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Abstraci . The tidal current in the sea hetween Tokvo and Ogasawara lslands is
estimated by the harmonic analysis of the TOLEX-ADCP (Tokyo-Ogasawara Line EXperi-
ment-Acoustic Doppler Current Profiler) data during 1991-1996.  Four of the eight primary
constituents (M, O,, N and Q) are reliably estimated. However, other three primary
constituents (K,. S, and P,) are not properly estimated because of the infrequent sun-
synchronous sampling characteristics of the measurement. K, tide is also excluded from
the analysis considering its higher sensitivity to noises of semi-annual periodicity.

The average total tidal current of the four constituents (M, Oy, N, and Q,) is about 10-
20 em/s in shallow water regions and 5 em/s at largest elsewhere. The order of magnitude
of the four constituents is M.>0,>N,>Q,, which is consistent with nearby sea-level
observations. The estimated tidal current is nearly vertically uniform from the surface to
400 m depth except in shallow water regions where it decreases substantially with depth.
The obtained tidal constants of the four constituents agree with those of a global tidal
model by Matsumoto ef al. (1995) mostly within a few centimeter per second for the root-
mean-squared current speed and ahout 30° for the tidal ellipse orientation.

Introduction

In recent years, the ship-mounted acoustic Doppler current profiler (ADCP) com-
bined with precise measurements of ship’s speed and heading has become popular as a
tool for direct measurement of the ocean currents. The Physical Oceanography Group
of Tohoku University installed a 150 kHz-type ADCP (RD Instruments, USA) on
Ogasawara- Maru, the volunteer ship which weekly shuttles between Tokyo and Chichi-
jima, Ogasawara Islands (Fig. 1), in 1990, and the oceanic flows in this area have been
monitored by the equipment on a regular basis since February 1991 (Hanawa ef al.,
1996). This is called TOLEX (Tokyo-Ogasawara Line EXperiment)-ADCP measure-
ment. Our primary interest of the experiment is in non-tidal flows such as Kuroshio, so
the tidal flow component needs to be separated from the ADCP-measured current
velocity, Since the harmonic constants of tidal current are not published in the area,
however, we estimate them based on our own velocity measurements in this paper.

The methodology of tidal analysis of ADCP measurements has been studied in many
articles especially in coastal regions where tidal current dominates. Some of them used
dynamical or statistical models of the oceanic tide (Foreman and Freeland, 1991 :
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Fig.1. The TOLEX-ADCP line (solid line) and a typical flow pattern (Dec.
14, 1997) estimated by the TOPEX altimetry (Yoshida ef af., 1997 :
arrows). Solid circles with numbers indicate the positions of nearby
tidal observatories.

Candela ef «l., 1992 ; Miinchow el a/., 1992 ; Dowd and Thompson, 1996), and others were
based on traditional harmonic analysis of the measured data (e.g. Geyer and Signell,
1990 ; Simpson ef al., 1990 ; Howarth and Proctor, 1992).

[n the ordinary harmonic analysis, it is first necessary to determine the set of
constituents to be estimated according to the length of record (e.g. Odamaki, 1981 ;
Rikiishi, 1982). Then the harmonic constants are estimated in a suitable mathematical
way such as the least-square method. This processing strategy is well-established in
case of dealing with data taken by a regular and temporally-dense (e.g. hourly) sampling
scheme. However, this method is not readily applicable to data obtained [rom volunteer
ships (VOS) whose sampling intervals vary largely in time.

The treatment of irregularly -sampled data in the harmonic analysis has partly been
studied by authors (e.g. Rikiishi, 1982). However, all sampling schemes discussed are
random in time, which is not true for most VOS measurements that usually give sun-
synchronous (Ze. not ‘random”™) and infrequent sampling. Unflortunately, our TOLEX
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measurement is heavily suffered from this problem. No literature gives us a systematic
way of processing ol ADCP data obtained by such a temporally-biased sampling scheme.

Therefore, we firstly investigate which of the major constituents can be reliably
estimated and which may not be, by a simple nurnerical analysis of various known noise-
added artificial time series that are sampled by the TOLEX schedule. It is shown in the
following that some of the primary tidal constituents (S,, K,. P, and K,) are not likely be
estimaled with a good precision from our TOLEX-ADCP data. It is also shown that
removal of the ill-defined constituents can seriously distort the estimation of non-tidal
components. Based on these results, we estimate here only the constituents that are
Lthought not to be influenced by the sampling deficit. Next, horizontal and vertical
variation of the estimated tidal flow are described, and finally the results are compared
to predictions by a global tidal model (Matsumoto et al., 1995).

