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Abstract

Based on the daily sea surface height and absolute geostrophic velocity data from 1993 to 2015 provided by the
AVISO Center of French Space Agency, the surface Kuroshio transport east of Taiwan and its adjacent eddy field
(sea surface height anomaly) were analyzed. Four main periods of the surface Kuroshio transport and eddy field
east of Taiwan were obtained, which were used to reveal their interactions. The main conclusions are as follows:
(1) Based on the wavelet analysis, the surface Kuroshio transport east of Taiwan and its nearby eddy field showed
significant seasonal, annual and interannual periods. In addition to the obvious periods of 182 days (0.5 year) and
365 days (1 year), there were also more obvious periods of about 860 days (2.35 years) and 2 472 days (6.8 years)
for the surface Kuroshio transport. There were also four more obvious periods corresponding to the eddy field of
200 days (0.55 year), 374 days (1 year), 889 days (2.43 years) and 2 374 days (6.5 years), although there were
latitudinal variations. (2) Based on both the correlation and causal analysis, the correlation between the surface
Kuroshio transport and the nearby eddy field over the above four periods was analyzed, and different Kuroshio-

eddy interactions, with period and latitudinal variability, were revealed.
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1 Introduction

As one of the major western boundary currents, the Kuroshio
carries momentum and heat northward from the tropics to mid-
latitude regions. It plays a vital role in ocean circulation and af-
fects climate and fisheries across the coastal regions of northeast
Asia. The Kuroshio east of Taiwan shows tremendous variability
(Jan et al., 2015), with an overall mean transport of 21.5 Sv
(1 Sv=108m3/s) (Johns et al., 2001).

Mesoscale eddies are nearly ubiquitous in the world’s ocean
(Wang et al., 2003; Chelton et al., 2011; Nan et al., 2011a; Zheng et
al., 2017), especially in the region over the subtropical counter-
current (STCC) (Hwang et al., 2004; Qiu and Chen, 2010a). Eddy
trajectory statistics have indicated that eddies frequently intrude
into the Kuroshio regime at two latitude bands, at the Luzon
Strait and east of Taiwan (Lee et al., 2013; Cheng et al., 2017). Ma
et al. (2016) showed that the feedback between ocean mesoscale
eddies and the atmosphere is fundamental to the dynamics and
control of the Kuroshio, highlighting the importance of eddies for
the Kuroshio. When the westward-propagating mesoscale ed-
dies, with an average propagation velocity of about 9 cm/s, en-
counter the east of Taiwan, they will interact with the Kuroshio,
influencing its current and path (Hwang et al., 2004).

Satellite and in situ observations (Yang et al., 1999; Hwang et
al., 2004; Qiu and Chen, 2010b) and simulated results (Geng et

al., 2016, 2018; Kuo et al., 2017) have indicated the existence of
eddy-Kuroshio interactions. Interpretations have included the ef-
fects of the Kuroshio on eddies, which appear to decay near the
western boundary, and how eddies drive Kuroshio variability
(Chang and Oey, 2011; Nan et al., 2011b; Ma and Wang, 2014; Li-
en et al.,, 2014; Tsai et al., 2015; Chang et al., 2015; Delman et al.,
2015). Kuroshio variations in the East China Sea (ECS) are in-
duced by mesoscale eddies east of Taiwan (Ichikawa et al., 2008;
Hsin et al., 2011), and eddies with a radii larger than 150 km are
strong enough to significantly alter the Kuroshio (Zheng et al.,
2011). The impact of eddies on the Kuroshio volume transport
has long been recognized: eddies from the STCC play an import-
ant role in affecting Kuroshio transports both at interannual and
seasonal time scales (Qiu and Chen, 2010a), and approaching an-
ticyclonic (cyclonic) eddies result in an increase (reduction) of
the Kuroshio transport (Yang et al., 1999; Zhang et al., 2001; Lee
etal., 2013). The westward propagating eddy can also trigger the
Kuroshio to meander or intrude (Waseda et al., 2002; Miyazawa
etal., 2004; Hsu et al., 2016; Yin et al., 2017). Anticyclones can
also intensify sea surface and pycnocline slopes across the Kur-
oshio, while cyclones weaken these slopes, particularly east of
Taiwan (Tsai et al., 2015). Furthermore, mesoscale eddies can be
shed from the Kuroshio loop (Zhang et al., 2017; Liu et al., 2017).
Most of these described results led to the conclusion that an-
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ticyclonic eddies correspond to an increase in transport and cyc-
lonic eddies are related to transport reduction. However, con-
trasting results have also been reported (Zhang et al., 2001). Yan
et al. (2016) found that both anticyclonic and cyclonic eddies can
strengthen or weaken the Kuroshio volume transport. The rela-
tionship between the mesoscale eddy field and the Kuroshio is
more complicated and even partially contradictory because of
the scarcity of ocean observational data and nonlinear phenom-
ena (Zheng et al., 2011).

