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Abstract
The tidal data of Kushimoto and Uragami on flow path of Kuroshio from 2004 to
2005 are investigated and discussed by time-frequency methods and nonlinear methods in this paper. These analyzing methods based on mathematical science show us
new findings about the tidal motion observed on Kuroshio flow path. On the timefrequency analysis, 12 hours component and 24 hours component swing during the
period of 350 hours and 320 hours respectively. However, any remarkable differences
or changes depending on Kuroshio flow path weren’t seen on the result of time-frequency analysis. On the nonlinear analysis, a periodical structure has seen on the
mutual information of tidal difference data, while Kuroshio flow is stable. In addition, the mutual information showed a characteristic of randomness and irregularity,
while Kuroshio flow is unstable. The important results brought us a new finding such
as classification of tidal motion regardless of the flow path of Kuroshio.
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1. Introduction
Kuroshio is one of the biggest circulations of the North Pacific Ocean. Kuroshio is a
large current started from Eastern Luzon Islands to Bhoso Peninsula or Sanriku coast
through southern coast of the Japanese Islands. The width of Kuroshio is about 100 km
long, and the drift speed is 2 to 4 knots. Kuroshio effects not only to the ship navigation
route but also for climate of southern coast of Japan. In addition, Kuroshio flow path
often changes and it is set by monitoring of surface temperature that is based on ocean
buoys, satellite remote sensor and sea current data from the ocean research ship [1] [2]
[3].
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When Kuroshio greatly meanders in the Japanese southern coast, the route doesn’t
recover and this meandering continues about a year. This influences on the amount of
fish catches and their kind. If Kuroshio flows near the coast line of Kii Peninsula, the
sea level rises. Therefore, it may cause a sea disaster by its high tide. The tide level is
observed at more than 150 measurement points of tide gauge stations located in all over
Japan and its data are opened to the public online system. Among them, stations located at Kushimoto and Uragami in Kii Peninsula are the most important stations for
monitoring Kuroshio because the flowing path of Kuroshio can be roughly estimated
by analyzing the tidal data observed at Kushimoto and Uragami.
The tide level difference between Kushimoto and Uragami has been discussing about
flowing path of Kuroshio by many researchers [4] [5] [6]. Tide level is originally composed of the astronomical tide and the metrological tide. The astronomical tide is a rising and falling motion of seawater which caused by the tidal force working between the
sun and the earth or between the moon and the earth. The other hands, the metrological tide is a fluctuation caused by a metrological disturbance such as air presser, temperature, wind, and so on. Furthermore, tide level is risen when the Kuroshio approaching to
Kii Peninsula blocked by the coast. Therefore, many researchers have payed attentions
to both the astronomical tide and the metrological tide in case they discuss about the
tidal data of Kuroshio. Most of the researchers have investigated the moving average of
tide level to remove the influence of the astronomical and metrological tide. Maekawa

et al. emphasized that the tidal difference occurs in narrow region of 4 - 5 km and is
mainly created in the surface layer above 150 m by analyzing the tidal difference, the
flow speeds of seawater, temperature, salinity [7]. Nakamura et al. discussed the seasonal variation of tidal difference by the moving average [8]. The moving average is applied to remove a noise and to observe the long-term trend from the hourly tidal data.
However, this method makes lower the temporal resolution of the data and ends up
losing the information in the data. To avoid this, the new methods need to be discovered which is able to analyze the tide level without using the moving average. In addition, some advanced analysis is necessary to extract the useful information from the
tidal data.
In this paper, the characteristics of tidal motion are discussed by using the methods
of mathematical science such as time-series analysis and nonlinear analysis. These methods without moving average bring us new findings about the tidal motion observed
on Kuroshio flow path. The new finding in this paper is that the tidal motion has two
different aspects in detail. The mutual information representing the characteristics of
tidal motion changes the aspect between stability and irregularities. This transition
process shows a cyclic loop in the classification map. The loop looks like an orbital
connected at a saddle point between the side of meandering path of Kuroshio and the
side of straight path.