In Section 2, the TOLEX-ADCP measurement and data processing are oullined. In
Section 3, the estimation of tidal current is briefly formulated based on the least-square
method. The results are shown and their reliability is discussed in Section 4. Section
5 summaries and concludes this study.

2 TOLEX-ADCP measurement

The volunteer ship, Ogasawara Marn (3,553 t), was a cargo-passenger ship which
dalmost weekly shuttled between Tokyvo and Chichijima in the Ogasawara Islands (Fig. 1).
It cruised at a speed of about 20 knots in the open ocean and connected the two ports,
nearly 900 km apart, in about 29.5 hours for each way. The ship anchored at Tokyo for
one night (nominally 17 hours) and at Chichijima for two or three nights (nominally 69
hours or 93 hours). In total, it usually took six or seven days f{or the ship to complete
every return cruise. The ship repeated this cycle 58 times a year. Due to this cruising
schedule, the time interval of measuring current at a fixed position was irregular and
varies significantly depending on its location (Fig. 2). The ship was replaced by new
Ogasawara Mara (6,679 t) in March 1997, and the ADCP measurement still continues with
a new equipment installed by the Japan Marine Science and Technology Center (JAM-
STEC).

The ADCP device was mounted at the bottom of the ship which was nominally 4m
below the sea surface. The bin (7.e. vertical resolution) and the number of bins of the
measurement were set to 16 m and 26, respectively, which yielded a vertical extent of
measurement from near the surface to 420 m depth (16 m x26+4 m). The heading and
speed of the ship were measured by an on-board gyrocompass and GPS (Global Position-
ing System), respectively. The ADCP data were smoothed and recorded every 5 minutes
(300 pings). The time interval corresponds to a spatial resolution of about 3 km,
according to the ship's speed.

In the post-processing, the data were spatially smoothed and projected onto points
with 10-minute latitudinal intervals (27°10'N to 35°00'N) on a mean ship track, by using
a4 Gaussian filter of which window width and e-folding scale were both 10 minutes in
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Fig.2. A typical sampling schedule of the TOLEX-ADCP measurement (April, 1992).
Slant lines show the ship's movement and horizontal short segments indicate the
times at which data are given.

latitude. The longitudinal deviation of the ship track was less than 4 minutes. Further
detail on the TOLEX-ADCP measurement and data processing can be found in Hanawa
el al. (1996) or Yoshikawa (1993).

The ADCP data obtained from February 1991 through November 1996 are used in
this study. The total number of available data during the six years differs at different
locations but is approximately 490 per grid point, mostly varying from 5 to 10 per month.

In order to estimate the verticallv-averaged tidal current, the ADCP data arc
averaged over all of the 26 vertical bins in the most part of the analyses. The vertical
structure of the tidal current is discussed in Section 5.

3 Method of tide-removal

The tidal current is estimated by the least-square method (Dronkers, 1964). It's
eastward companent, (), is expressed as

u(t)=Us+ 2 Ucos(wit — x:) + (1) (1)
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where / refers to the each tidal constituent and N is the number of constituents consid-
ered. w,, [/, x, are the angular velocity, the amplitude and the phase lag of the ;-th
constituent, respectively, and J; is the mean flow. z(¢#) is the residual between observed
and estimated tidal current for a given time, and it consists of both the measurement
error and non-tidal components of the velocity variation.

The mean-squared-residual is defined as

(e, Th, T, ..., Un, 21, Xs, oon, xh-)zge(z)zm, 2)

where  is the number of data and ¥ means summation over the total period of analysis.
4

Then 2N +1 simultaneous equations :

B o B o gs O o = ,
=0 70=0 (=1, N),5-=0 (i=L..,N) 3)

are solved to minimize [, so that the 2N +1 unknowns (Uy; Uh, Us, ..., Us: x1, %2, oouyity)
are determined. The same procedure is applied to the meridional velocity component.
Finally the results of both the components are combined to obtain tidal current vectors.

The nodal tide is neglected. Therefore, the tidal constants obtained here should be
considered as average values over the total six-year period.