Previous research on Kuroshio and eddy variability have of-
ten regarded the Kuroshio and the eddies east of Taiwan as a
whole and focused less on their different characteristics at differ-
ent latitudes. Concurrently, to a certain extent, the observations
have been limited in time resolution, generally more than 7 days,
and the length of time series, generally less than 10 years. Most of
the studies have been model-based, and it is unclear if their res-
ults are fully applicable to real eddy-Kuroshio interaction (Geng
etal., 2016).

Although many works have shed light on the variations of
mesoscale eddies or the Kuroshio east of Taiwan, few studies
have discussed the interaction between the eddy field and Kur-
oshio over different time scales, especially the effect of the Kur-
oshio on the nearby eddy field. In addition, a longer record meas-
urement period will be needed to resolve the variations in the
Kuroshio and eddies. Different Kuroshio-eddy interactions over
varying time periods and latitudes remains to be quantified and
further studied.

The objective of this paper is to characterize the variability in
the Kuroshio and eddy field (sea level anomalies) east of Taiwan,
understand the correlation between the sea level anomaly filed
(westward-propagating mesoscale eddies) and the Kuroshio, and
to unravel the cause-effect relation between them .

This paper is organized as follows: Section 2 describes the
data source and methodology. Section 3 analyzes the periods of
the surface Kuroshio and nearby eddy field. In Section 4, the cor-
relation and cause-effect relation between the sea level anomaly
field (westward-propagating mesoscale eddies) and the Kurosh-
io are revealed. The results are summarized in Section 5.

2 Data source and methodology

2.1 Satellite altimeter data

The satellite-derived daily sea level anomaly (SLA) data and
surface current data (MADT_UV) (a total of 8 400 d) with delayed
quality control were provided by the AVISO (Archiving, Valida-
tion, and Interpretation of Satellite Oceanographic) data center,
the data was merged from multi-satellite altimeter data of T/P,
Jason-1/2 and Geosat and other orbiting satellites. The product
was gridded to 0.25°x0.25° and a time interval of 1 d. The time
ranges from January 1993 to December 2015, a total of 23 years
with 8 400 d. The study area is east of Taiwan (22.5°-25°N, 121°-
125°E).

2.2 Surface Kuroshio intensity (SKI)

Surface current data is also provided by AVISO center to
identify the Kuroshio axis and compute the surface Kuroshio in-
tensity (SKI).

As a strong western boundary current, the most prominent
feature of the Kuroshio is its velocity. The Kuroshio axis is
defined as the line of the maximum surface velocity along the
Kuroshio path.

Using the surface geostrophic velocity, the SKI (INT,,) can be

calculated from

XE
INTvg:/ Ug(x7y7 t)dx7 (1)

Xw

where x, y and ¢ are longitude, latitude and time, respectively; X,
and X are the western and eastern integral limits; and v, is the
surface current from AVISO (MADT_UV). X, follows the eastern
coastline of Taiwan; however, the eastern integral limit, X, is set
to the position of Kuroshio axis +1 (plus one longitude) (Hsin et
al., 2013; Wang et al., 2018).

The identification of the Kuroshio axis was based on the sur-
face currents by Ambe et al. (2004). Wang et al. (2018) identified
the daily axis of the Kuroshio east of Taiwan and investigated the
variation in axes position and SKI for different latitudes based on
the 23-year (1993-2015) satellite-derived daily surface current
data. The daily SKI dataset is based on the method of Wang et al.
(2018).

2.3 Selection of related eddy field

To obtain the continuous time series of the mesoscale eddies
approaching the Kuroshio east of Taiwan, the regional sea level
anomaly field (22.5°-25°N, 123°-124°E) was used to characterize
the mesoscale eddies (Fig. 1). The region selected for the eddy
field was a compromise between the areas approaching the Kur-
oshio region and mixing with the Kuroshio. The advantage of the
SLA field is that it is continuous compared to the mesoscale ed-
dies. In this study, the time series of the mean SLA averaged from
123°E to 124°E was used as the time series of eddy field for each
latitude.

