength even though they are well correlated. On both seasonal and
interannual-to-decadal time scales, the western part of the KEF (142°-144°E) has the greatest variability in
strength, while the eastern part of the KEF (149°-155°E) has the greatest variability in position. In addition, the
relationships between wind-forced Rossby waves and the low-frequency variability in the KEF strength and
position are also discussed by using the statistical analysis methods and a wind-driven hindcast model. A positive
(negative) North Pacific Oscillation (NPO)-like atmospheric forcing generates positive (negative) SSH anomalies
over the central North Pacific. These oceanic signals then propagate westward as Rossby waves, reaching the KE
region about three years later, favoring a strengthened (weakened) and northward (southward)-moving KEF.
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1 Introduction

After separating from the east coast of Japan near 35°N, the
Kuroshio in the open North Pacific is known as the Kuroshio Ex-
tension (KE), characterized by large-amplitude meanders and
energetic pinch-off eddies (Mizuno and White, 1983; Qiu and
Chen, 2005; Kelly et al., 2010). Numerous studies have demon-
strated that the KE system exhibits pronounced decadal vari-
ations between stable and unstable states (e.g., Qiu and Chen,
2005, 2010; Taguchi et al., 2007). In its stable state, the KE jet is
strengthened and shifts northward, with weakened regional eddy
activity and an intensified southern recirculation gyre. The op-
posite situation occurs in the unstable state. Previous studies
have indicated that the transition between the two dynamic
states is triggered mainly by the arrival of wind-forced Rossby
waves that form in the central North Pacific (e.g., Qiu, 2003; Qiu
and Chen, 2005, 2010; Sasaki et al., 2013; Qiu et al., 2014).

The warm KE converges with the cold Oyashio current in the
north, which strengthens the climatological meridional gradient
in sea surface temperature (SST), forming a subarctic frontal
zone (SAFZ). However, the SAFZ is not single and has two major

SST fronts (Yasuda, 2003; Nonaka et al., 2006; Seo et al., 2014;
Kida et al., 2015). One is the subarctic front along the Oyashio Ex-
tension and the other is associated with the KE system and is
known as the KE front (KEF). The two fronts have different vertic-
al structure and may also be governed by different mechanisms
(Nonaka et al., 2006). Therefore, studies focusing on the KEF are
essential for a better understanding of the SAFZ.

The KEF is also recognized as a region with vigorous air-sea
interaction. In winter, the turbulent heat release is enhanced
over the warmer flank of the KEF, which induces strong surface
wind convergence and thus leads to local maxima of cloudiness
(Tokinaga et al., 2009; Masunaga et al., 2015, 2016). In early sum-
mer, the stronger vertical mixing over the warmer flank of the
KEF results in a higher low-level cloud base than that over its
cooler flank (Kawai et al., 2015). Moreover, during this season the
KEF contributes to the eastward extension of the Baiu rainband
through surface wind convergence (Tokinaga et al., 2009). These
findings indicate that the impacts of the KEF on the overlying at-
mosphere can penetrate into the free troposphere. Other studies
have also identified the significant impact of SST anomalies along
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the KEF on the large-scale atmospheric circulation (e.g.,
Frankignoul et al., 2011; O’Reilly and Czaja, 2015). Accordingly,
the KEF is also significant for studies of North Pacific air-sea in-
teraction and climate.

The availability of high-resolution SST data after the 1980s fa-
cilitates the investigation of KEF variability. Chen (2008) ex-
plored the variations in the KEF strength and position on season-
al and longer time scales. Wang et al. (2016) further investigated
the seasonal and interannual-to-decadal variability in the KEF
position both temporally and spatially, but did not discuss the
variability in the KEF strength. The similarities and differences
between the variability in the KEF strength and position remain
poorly understood. Moreover, some studies have indicated that
the low-frequency KEF meridional shift is modulated mainly by
oceanic Rossby waves (Chen, 2008; Seo et al., 2014). However,
whether the low-frequency variability in the KEF strength is also
controlled by oceanic Rossby waves remains unknown. The in-
terannual-to-decadal relationship between the KEF strength and
position variability is also unclear. To address these questions,
the present paper aims to compare the variability in the KEF
strength with that of the KEF position on seasonal and longer
time scales, both temporally and spatially, using a high-resolu-
tion satellite-derived SST dataset on a 0.25° x 0.25° grid (Reyn-
olds et al., 2007). In addition, the relationships between wind-
forced Rossby waves and the low-frequency variability in the KEF
strength and position are also discussed.