4 Results and discussions

4.1 Numerical pre-analysis

Asg previously mentioned, harmonic analysis of the six-year TOLEX-ADCP data
could not identify some of the major constituents which should be properly estimated by
temporally denser (e.g. hourly) sampling schemes. This is obviously due to the sun-
synchronicity plus infrequency of the TOLEX-ADCP measurement. A typical example
is S; tide which repeats with exact 12 hour period. Because the ship departed and
arrived at the two ports at fixed times of a day except for occasional weather-induced
delay, the sampled phase of S, tide at each grid point is highly confined (Fig. 3(a)). This
does not happen in case of the other seven primary constituents (Fig. 3(b)). The biased
sampling of S; tide is obviously a disadvantage for its proper identification.

In order to know impacts of this sampling deficit on the tidal analysis, a series of
simple numerical experiments is performed. Investigated here is what happens if
ordinary harmonic analysis is applied to various artificial (i.e. known) time series
sampled by the TOLEX schedule at the presence of various “noise” (ie. non-tidal)
components.

The detail of the numerical experiments is given in Appendix A. Known facts are
as follows. Firstly, S, tide is most poorly identified as expected. Inclusion of the
constituent in the output components of the harmonic analysis can seriously distort the
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estimation of non-tidal components. Secondly, K, and P, tides as well as S, tide are
sensitive to various periodic noises, and also to a random noise to a lesser extent.  Also,
K, tide is sensitive to noises with semi-annual periodicity. This happens because the
sun-synchronous TOLEX sampling scheme causes aliasing of the three (K,, P, and K.)
constituents,

The actual TOLEX-ADCP data contains various periodic variations and random
noise. It is impossible to precisely know their nature (ie. periodicity, amplitude, etc.)
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beforehand. Therefore, high sensitivity of the four constituents to possible non-tidal
fluctuations let us decide to exclude them from the tidal analysis, [t is shown in the next
subsections that inclusion of these ill-definable constituents indeed gives us suspicious
results,

4.2 General characlerislics

The estimated ellipses of Ma, Na, Oy, Q, tides are shown in Fig. 4(a), in which only the
four constituents are considered as output. For comparison, calculation including all the
eight primary constituents is also performed, and the result is presented in Fig. 4(b). A
radial line in each tidal ellipse shows the current direction of each constituent at the local
equilibrium tide. For most grid points and constituents shown in Fig. 4(a), the obtained
tidal current vector rotates clockwise with time. The magnitude of the estimated
current ellipse is larger at grid points in shallow water areas.

Table 1 shows amplitudes of sea level change due to the eight primary constituents
measured at nearby tidal observatories. The estimated tidal constants for M., O,, N,
and Q, tides are presented in Table Bl. Both the tables are obtained from the calcula-
tion including only the four reliably-estimated constituents. The order of magnitude of
the tidal ellipses (Fig. 4(a)) and that of the amplitudes of sea level variation (Table 1) are
consistent for M,, O,, N, and Q, tides. However, the obtained tidal currents of S, and
P, tides are likely too large. K, and K, tides also appear to be overestimated (Fig. 4(h)).

4.3  Reliability

It is impossible to estimate errors of the present tidal analysis based on independent
current measurement. Therefore, we investigate the robustness of the estimated tidal
constants by comparing results obtained by choosing various combinations of output
harmonics from the eight primary constituents. If we obtain stable results for a
constituent regardless of the combination choices, we may consider that the estimation
is successiul.

The results are shown in Figs. 5-8, for each of the four major constituents (M., K,,
0, and S.). For example, Fig. 5(a) gives estimated root-mean-squared current speed of
M. tide defined by

/ 36

2
.‘/ %E‘ Usrcos(wu, t—xa)| (4)

J=1

where ., wa, and xy, are the amplitude, the angular frequency and the phase lag of M,
tide, respectively, and

z,—gf'gTAgz. (5)

where 7y, is the period of M, tide. Four different tvpes of lines show the estimated
values of M, tide in case of considering four combinations of harmonics as output (shown
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Table 1. Amplitudes of sea level change by eight major tidal constituents at tidal observa-

tories near the TOLEX-ADCP track. Amplitudes for all except M. tide are given in
magnitude relative to M. tide.