126°E

26°

24°
eddy field
(SLA)

290 Pacific Ocean J

South China Sea

Fig. 1. Study area. The outer dotted box represents the study
area of the Kuroshio and the inner solid box the research area of
the eddy.

2.4 Wavelet analysis

Wavelet analysis is a widely-used method to analyze local-
ized variations of power within a time series (Torrence and
Compo, 1998; Yu et al., 2007). By decomposing a time series into
the time-frequency space, both the dominant modes of variabil-
ity and how those modes vary over time can be determined. For a
detailed introduction to wavelet analysis, please refer to Tor-
rence and Compo (1998).

In this study, wavelet analysis was used to calculate the wave-
let power spectra at different latitudes respectively for the time
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series of the SKI and mean sea level anomalies. By calculating the
power spectra at different latitudes, four corresponding obvious
seasonal and interannual periods were identified.

2.5 Correlation analysis

Previous studies have showed a good correlation between the
Kuroshio volume transport east of Taiwan and the sea surface
height (Yang et al., 2014), and found a maximum correlation of
0.83 between PCM-1 Kuroshio transport and sea surface height
anomalies at 23.9°N, 123.2°E (Gawarkiewicz et al., 2011).

To understand the correlation between the sea level anomaly
field (westward-propagating mesoscale eddies) and SKI, we first
calculated the correlation coefficient between the two variables.
Except for the correlation between the surface Kuroshio intensity
and the eddy at the same time, the time-lagged correlation
between the surface Kuroshio intensity and the eddy fields for
different lag times were also calculated. Using these calculations,
we obtained the correlation coefficients for surface Kuroshio in-
tensity and eddy across a range of latitudes for different lag times
and periods.

After computing the correlation coefficients, the significance
of the correlation coefficient should be tested. The statistic obeys
the ¢ distribution with a degree of freedom of n-2. The correla-
tion coefficient is derived from the formula for the critical value:

t
T Vit n-2) )

Based on the significant level of & = 0.05, degree of freedom of
n=8 400, and checking ¢ distribution threshold table to obtain
t, = 1.96, we determined that the correlation coefficient passed
the testif r, > 0.021 4 based on Eq. (2).

2.6 Causal analysis

Recently, a rigorous yet concise formula has been derived to
evaluate information flow, and hence the causality in a quantitat-
ive sense, between time series (Liang, 2014). To assess the im-
portance of a resulting causality, the time series need to be nor-
malized. The normalization is achieved by distinguishing a Lya-
punov exponent-like, one-dimensional phase-space stretching
rate, and noise-to-signal ratio from the rate of information flow in
the balance of the marginal entropy evolution of the flow recipi-
ent (Liang, 2015).

Using the method provided in Liang (2015), take two series X;
and X,, for example. Cj;is the sample covariance between X; and
X, and C, 4;is that between X; and X, X ; being the difference ap-
proximation of dX;/dt using the Euler forward scheme (Liang,

dH
2014). In addition, d—tl is the rate of change of the marginal en-

*

tropy of X;. It can be decomposed into two parts, L and
dH{‘Oise
dr
Through the following equations:
Ty = C11C212C2,d1 - C1222Cl,d1 , 3)
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we have drawn the causal relationship between the surface Kur-
oshio intensity and the eddy field. The method provided in Liang
(2015) provided a mechanism for normalizing the results so that
the interaction between the two were directly compared using
To—1 and T1—2.

This study adopted the method provided by Liang (2015) to
evaluate the causal relationship between time series of the sea
level anomaly filed (westward-propagating mesoscale eddies)
and the SKI. Furthermore, we were able to reveal these causal re-
lationships between the surface Kuroshio intensity and eddy field
at different latitudes over different periods.