The remainder of this paper is organized as follows. Section 2
introduces the dataset and method, and Section 3 investigates
the seasonal and interannual-to-decadal variability in the KEF
strength and position. A discussion of the results and the conclu-
sions are given in Section 4 and Section 5, respectively.

2 Data and method

We used the monthly SST field from the National Oceanic and
Atmospheric Administration (NOAA) optimum interpolation SST
product (OISST), which is based on Advanced Very High Resolu-
tion Radiometer (AVHRR) infrared satellite data (Reynolds et al.,
2007). This SST dataset has a high spatial resolution of 0.25° and
was used in the period from January 1993 to December 2015. The
monthly sea surface height (SSH) anomaly field was derived from
the Archiving, Validation, and Interpretation of Satellite Oceano-
graphic (AVISO) altimeter satellite product (Ducet et al., 2000)
with a spatial resolution of 0.25° that covers the period from Janu-
ary 1993 to December 2015. We also used the monthly sea level
pressure (SLP) and surface wind stress fields obtained from the
National Centers of Environmental Prediction-National Center
for Atmospheric Research (NCEP-NCAR) reanalysis dataset (Kal-
nay et al., 1996) on a 2.5° x 2.5° grid from January 1993 to Decem-
ber 2015.

The horizontal SST gradient |VT| was calculated following
Chen (2008):
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where Tis SST and (x, y) are the zonal and meridional coordin-
ates, respectively. Then, following Seo et al. (2014), we searched
for the KEF position defined as the latitude of the maximum |V 7|
between 31.875° and 37.625°N at each longitudinal grid point
from 142° to 155°E for each calendar month. However, this meth-
od may confuse the mesoscale eddies and the subarctic front,
which also have large SST gradients, with the KEF. To solve this

problem, we slightly modified the search process of KEF pro-
posed by Seo et al. (2014) and attempted to identify the KEF by
detecting the KE jet axis. Specifically, at each longitude between
142° and 155°E, we searched the latitude of the maximum |V 7]
whose distance to the KE jet axis is less than or equal to 200 km
and defined it as the KEF position (Fig. 1). This method is based
on the fact that the KEF is adjacent to the KE jet axis (Chen, 2008;
Seo et al., 2014). Thus, the erroneous grid points associated with
the subarctic front can be excluded by this modified procedure.
According to Sugimoto et al. (2014), here a continuous 110-cm
SSH contour from 142° to 155°E was used as the KE jet axis, which
can remove the influence of an eddy with a closed contour. The
|VT| at the KEF position denotes the KEF strength.
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Fig. 1. The horizontal SST gradient|V 7] in December 2008. The
black dots represent the KEF position estimated from the modi-
fied search process of Seo et al. (2014). The thick black line indic-
ates the KE jet axis, which is defined as the 110 cm SSH contour.

In this study, the 13-month running mean filter, which is of-
ten believed to reduce the components whose periods are short-
er than one year effectively, was used to exclude the seasonal sig-
nals in the data. Considering this filter may also retain some sea-
sonal changes (Esbensen, 1984), we still used another method to
remove the seasonal cycle by subtracting the monthly climato-
logy. It can be seen that this method can also effectively remove
the seasonal changes in the time series (Fig. 5). In the following
sections, the results derived from the 13-month running mean
filter are primarily shown because those derived by subtracting
the monthly climatology are virtually the same.

Linear correlation and regression analysis were also per-
formed, and their statistical significance was estimated by a two-
tailed Student’s t-test using the effective number of degrees of
freedom (Bretherton et al., 1999; Ding et al., 2015; Zheng et al.,
2015, 2016), which considers serial-autocorrelation.

3 Results

3.1 Seasonal variability in the KEF strength and position

Averaged over the band 142°-155°E, the overall mean KEF
strength shows an obvious seasonal variation. As shown in Fig. 2a,
the KEF strength peaks in January and weakens gradually after
that, reaching a minimum in August. The seasonal variation in
the KEF position is quite different from that of the KEF strength.
The KEF is farthest north in September and farthest south in April
(Fig. 2b); however, the difference between these two positions is
only 0.36° in latitude, indicating that the seasonal variation of the
KEF position is weak.
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Fig. 2. Seasonal variation in the KEF strength (a) and position (b) averaged over the band 142°-155°E. The red dashed lines denote

the annual mean of KEF strength and position.