_— M, M, K, 0, S, Py N, K, Q
sitename | No- | cm) | (%) (%) (%) (%) (%) (%) (%) (%)
Mera @ 36.0 100. 63.9 50.3 46.9 21.1 14.7 13.1 10.3
Tto @ 35.2 100, 67.2 52.3 46.6 21.6 15.6 12.6 10.5
Okada 6] 35.1 100, 65.8 51.9 47.0 21.4 15.1 12.8 10.5
Kozu-shima @ 38.3 100. 28.5 45.4 46.5 18.8 15.7 12.8 9.7
Ako ® 34.7 100. 65.1 50.4 47.3 213 15.9 127 10.4
Kaminato ©® 31.6 100. 58.2 45.6 i D 18.0 14.6 1.1 9.3
Futami @ 28.3 100. 57.6 42 .4 45.6 18.7 18.4 12.4 8.1
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Fig. 5. Comparison of estimated tidal ellipse parameters of M, tide for various
combinations of constituents as output. a) Root-mean-square speed (cm/s) and
b) orientation of major axis (degree). Different line types indicate results
obtained for different combinations of constituents considered (see legend). The
angular parameters are counter-clockwise positive from the east.
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in the legend), respectively. Fig. 5(a), shows the orientation of the major axis of the M.
tidal ellipses for the same choices of output. Figs. 4-8 are similar comparisons for the
estimated parameters of O, K, and S, tide, respectively.

The constants of M, and O, tides are insensitive to changing the combination of
constituents (Fig. 5-6) though those of S,, K, (Fig. 7-8) and P, (not shown) tides are not.
The estimated parameters of M, tide are almost always the same except for some
deviations in the area where tidal current is weak (near 32°N and 35N ; see Fig. 4 and
Fig. 5(a)-(b)). The paramelers of O, tide (Fig. 6) are also stable. In contrast, however,
the obtained ellipse parameters of K, (Fig. 7) and S, (Fig. 8) tides are sensitive to the
choice of harmonics combination. The result of K, tide depends clearly on whether P,
tide is included or not in the output harmonics.

The tidal ellipses of M, and O, tides vary more continuously along the shiptrack
than those of S,, K, and P, tides do (Fig. 4(a) and Fig. 4(b)). This is realistic considering
that the tidal variation in this area basically behaves like a very long wave. The

20 e -
— o (a)
| —— 01.M2,K1, 52
— 01, M2, N2, 01
15 | Loz AlotPe ]
? 1
g
s
RIS ﬁ
&
s| ]

0 ; L Aoz

26 27 28 20 30 3 32 33 34 35 36

Latitude
180 T ——— 1 T -
—or ]
150 1| o1 mz k1. 52 (b)
120 f | === O1, M2, N2, O
) ~——- Allof P8
F 90
&
— SD -
c &
2
£ of
[
5 a0t
5
§ 0 [N
& wof \
© et
=150
-180 -

26 27 28 29 30 31 32 33 34 3 3
Latitude

Fig. 6. Same as Fig. 5 but for O, tide.
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robustness and the spatial continuity of the estimated tides suggest that the four of the
eight primary constituents (M,, O,, N, and Q,) are reliably estimated whereas S,, K, and
P, tides are not. The validity of the estimated K, tide is not clear from only these points
of view, but we also exclude the constituent from the analysis considering its high
sensitivity to possible semi-annual components of the velocity fluctuation.

4.4  Vertical structure

We estimated the vertically-averaged tidal current so far in the present study. This
is practically hecause more variant results tend to be obtained by analyses of data
containing smaller number of bins. The vertical averaging may also be supported by the
large sea depth for most part of the area, where internal tide is not likely prevalent.
Here, however, the analysis is applied separately to sub-layers containing fewer bins in
order to check the assumption of vertical uniformity of motion. Fig. 9(a) and Fig. 9(b)
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0 . i .
26 27 28 29 30

show latitudinal variation of the root-mean-squared speed of M, and O, tide, respective-
ly, in six vertical sub-layers. Each sub-layer consists of 4 bins (about 64 m thickness).

The tidal current decreases substantially with depth in shallow water areas near
33.5°N and 27.5°'N. The flow structure suggests that the vertical averaging may be
inadequate in these regions. In contrast, the estimated tidal current is vertically uni-
form in the rest of the area where the sea depth (Fig. 4) is much greater, and hence our
estimation should be a good approximation there. Since the ill-definition of the four
constituents (S, Ky, P, and K.) is not confined to the shallow water areas, the problem
is not likely caused by the vertical inhomogeneity of the tidal current.