3 Variation of surface Kuroshio intensity and eddy field

3.1 Variation of surface Kuroshio intensity

The time series of surface Kuroshio intensity from January
1993 to December 2015 are analyzed by wavelet analysis de-
scribed above, and its wavelet power spectrums for different latit-
udes are obtained. Taking the Kuroshio at latitudes of 23°N and
25°N as examples, the corresponding wavelet power spectra are
provided in Figs 2 and 3. Color indicates the significance of the
period, with colors closer to red indicating more pronounced
periodicity. The thin black line is the cone of influence (COI), and
the power spectrum outside the curve is not considered due to
the boundary effect (Yu et al., 2007). From these figures, there are
clear seasonal and interannual variations in the SKI. When the
wavelet analysis method is used to identify a periodic wave in a
time series, in addition to passing a significance test, the periodic
wave time series must be within a COL

Based on the average power spectrum at different latitudes
from 22.5°N to 25°N, e.g., in Figs 2c and 3c, the power spectra of
the SKI time series at all latitudes were obtained. In Fig. 4, peri-
ods of 182 days (0.5 year, the semiannual period), 365 days
(1 year, the annual period), 860 days (2.35 years, the first interan-
nual period), 2 472 days (6.8 years, the second interannual peri-
od) are obvious. Furthermore, different periods occur at differ-
ent latitudes in the SKI time series. The periodicity of the semian-
nual period and 2.35-year periods at the lower latitudes (22.5°-
24°N) is more pronounced than that in the higher latitudes
(24°-25°N) east of Taiwan. The annual period and 6.8-year peri-
od in each latitude have good periodicity and the 6.8-year period
at the lower latitudes (22.7°-23.9°N) is most significant. It should
be noted that many previous studies (Zhang et al., 2001) have
shown a 100-day variability in the Kuroshio based on the PCM1
data at about 24.5°N, which is also observed in Fig. 3 (the period
is 115 days accurately). However, the 100-day period is not as sig-
nificant as other periods, such as the semiannual or annual cycle.

Once these data were obtained, a significance test was per-
formed, and the power spectrum is shown in Fig. 5a. The blank
areas are the regions that failed the test, where the results do not
meet the significance threshold. The remaining regions passed
the test, and are considered significant.

3.2 Variation of eddy field

The power spectra for the time series of the eddy fields to the
east of the Kuroshio (sea level anomalies) at different latitudes
were also obtained based on wavelet analysis. The correspond-
ing wavelet power spectra of eddy fields at latitudes of 23°N and
25°N were obtained (Figs 6 and 7). As shown in these figures,
there are seasonal and interannual variations in the eddy fields
east of Taiwan.

Based on the average power spectra at different latitudes from
22.5°N to 25°N, e.g., Figs 6¢ and 7c, the time series power spectra
for eddy fields at all latitudes east of Taiwan were obtained (Fig. 5b).
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Fig. 2. Wavelet analysis of the surface Kuroshio intensity (SKI) time series at 23°N. a. The SKI anomaly time series, b. the local wavelet
power spectra, and c. the averages of b over all times.
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Fig. 3. Wavelet analysis of the surface Kuroshio intensity (SKI) time series at 25°N. a. The SKI anomaly time series, b. the local wavelet
power spectra, and c. the averages of b over all times.

In addition, a significant test of the wavelet power spectrum of  spectra between SKI and eddy field is shown in Fig. 5, where the
the eddy field was performed using the same method as de-  blank areas are insignificant and the remaining areas passed the
scribed in Section 2.5. Finally, a comparison of wavelet power significance test.
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Fig. 4. The power spectrum of the time series for SKI at all latit-
udes from 22.5°N to 25°N. For example, the power spectrum data
at 25°N is from Fig. 3c.

As shown in Fig. 5b, the eddy field east of Taiwan has four ob-
vious periods: 200 days (0.55 year, semiannual period), 374 days
(1 year, annual period), 889 days (2.43 years, first interannual
period) and 2 374 days (6.5 years, second interannual period),
generally corresponding to the four periods of the SKI (shown in
Fig. 5a). There are also variations across latitudes in the same
period. In addition, in the first period, the Kuroshio period
ranged from 122 days to 192 days, and the eddy period ranged
from 160 days to 240 days. The period of the two show an approx-
imate correspondence.

4 Correlation analysis and cause analysis

4.1 Correlation analysis
In this study, we used the correlation analysis method de-

25°
N

24°

23°

25°

240

23°

32 64 128 256 512
Time/d

scribed in Section 2.5 to calculate correlation coefficients
between the time series of the SKI and the time series of eddy
fields at different latitudes for the four different periods respect-
ively. By using the time-lagged correlation analysis method, the
correlation coefficients between the SKI and eddy fields for dif-
ferent lag time are calculated. A negative time lag (¢<0), indicates
that the time of eddy field is earlier than that of the SKI, i.e., the
eddy field leads the SKI. In contrast, a positive time lag (z>0) in-
dicates that the time of eddy field is later than that of the surface
Kuroshio intensity, i.e., the time of eddy field #+z corresponds to
the SKI time ¢. Finally, a zero time lag indicates that the Kuroshio
and eddy are in the same period. The correlation coefficient of
the semiannual period between two series is shown in Fig. 8.
Figure 9a shows this correlation coefficient after significance
testing.