The spatial distribution of seasonal variations in the KEF
strength and position is further investigated. As shown in Fig. 3a,
in each calendar month the KEF strength has almost the same
longitudinal distribution, which reaches a maximum around
142°E and weakens with increasing longitude. The KEF strength
at different longitudes also shows similar seasonal variation to
that of the averaged strength in Fig. 2a, with a stronger KEF dur-
ing the cold season (November-April) and a weaker KEF during
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the warm season (June-September). In contrast, the KEF posi-
tion has different seasonal variations at different longitudes (Fig. 3b).
In each calendar month, the KEF position in the bands
142°-145°E and 148°-151°E is farther north than at other longit-
udes. The KEF position is farther south in August than in other
months from 142° to 145°E, while from 148° to 151°E the KEF pos-
ition is farther south in February than in other months. The sea-
sonal variation in the KEF position is also different in other lon-
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Fig. 3. Seasonal variations in the KEF strength (a) and position (b) at each longitude between 142°E and 155°E, and the seasonal
variation amplitude of the KEF strength (C) and the KEF position (d) estimated as one standard deviation in each calendar month.
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gitudinal bands. From 145° to 148°E, the KEF position is farther
north in November than in other months, but it is farther north in
September than in other months from 151° to 155°E. We also
measured the amplitudes (defined as one standard deviation of
the KEF strength and position in each calendar month) of the
seasonal variations in the KEF strength and position between
142° and 155°E. The seasonal variation in the KEF strength is
most evident over 142°-144°E, and weakens with increasing lon-
gitude (Fig. 3c); however, the seasonal variation in the KEF posi-
tion is stronger to the east of 151°E than 142°-144°E and shows a
maximum around 148.5°E (Fig. 3d).

3.2 Interannual-to-decadal variability in the KEF strength and
position
Figure 4a shows a time series of the KEF strength averaged
from 142° to 155°E. The data show obvious low-frequency vari-
ations that can exceed 3.7°C/(100 km) on interannual and longer
time scales. Specifically, the overall mean KEF strength weakens
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Fig. 4. Time series of the KEF strength (a) and position (b) aver-
aged over 142°-155°E. The red lines denote the 13-month run-
ning mean. The gray lines indicate the mean values over
1981-2015.
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in 1993-1997, intensifies in 1997-2004, weakens again in
2004-2006, returns to a strong state in 2006-2011, and drops to a
weak state in 2011-2013, and then has an increasing trend after
2013. Low-frequency variations are also clear in the time series of
the KEF position averaged from 142° to 155°E (Fig. 3b), which
shows a north-south movement that can exceed 2° in latitude.
After applying the 13-month running mean filter, the KEF
strength time series has a significant positive correlation of r =
0.67 with the position time series. Similar results can also be de-
rived by subtracting the monthly climatology (r = 0.61). This in-
dicates a northward (southward) migration of the KEF when it
becomes strong (weak). Previous studies have reported the
strong simultaneous correlation between the low-frequency vari-
ations of KE jet strength and position (Qiu and Chen, 2005, 2010;
Sugimoto et al., 2014). These works support our finding set out
above because the KEF variations closely follow the behavior of
the KE jet (Chen, 2008).

Wavelet analysis further reveals that the low-frequency vari-
ations in the KEF strength and position have significant periods
of longer than 6 (Fig. 5a) and 7 years (Fig. 5b), respectively. These
results indicate that both the KEF strength and position have pro-
nounced interannual and decadal variations. Figure 5 also shows
that the mean power of the pronounced period of the position
time series is clearly stronger than that of the strength time series.
This indicates that the KEF position has more distinct low-fre-
quency variations than the KEF strength.

Figure 6a shows the interannual standard deviation of the
KEF strength at each longitude between 142° and 155°E in each
calendar month. Over the whole year, the low-frequency variabil-
ity in the KEF strength generally decreases with longitude. The
standard deviation of the KEF position near the bands 142°-144°E
and 146°-149°E is smaller than that at other longitudes
throughout the year (Fig. 6b). In particular, the minimum stand-
ard deviation appears between 142° and 144°E. In contrast, the
maximum standard deviation of the KEF position exists to the
east of 149°E. This longitudinal distribution of the low-frequency
variability is similar to that of the seasonal variability in the KEF
strength and position ( Figs 3c, d).