4.5 Swum of the four tidal constituents
The root-mean-squared speed of the estimated tidal current (sum of M,, O,, N,, Q,)
is shown in Fig. 10. The sum of the four constituents is about 10-20 cm/s in the shallow
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Fig.10. The root-mean-square speed of raw ADCP-measured current (thin solid
line), sum of the estimated tidal current (M,, O,, N, and Q, ; thick solid line), and
tide(only the four constituents)-removed current (dotted line).

water areas and 5 cm/s at largest elsewhere. According to the nearby sea level ohserva-
tions (Table 1), the reliably estimated four constituents share more than a half of the
total tidal variability in this area. Therefore, it is inferred that the total tidal current
is O (10 em/s) in Tokyo-Ogasawara area except in the shallow water regions. It is also
expected that more than a half of the total tidal current variability can be removed if we
subtract the sum of the four constituents from the ADCP-measured velocity.

4.6 Comparison to a global tide model

Currently there is no regional tidal model available with detail bottom topography
that allows us to precisely predict tidal current in the area of TOLEX measurement.
Fortunately, however, many global tidal models, despite calculated based on coarse
topography, have become available with the aid of TOPEX altimetry in recent years.
Here our tidal estimation is briefly compared with that computed by ane of such global
tide models, by Matsumoto et /. (1995), which we refer to as NAO (National Astronomi-
cal Observatory) model hereafter. The Fortran source code of the model is available
from a CD-ROM by the Physical Oceanography Distributed Active Archive Center (PO-
DAAC), the Jet Propulsion Laboratory (http://podaac.jpl.nasa.gov/cdrom/tide/index.
htm), but its ordinary use provides only the tidal sea level prediction. We are allowed
to use the corresponding tidal current data by favor of the author (Matsumoto, personal
communication).

Fig. 11-12 show comparisons of the ellipse parameters of M, and O, tides by our
estimates and the computation by the NAO model. The two estimates agree well for
the size of M, tidal ellipses (Fig.11(a)) except that the model estimation is slightly
smaller in the shallow water areas. The two estimates of the ellipse orientation (Fig.
11(b),) and the current direction at the equilibrium high tide (Fig. 11(c)) differ as much as
90" in the areas of weak current. However, much better agreement is obtained else-
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where. The difference between our estimate and that of the NAO model in the deep
water area is mostly a few centimeter per second for the rms current speed and 30° for
the major axis orientation in the area with appreciable current speed.

The longer axis of the ellipse lies grossly in zonal (east-west) direction in both the
estimates, and the tidal current is westward at local high tide (Fig. 11(c)). Considering
that M, tidal wave propagates westward in this area (e.g. Schwiderski, 1980), these
angular relationships may support the fact that M, tidal wave is basically progressive in
this area.

In case of O, tide, however, the agreement between the two estimates is generally
worse. Our estimate of the size of ellipse is larger than that by the NAO model (Fig.
12(a)), and the current direction at local high tide by the model is systematically larger
than our estimate by about 30" (Fig. 12(h)). The reason of these disagreements is not
clear, but either or both of the model and our estimate may need future improvement.
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5 Summary and conclusions

The tidal current in the area between Tokyo and Ogasawara Islands is estimated by
a harmonic analysis of the TOLEX-ADCP data. M., O,, N, and (), tides are reliably
estimated. K,, S, and P, tides are not, however, mainly because of the sun-synchronous
under-sampling scheme of the measurement. K, tide is not estimated either, consider-
ing its high sensitivity to possible semi-annual variations in the flow field. Tt should be
noted that this problem is not thought to be limited to our TOLEX case but may occur
in case of similar (i.e. sun-synchronous and infrequent) sampling schemes.

The amplitudes of the estimated tidal current is larger in the shallow water areas
(near Hachijo-jima (33°N) and the north of Chichijima (28°N)), and the current direction
at the local high tide is mostly west-southwestward. These are reasonable if the
progressive-wave-like behaviour of the oceanic tide is assumed in this region. It is also
shown that the tidal current is nearly vertically uniform in the top 400 m layer, except
in the shallow water regions where it substantially decreases with depth.