Figure 9 shows the correlation coefficient of all periods after
significance testing. Blank areas are those that did not pass the
significance test. It should be noted that the first interannual
period of the Kuroshio in Fig. 7a did not pass the significance
testing between 24.5°-25°N. In other words, the first interannual
period is only obvious in the middle region, so only the results for
22.5°-24.5°N are shown in Fig. 9c. As shown, there are differ-
ences in the correlation coefficients at different latitudes. For ex-
ample, the correlation coefficient in the semiannual and annual
periods is relatively high at the 23.3°-25°N latitudes, indicating
that the correlation between the Kuroshio and the eddy in this re-
gion is also high. The correlation coefficient of the first interan-
nual period (~2.4 year-period) at the 22.7°-24.1°N latitudes is rel-
atively large and negative, which indicates a high correlation
between the Kuroshio and the eddy in this region, but with the
opposite sign. The second interannual period (~6.5 year-period)
has a high correlation at all latitudes (22.5°-25°N). Clearly, vary-
ing lag times have different correlation coefficients. For the semi-
annual period and first interannual period (2.4 year period), the
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Fig. 5. The power spectrum comparison of the SKI (a) and surface eddy intensity (SEI) (b) time series at all latitudes from 22.5°N to

25°N after significance testing.



Time period/d

Wang Huizan et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 4, P. 116-125

SEI anomaly/m?-s

1 1 1 1 1 1 1 ! 1 1

1993 1995

1997 1999 2001 2003

T

—_
[
3}

[}
[93
(=}

512

1024

2048

4096 —m=
1993 1995

T T T T T T T T T T

374

1997 1999 2001 2003

Year

2005 2007 2009 2011 2013 2015 O

1

2 3
Power/m*-s?

121

Fig. 6. Wavelet analysis of the SEI time series at 23°N. a. The eddy field time series (sea level anomaly), b. the local wavelet power
spectra, and c. the averages of b for all times.

-2

SEI anomaly/m*'s
f=]

-4 1 1 1 1 1 L 1 1 | 1 1

1993 1995 1997 1999 2001 2007 2009 2011

32

64

14
3]

Time period/day

[ 5o}
[93
(=}

361
512

1024

2048

T T I = LA

2007 2009 2011 2013 2015 O

4096 E : : : :
1993 05 10 15 20
Power/m*s?

1995 1997

1999 2001 2003 2005

Year
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correlation seems to be systemic at the line where the lag time is
zero. For the second interannual period, when the time lag is
negative (z<0), which means the time of eddy field time is earlier

than that of the SKI, the correlation is mainly positive, whereas a
positive time lag (z>0) corresponds to a primarily negative correl-
ation.
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Fig. 8. Lagged correlation coefficient between the parts of SEI
and SKI with a semiannual period.

4.2 Causal analysis

The causal analysis method described in Section 2.6 was ap-
plied to the SKI and eddies over the Kuroshio. We obtained the
effects of the Kuroshio on the eddy field over the four periods and
vice-versa. The lag time meaning is similar to the lag correlation
analysis in Section 4.1. A schematic diagram of the first-period
Kuroshio influence on eddies is provided as an example in Fig. 10.

To test the interaction between the two, we compare the ab-
solute value of the effect of Kuroshio on the eddy in the four peri-
ods, i.e., 712. The impact of eddies on the Kuroshio, i.e., 72;, was
also compared. In the semiannual period, during the test of the

-
impact of the Kuroshio on the eddy, | —> |>1 means that the data
T21
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r
passed the test, while | 2 | < 1indicates a failure to pass the
T21

-
test. For the impact of the eddy on the Kuroshio, | —= |>1 means
Ti2

that the data passes the test, while | = | < 1 indicates a failure to

T21
Ty
pass the test. Figure 11 shows effect of Kuroshio on eddy field and
Figure 12 shows the influence of eddy field on the Kuroshio in all
periods. The blank regions in Figs 11 and 12 indicate the failed
tests.