Considering that the low-frequency variability in both the
KEF strength and position varies with longitude, we also divided
the KEF (142°-155°E) into three parts: the western part of the KEF
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Fig. 5. Global wavelet power spectra of the normalized time series of the overall mean KEF strength (a) and position (b). The dotted
lines designate the 90% confidence levels against red noise. The shaded bars represent bands with significant periods. To highlight the
low-frequency variability, the seasonal cycle in the time series of the KEF strength and position was removed before the calculation of
the wavelet power spectrum, by subtracting the monthly climatology.



30 Yu Peilong et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 5, P. 26-34

142°E 146°E

Dec. T
Nov. k .

150°E

154°E

Apr. ‘
Mar. .
Feb.
Jan.
|| [ I [ [T

02 04 06 08 10 12 14 16 18 2.0
Standard deviation/°C-(100 km)™!

146°E 150°E 154°E

Sep.
Aug.
Jul.
Jun.
May

Apr.

Feb.

Jan.

| | I I [
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Standard deviation/(°)

Fig. 6. Interannual standard deviation of the KEF strength (a) and position (b) at each longitude between 142° and 155°E in each

calendar month.

(KEFw, 142°-144°E), the central part of the KEF (KEFc,
144°-149°E), and the eastern part of the KEF (KEFe, 149°-155°E).
Figure 6 shows that the low-frequency variability in the KEF
strength (position) is strongest over the KEFw (KEFe). Note that
compared with the other parts of the KEF, the KEFw (KEFe) also
has stronger seasonal variability in the KEF strength (position)
(Figs 3c, d). Furthermore, the wavelet power spectra of the
monthly time series of the KEF strength and position in different
parts were calculated (not shown). For the KEF strength, the KE-
Fc shows significant period of longer than 6 years, as for the over-
all mean KEF (Fig. 5a). However, there are no significant periods
in either spectrum of the KEFw and KEFe. For the KEF position,
significant low-frequency variability is mainly reflected in the KE-
Fc and KEFe.

3.3 Comparison with previous studies

The seasonal and interannual-to-decadal variability in the
KEF strength and position revealed in the present study is gener-
ally consistent with that reported by Chen (2008) and Wang et al.
(2016). Nevertheless, our results also show some differences with
these previous studies. For instance, Wang et al. (2016) reported
that at longitudes other than 142°-145°E and 148°-151°E, the KEF
position has a similar seasonal variability. However, we found
that the seasonal variability in the KEF position is also different at
other longitudinal bands (Fig. 3b). This discrepancy may be at-
tributed to the differences in the methods used to detect the KEF.
In our work, we modified the method of Seo et al. (2014) and
searched for the location of the maximum whose distance to the
KE jet axis is less than or equal to 200 km and defined it as the
KEF position. In contrast, Wang et al. (2016) used the KE jet axis
as the initial KEF position and adjusted it toward the local max-
imum of the SST gradient and applied a three-point running
mean to update the KEF position. Repeating this procedure five
times, the final KEF position was obtained. Therefore, the KEF
detected by Wang et al. (2016) was spatially smoother than that in
the present study, which may explain the slight discrepancy.
Note that the study region here is also different from those used
by Wang et al. (2016). We used the region 31.875°-37.625°N,
142°-155°E, while Wang et al. (2016) used the region 30°-40°N,

141°-158°E. However, when we used the same study region as
that employed by Wang et al. (2016), there are still some differ-
ences between the two studies and our results are similar to those
obtained using our original region. For this reason, the differ-
ences in the study region between the present study and Wang et
al. (2016) are not believed to be the key factors contributing to the
differences in the KEF variability and its longitudinal distribu-
tion.

4 Discussion

Chen (2008) indicated that the low-frequency KEF variability
is closely related to changes in the KE dynamic states. Previous
studies suggested that the wind-forced Rossby waves are the
main drivers of changes in the KE dynamic state (see introduc-
tion and references therein). Accordingly, the low-frequency KEF
variability is thought to be strongly impacted by oceanic Rossby
waves. A close relationship between low-frequency KEF position
variability and oceanic Rossby waves has been identified (Chen,
2008; Seo et al., 2014). According to the results of Section 3.2, the
low-frequency KEF strength and position variability are linked
simultaneously, so the former should also be controlled by
oceanic Rossby waves. To test the above hypotheses, the relation-
ships between wind-forced Rossby waves and the low-frequency
variability in the KEF strength and position were discussed in this
section.