2. Tidal Data and Analysis Methods
As shown in Figure 1, tidal data were taken from J-DOSS; JODC Data On-line Service
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Figure 1. Outline flow chart from data acquisition to data analysis for tidal data.

System which is provided by the Japan Oceano-graphic Data Center (JODC) [9]. In this
paper, tidal data observed at Kushimoto and Uragami for two years from 2004 to 2005
were intensively studied together with their tidal difference data. These data are hourly
time-series data containing about 17500 points respectively. However, some data
processing is necessary for analyzing of tidal data as shown in Figure 1. Hourly tidal
data were analyzed by Wavelet transform and Lorenz’s plot to investigate their fundamental characteristics. The difference of tide level was prepared from subtracting Uragami’s data from Kushimoto’s data. This tidal difference was examined precisely by using FFT, Wavelet transform, phase trajectory, and mutual information. Figure 2(a)
shows typical flow paths of Kuroshio. The flow paths of Kuroshio are classified into
three typical patterns. They are called large meandering path (bold line), small meandering path (break line) and straight path (dot line). Figure 2(b) shows the location of
tide stations in the western parts of Japan. Above all, Kushimoto and Uragami in the
southern part of Kii peninsula are the most important stations for monitoring Kuroshio. Table 1 shows the periods of Kuroshio’s meandering which occurred after 1975
[5] [10]. The latest Kuroshio’s meandering term was from Jun 2004 to August 2005.

3. Results and Discussion
3.1. FFT Analysis and Time-Frequency Analysis
Figure 3 shows the tidal difference between Kushimoto and Uragami from 2004 to
2005. Kuroshio moved to southward from Shiono-misaki cape at southern part of Kii
peninsula and had been meandering for 13 months. Tidal difference in meandering
term was relatively low and steady. On the other hand, the tidal difference while Kuroshio was hitting the Shiono-misaki showed an irregular fluctuation. Figure 4 shows the
149
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result of FFT analysis on the tidal difference shown in Figure 3. The major peak is observed at a frequency of 0.08 (1/hour), which is the inverse number of 12 hours period.
The power spectrum density on the tidal difference decreases against the increasing of
frequency. The slope of spectrum is about −1 as shown Figure 4. According to the

Figure 2. Tipycal flow routes of Kuroshio and location of tide stations. (a) Typical flow paths of
Kuroshio; (b) Location of tide stations in the west Japan area.
Table 1. Periods on meandering Kuroshio Current after 1975.
Beginning of meandering

150

Ending of meandering

Duration time

Aug. 1975

Mar.1980

4 years and 8 months

Nov. 1981

May. 1984

2 years and 7 months

Dec. 1986

Jul. 1988

1 year and 8 months

Dec. 1989

Dec. 1990

1 year and 1 month

Jul. 2004

Aug. 2005

1 year and 2 months

K. Kirimoto

Figure 3. Tidal difference between Kushimoto and Uragami from 2004 to 2005. Kuroshio meandered from July 2004 to August 2005. Six
specific months (a) to (f) are intensively studied in this paper.

Figure 4. FFT analysis of tidal difference data between Kushimoto and Uragami. Power spectrum
density of tidal difference has 1/f spectrum and a small component of 12 hours.
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references [11] [12], the spectrum of tide level data shows the slope of −1. The spectrum of tidal difference also has 1/f spectrum in this paper.
Figure 5 shows the wavelet analysis of the tidal data and that of tidal difference in the
term Kuroshio moved from straight path to meandering path. The prominent components of semidiurnal period (12 hours) and diurnal period (24 hours) are indicated in
Figure 5(a) and Figure 5(b). These figures are based on the wavelet analysis of Kushimoto’s and Uragami’s data. The powers of semidiurnal component and diurnal component have different swing periods. Semidiurnal component has a swing period of 350
hours. The diurnal component has a swing period of 320 hours. These phenomena
are caused by the astronomical factor [13] [14]. Figure 5(c) shows a result of wavelet
analysis of tidal difference between Kushimoto and Uragami. Two prominent components described above aren’t seen in Figure 5(c). Therefore, this subtraction process
needs to remove the affection of astronomical tide from the original data in this paper.