As shown in Figs 11 and 12, the interaction between the Kur-
oshio and eddy field vary over periods and latitudes. For ex-
ample, the influence of eddies on the Kuroshio is obvious in the
semiannual period, primarily at the higher latitudes (23.9°-25°N)
east of Taiwan. In the annual period, the Kuroshio has a greater
impact on the eddy field at the high latitudes (23.9°-25°N). In the
first interannual period (~2.4-year period), the eddy field has im-
pact on the SKI. In the second interannual period (~6.5-year peri-
od), the eddy field has a larger impact on the SKI than SKI has on
the eddy field.

5 Conclusions

Based on the satellite remote sensing data provided by AVISO
center from January 1993 to December 2015, a total of 8 400 days,
SKI and eddy field (sea level anomaly) data from adjacent waters
(22.5°-25°N, 123°-124°E) in the east of Taiwan were analyzed us-
ing wavelet analysis. The results indicate there are four main
periods of SKI and eddy field east of Taiwan. The correlation and
causal relationship between the SKI and the nearby eddy field
over the four corresponding periods have been studied. Our con-
clusions are as follows.

(1) Based on wavelet analysis, the SKI east of Taiwan shows
significant seasonal, annual and interannual periods. In addition

24.9° /a/ 24.9° |y
N N
24.3° 24.3°
23.7° 23.7° |
23.1° 23.1°
22.5° 22.5°
-240 -120 0 120 240 -480 -240 0 240 480
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Fig. 9. Lagged correlation coefficient after significance testing between the SEI and SKI for different periods. a. The semiannual
period, b. the annual period, c. the first interannual period, and d. the second interannual period.
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Fig. 10. Effect of surface Kuroshio intensity on the eddy field
(712) using the respective SEI and SKI with a semiannual period.

to the obvious periods of 182 days (0.5 year, the semiannual peri-
od) and 365 days (1 year, the annual period), there is also more
obvious period about 860 days (2.35 years, the first interannual
period) and 2 472 days (6.8 years, the second interannual period)
for the SKI. Different latitudes correspond to different periods.
The periodicity of the semiannual period and 2.35-year periods at
the lower latitudes (22.5°-24°N) was more pronounced than that
in the higher latitudes (24°-25°N) east of Taiwan. The annual and
6.8-year periods have obvious periodicity in all latitudes
(22.5°-25°N), and the annual period has the most obvious peri-
odicity at the high latitudes (24.5°-25°N). The period of the 6.8-

year period is the most significant at the middle and low latit-
udes (22.7°-23.9°N).

(2) There are significant periods of eddy field east of the Kur-
oshio at 200 days (0.54 year, the semiannual period), 374 days
(1 year, the annual period), 889 days (2.43 years, the first interan-
nual period), and 2 374 days (6.5 years, the second interannual
period), generally corresponding to the four periods of the SKI;
similarly, there are differences at different latitudes in the same
period. Four cycles have obvious periodicity for the whole latit-
udinal range of the study area (22.5°-25°N). Among them, the
period of the semiannual period is the most obvious at the low
latitudes (22.5°-23.5°N). The period of the annual period is most
obvious in the middle and low latitudes (22.5°-24.5°N) and the
2.43-year period has more obvious periodicity at middle latit-
udes (23°-24°N). The 6.5-year period has obvious periodicity at
the middle and low latitudes (22.5°-23.7°N).

(3) The correlations between the Kuroshio and eddy field are
different at different latitudes of different periods. Correlations
found in the semiannual period and annual period are more ob-
vious at middle latitudes (23.3°-25°N). The correlation coeffi-
cient of the first interannual period (~2.4 year-period) at the latit-
udes 22.7°-24.1°N is relatively large and negative. The second in-
terannual period (~6.5 year-period) had a high correlation in all
latitudes (22.5°-25°N). Finally, with different lag times, the correl-
ation coefficients are different.

(4) The causal relationship between the SKI and the eddy
field varied with latitude and period. In the semiannual period,
the influence of eddies on the Kuroshio is obvious, while in the
annual period, the Kuroshio had a greater impact on the eddy
field. In the first interannual period (~2.4-year period), the eddy
field has impact on the surface Kuroshio intensity. In the second
interannual period (~6.5-year period), the eddy field has a larger
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Fig. 11. Effect of the SKI on the SEI (712) after significance testing over different periods. a. The semiannual period, b. the annual
period, c. the first interannual period, and d. the second interannual period.
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Fig. 12. Effect of the SEI on the SKI (72;) after significance testing over different periods. a. The semiannual period, b. the annual
period, c. the first interannual period, and d. the second interannual period.

impact on the SKI than SKI has on the eddy field.
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