Figure 7a shows the SSH anomalies averaged over the
33°-35°N band, where the zonal mean KE axis is located (Seo et
al., 2014). It is clear that low-frequency SSH variations in the
central North Pacific propagate westward into the KE region, fea-
turing the oceanic Rossby waves. Based on this observation, we
examined the relationships between oceanic Rossby waves and
the low-frequency variability in the KEF strength and position. As
shown in Fig. 8b, the KEF position variation has significant posit-
ive correlations with the SSH anomalies formed in the central
North Pacific around 170°W at a lead time of 36 months (3 years).
These oceanic signals associated with the KEF meridional shift
propagate westward into the KE region at a lead time of 0 year,
indicating that the low-frequency KEF position variability is mod-
ulated by oceanic Rossby waves. These results are consistent with
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Fig. 7. Time-longitude diagram of 13-month running mean SSH anomalies averaged over the 33°-35°N band from the AVISO satellite

data (a) and the wind-driven baroclinic Rossby wave model (b).
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the findings of Chen (2008) and Seo et al. (2014). Similarly, the
low-frequency KEF strength variation is synchronous with the ar-
rival of oceanic Rossby waves into the KE region (Fig. 8a), sug-
gesting that the changes in the KEF strength are also impacted by
oceanic Rossby waves. Because the positive (negative) SSH an-
omalies are consistent with the deepening (shoaling) of main
thermocline depth that results in the formation of positive (neg-
ative) SST anomalies (Sugimoto and Hanawa, 2011; Seo et al.,
2014), the close relationships between oceanic Rossby waves and

the low-frequency variations in the KEF strength and position
can be explained as follows. When the positive (negative) SSH
anomalies propagate westward into the KE region as oceanic
Rossby waves, they lead to the convergence (divergence) of warm
water and thus strengthen (weaken) the SST gradient to the north
(Chen, 2008). This finally causes a strengthened (weakened) and
northward (southward)-moving KEF.

In addition, previous studies have shown that oceanic Rossby
waves are excited mainly by atmospheric fluctuations in the cent-
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ral North Pacific (e.g., Qiu, 2003; Qiu and Chen, 2005; Kwon and
Deser, 2007; Taguchi et al., 2007; Ceballos et al., 2009; Sasaki et
al., 2013). Therefore, we have also investigated the relationships
between these atmospheric fluctuations and the low-frequency
variations in the KEF strength and position. In the three years be-
fore the northward (southward) shift of the KEF, the atmospheric
fluctuations show a meridional dipole pattern over the central
and eastern North Pacific, characterized by negative (positive)
SLP anomalies in the north and positive (negative) SLP anom-
alies in the south (Fig. 9c). This atmospheric dipole structure is
similar to the positive (negative) phase of the North Pacific Oscil-
lation (NPO; Wallace and Gutzler, 1981; Linkin and Nigam, 2008),
which is associated with a northward (southward) shift of the
Aleutian Low (Sugimoto and Hanawa, 2009; Yu et al., 2016, 2017).
The positive (negative) SLP anomalies in the south of the NPO-
like dipole are accompanied by negative (positive) surface wind
stress curl (WSC) over the central North Pacific (Fig. 9d), which
can generate the positive (negative) SSH anomalies through Ek-
man convergence (divergence). These results indicate that the
NPO-like atmospheric forcing is responsible for the excitation of
oceanic Rossby waves, which is consistent with previous findings
(Sugimoto and Hanawa, 2009; Sasaki et al., 2013; Seo et al., 2014).
We also found that the KEF intensity change is significantly re-
lated to a similar atmospheric dipole pattern over the central and
eastern North Pacific with a lead of 3 years (Figs 9a, b).