3.2. Nonlinear Analysis
Six specific months during 2004 to 2005 are selected to discuss the tidal motion in this
paper. Figure 6 and Figure 7 show Lorenz’s plots on tidal data at Kushimoto and Uragami respectively. All figures are plotted by data set of the minimum points of tide level
for each 12 hours. Kuroshio flow path is described as a cyclic process that consists on
some phases, (a) straight path, (b) beginning of meandering, (c) unstable meandering,
(d) stable meandering, (e) ending of meandering, and (f) straight path. Lorenz’s plots of
Kushimoto show an arctic outline in Figure 6 (b) and Figure 6(f). On the other hand,
the dispersion of Lorenz’s plots can be seen in Figures 6(a)-(e). In Figure 7, though
Lorenz’s plots of Uragami are similar to Kushimoto in Figure 6, they are different in
detail. Therefore, it is difficult to find a regularity of Lorenz’s plots at this moment and
these results shows a chaotic character of tidal motion.
Figure 8 shows phase trajectories of the tidal difference between Kushimoto and
Uragami. Tidal difference between Kushimoto and Uragami is also important to discuss the sea level affected by Kuroshio. The time delay of phase trajectories was decided
t = 4 which is the minimum point of mutual information in Figure 9(a) [15] [16].
The phase trajectory in no-meandering state forms a round shape in Figure 8(a). The
trajectory is stretched in a process of changing no-meandering state into meandering
state in Figure 8(b). Once Kuroshio starts meandering, the trajectories become a
round again in Figure 8(c) and Figure 8(d). The stretched trajectory can be seen in
the end of meandering in Figure 8(e) and Figure 8(f), in the same way as Figure
8(b).
Figure 9 shows mutual information of tidal difference between Kushimoto and Uragami. There are three typical features in Figure 9. First, the mutual information shows
a large periodic fluctuation in Figure 9(a) and Figure 9(d). These patterns of mutual
information are quite similar to the results which Friso et al. reported of a periodicity
and a steadiness of tidal motion [12]. Second, in Figure 9(b) and Figure 9(e), the mu152
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tual information forms a slope and also shows a periodicity. This periodicity is longer
than that of (a) and (d). Moreover, the fluctuation of mutual information is getting
smaller as time passes. Finally, in Figure 9(c) and Figure 9(f), the fluctuation of mutual information is little and its value is small. As a result, the tidal difference between
Kushimoto and Uragami could be classified into these typical patterns. Therefore, the
mutual information is a good analyzing method to classify the tidal motion. These features in fluctuation of mutual information have never discussed in other researches
about tidal motion.

Figure 5. Tidal data observed at Kushimoto and Uragami and their wavelet analysis. 12 hours
component of Kushimoto and Uragami has a swing period of 350 hours in (a) and (b). 24 hours
component has a swing period 320 hours. These swing periods aren’t observed in the tidal difference data of (c). (a) Tidal data and wavelet analysis on Kushimoto. (b) Tidal data and wavelet
analysis on Uragami. (c) Difference of tide level and wavelet analysis.
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Figure 6. Lorenz’s plots of tide level at Kushimoto. (a) Straight path; (b) Beginning of meandering; (c) Unstable meandering; (d) Stable meandering; (e) Ending of meandering; and (f) Straight
path. The Kuroshio’s flow path doesn’t have an effect on Lorenz’s plots of Kushimoto.

Figure 7. Lorenz’s plots of tide level at Uragami. (a) Straight path; (b) Beginning of meandering;
(c) Unstable meandering; (d) Stable meandering; (e) Ending of meandering; and (f) Straight path.
The Kuroshio’s flow path doesn’t have an effect on Lorenz’s plots of Uragami.

3.3. Classification of Tidal Motion
The tidal difference has a component of 12 hours as shown in Figure 4. Figure 10(a)
shows a sinusoidal wave of 720 points during 30 days long. Figure 10(b) shows the
mutual information of sinusoidal wave. Figure 10(b) has large peaks of each 12 hours
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Figure 8. Phase trajectories of tidal difference data. (a) Straight path; (b) Beginning of meandering; (c) Unstable meandering; (d) Stable meandering; (e) Ending of meandering; and (f) Straight
path. When the Kuroshio changes its flow from straight path to meandering path, the trajectory
is stretched like (b). While Kuroshio flow is stable, the trajectory forms a round shape as shown
(d).

Figure 9. Mutual information of tidal difference data. (a) Straight path; (b) Beginning of meandering; (c) Unstable meandering; (d) Stable meandering; (e) Ending of meandering; and (f)
Straight path. Time development of mutual information is classified into three typical patterns,
(a) (d), (b) (e) and (c) (f).
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Figure 10. Periodic signal and the time development of mutual information. Sinusoidal wave
makes periodic peaks of mutual information and sub peaks between them. (a) Sinusoidal signal;
(b) Mutual information of sinusoidal signal.

and has sub peaks between them. This feature looks like one of Figure 9(a) and Figure
9(d). Figure 11 shows pseudo-random signal and its mutual information. As each
random signal point is independent and irregular, the mutual information decreases
within an hour. This feature is seen in Figure 9(c) and Figure 9(f). Therefore, the mutual information shows the character of tidal motion.
Figure 12 shows a classification model on tidal motion affected by Kuroshio Current. The tidal motion when Kuroshio flows in a straight path is located on the left side
in Figure 12. On the other hand, the tidal motion when Kuroshio flows in a meandering path is located on the right side in Figure 12. The classification of tidal motion on
January in 2004 when Kuroshio flows in a straight path is located at the upper left side
in Figure 12, and it has a periodicity and steadiness from features of mutual information shown in Figure 12(a). The beginning of meandering is located at the center in
Figure 12. The unstable meandering is illustrated at the lower right side in Figure 12
and it has a character of randomness and irregularity. In the same way, all data shown
in Figures 9(a)-(f) are illustrated into Figure 12 by the methods using nonlinear analysis such as mutual information. As a result, the classification of tidal motion draws
two circular orbits connected at a saddle point in Figure 12. In this paper, it is found
that a new finding that relates to Kuroshio path and the tidal motion give us more interesting information of Kuroshio.

4. Conclusion
Tidal data observed from 2004 to 2005 at Kushimoto and Uragami were analyzed by
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Figure 11. Random signal and the time development of mutual information. The mutual information of random signal decreases the value within an hour. (a) Pseudo-random signal; (b) Mutual information of random signal.

Figure 12. Schematic illustration on classification model of tidal motion. (a) Straight path; (b)
Beginning of meandering; (c) Unstable meandering; (d) Stable meandering; (e) Ending of meandering; and (f) Straight path. The classification of tidal motion draws two circular orbits connected at a saddle point between the side of straight path and the side of meandering path.

time-frequency methods and nonlinear methods. On time-frequency analysis, 12 hours
component and 24 hours component swing during the period of 350 hours and 320
hours respectively. However, any remarkable differences or changes between straight
path and meandering path of Kuroshio weren’t seen on the result of time-frequency
analysis. On the tidal difference data between Kushimoto and Uragami, the power
spectrum has 1/f spectrum and a component of 12 hours period. Nonlinear analysis re157
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vealed a periodical structure of tidal difference that is seen in a fluctuation of mutual
information while Kuroshio flow is stable. The mutual information while Kuroshio
flow is unstable shows a character of randomness and irregularity of tidal motion.
However, these results show that there is a stable period and unstable period regardless
of the path of Kuroshio. In this research, not only bias effect of tidal motion shown by
moving average of the tidal difference data but the tidal motion of a regularity and periodicity and also that of an irregularity and randomness were reviled by time-frequency
methods and nonlinear methods.
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