From the above, a positive NPO-like atmospheric dipole,
which is associated with a northward shift in the Aleutian Low,
generates the positive SSH anomalies over the central North Pa-
cific through Ekman convergence. These oceanic signals then
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propagate westward as Rossby waves, reaching the KE region and
resulting in the convergence of warm water, which tends to
strengthen the KEF and displace this oceanic front northward. To
further verify these results, we adopted a simple baroclinic
Rossby wave model. Specifically, under the long-wave approxim-
ation, the linear vorticity equation is

%—c Oh _ geutlt
ot Raxi pogf ’

@

where £ is the SSH anomaly, cr is the speed of the long baroclinic
Rossby waves, g is the gravitational constant, g’ is the reduced
gravity, po is the reference density of seawater, fis the Coriolis
parameter, and 7 is the curl of anomalous wind stress vector. The
solution of Eq. (2) can be obtained by integrating this equation
along the baroclinic Rossby wave characteristic:

= g /curlr(x’,t-i—x_x/)dx/.
pogfecr Jo Cr

h (x, 1) A3)

Given the WSC data, we can easily hindcast the & (x, t) field
from Eq. (3). It should be noted that in Eq. (3), the solution due to
the eastern boundary forcing at X = 0 has been ignored accord-
ing to Fu and Qiu (2002). Similar to Fig. 7a, Fig. 7b shows the
time-longitude diagram of the modeled SSH anomalies over the
same latitudinal band. It is found that the hindcast low-fre-
quency SSH changes from the Rossby wave model well corres-
pond to those from the observation over the KE region in the west
of 155°E. The correlation coefficient between the observed and
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Fig. 9. Regressions of the SLP (a) and WSC (b) anomalies onto the normalized KEF strength time series with a lag of 36 months. The
time series of SLP and KEF strength are smoothed by a 13-month running mean filter. The stippled areas indicate statistical
significance exceeding the 90% confidence level. Figure c, d are the same as a, b, but for the normalized KEF position time series after

smoothing by a 13-month running mean filter, respectively.
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modeled SSH anomalies can reach r = 0.62, which exceeds the
90% confidence level, indicating a good hindcast skill of the lin-
ear Rossby wave model.

Based on this wind-driven baroclinic Rossby wave model, the
relationships among the NPO-like atmospheric forcing, oceanic
Rossby waves and the KEF variations were re-examined. Firstly,
the WSC forcing is obtained by projecting the NPO-like pattern in
Fig. 9d onto the NCEP-NCAR WSC anomalies in each month.
Similar results can also be obtained when the NPO-like pattern in
Fig. 9c was adopted. Then, using this WSC forcing, we hindcast
the SSH anomalies again based on Eq. (3).

It is found that the modeled SSH anomalies averaged over the
KE region from the NPO-like atmospheric forcing has significant
correlations of r = 0.43 and r = 0.47 with the KEF intensity change
and meridional shift, respectively. These results support that the
oceanic Rossby waves excited by the NPO-like atmospheric for-
cing significantly modulate the low-frequency variations in the
KEEF strength and position.

5 Conclusions

With the aid of high-resolution satellite-derived SST and SSH
data, the seasonal and interannual-to-decadal variability in the
KEF strength and position were compared in the present study.
The overall mean KEF strength has an obvious seasonal vari-
ation, with the strongest KEF in January and the weakest KEF in
August. However, the seasonal variations in the KEF position are
relatively weak. On interannual and decadal time scales, vari-
ations are evident in the KEF strength and position. The changes
in the KEF strength can exceed 3.7°C/(100 km) and have signific-
ant period of longer than 6 years. The KEF position shows a
north-south movement that can exceed 2° of latitude, with signi-
ficant period of longer than 7 years. The low-frequency KEF
strength and position variations are well correlated. Neverthe-
less, the KEF position has more distinct low-frequency variations
than the KEF strength. Spatially, the KEF strength shows similar
seasonal variations at different longitudes to its overall mean,
with a stronger KEF during the cold season and a weaker KEF
during the warm season. In contrast, the seasonal variations in
the KEF position are different over the different longitudinal
bands. Both the seasonal and low-frequency variability in the
KEF strength are strongest over the western part of the KEF
(142°-144°E), while those of the KEF position are strongest over
the eastern part of the KEF (149°-155°E).

The relationships between wind-forced Rossby waves and the
low-frequency variability in the KEF strength and position were
also discussed by using the statistical analysis methods and a
wind-driven hindcast model. A positive (negative) NPO-like at-
mospheric forcing generates positive (negative) SSH anomalies
over the central North Pacific. These oceanic signals then
propagate westwards as Rossby waves, reaching the KE region
about three years later, leading to a strengthened (weakened)
and northward (southward)-moving KEF. However, the reasons
for the seasonal variations in the KEF strength and position re-
main unclear. Chen (2008) inferred that the relevant mechan-
isms may be related to surface heat flux forcing; this possibility
also deserves further investigation.
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