We also compared our results to predictions by the global tide made by Matsumoto
et al. (1995), and obtained reasonable agreements in deep parts of the area. Our esti-
mate and that of the NAO model differ mostly as much as a few centimeter per second
for the rms current speed and 30" for the major axis orientation. However, disagree-
ments are found in the shallow water areas, suggesting that either or both of our
estimates and the tidal model prediction should be improved in these shallow water
regions.

The average total current of the estimated four constituents (M., O,, N, and Q,) is
10-20 cm/s in the shallow water areas and 5 cm/s at largest elsewhere. Comparing to
the nearby sea level measurements, it is inferred that more than a half of the total tidal
variability can be removed by subtracting the sum of these four constituents from the
ADCP-measured velocity.
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Appendix A

The artificial time series used in the numerical analysis are commonly expressed by
B
V(t):ZiA.cos(w,-I +¢.)+ B+ F(¢) (A1)

where ; represents each of the eight primary tidal constituents considered here (M., K,,
0y, S, Py, N, Ko, and Q). A, w., ¢ are the amplitude, the angular frequency and the
initial phase of the ;-th tidal constituent, respectively. For simplicity, all A,’s are taken
as unity and all ¢,'s are taken as zero. The value of B is set to 1,2, 5, 10, 15 and 20 in
individual runs to investigate how error depends on the amplitude of the noises.

The “non-tidal” part of the input signal, F(¢), which plays a role of noise in the
computation, is specified differently in different cases. In Case 1, a random noise is
given as F({):

F(t)=a series of pseudo random numbers between —1 and 1. (A2)

Case 2 consists of two thousand runs in each of which a single but various periodic
function is given as F({):

F(t)=cos(Qt+ @), (A3)

where 2 and @ are taken as constants, Two thousand 2's are chosen randomly in a
wide spectral range from sub-daily to nearly 500 days, each of which is given with
random @ in the individual run of Case 2. This type of noise is referred to as periodic
noise in the following.

The artificial time series are sampled by each of the two following schemes ; 1) six
year TOLEX schedule and 2) one year hourly sampling. Then the harmonic analysis
hased on the least-square method is applied to each of the discrete records. Here the
eight primary constituents are considered as output.

The results of the experiments are summarized in Table Al and partly illustrated in
Fig. Al. In Table Al, root-mean-squared difference hetween the input (given) and
output (obtained) constituent :

- 1 Ny Nn oy ,y2
= ;;(Afcos di— Alxcos din ), (A4)

where A; and ¢}, are amplitude and phase of the output, is shown for each tidal
constituent and value of B. #; and n. are the number of latitudinal grid points (7;=48)

and the number of runs with different pseudo random number series (z,=19), respective-
ly. n; times u, gives the total number of cases to to calculate the rms error for each
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Table Al. Root mean-squared error of harmonic analvsis for each of the
eight primary constituents of Case | artificial time series sampled by
TOLEX measurement schedule (unparenthesized) and hourly sam-
pling (parenthesized). Values are given in the unit of percent.

B=1 B=12 B=5 B=10 B=15 B=120
Q 3 (0) 6 (1) 15 (2) 31 {5) 46 (D 62 ( 9)
0, 3 (1) 6 (1) 15 (3) 29 ( 6) 4 (8 58 (11)
P, 5 (0) 11 (1) 27 (1) 54 (3) 81 (4) 109 (5}
K, 5 (1) 10 (2) 25 (5) 49 (10) 74 (16) 98 (21)
N, 3 (0) 6 (0) 16 (1) 32 (1D 48 ( 2) 65 [ 3)
M. 3 (0 6 (1) 16 (2) 31 (3) 47 (5) 62 (7
S, 8 (1) 16 (2) 39 (5) 79 (10) 118 (14) 158 (19)
K, 3 6 (1) 15 (3) 31 (&) 46 (9 61 (12)

constituent and noise amplitude.

Fig. Al indicates amplitude errors of the eight constituents for Case 2 for a site with
typical sampling schedule. It shows that S,, K, and P, tides are preferably distorted by
contamination of a wide range of periodic noise. K, tide is also affected by some
periodic noise, but the effective ones are mostly confined to semi-annual band. The
other four constituents (M., O,, N, and Q,) are not significantly influenced by contamina-
tion of various periodic noise.

Why are S,, K; and P, tides poorly estimated? As shown in Fig. 3(a), the pseudo
sun-synchronicity plus frequency of the measurement highly confines the range of
sampled phase of S, tide at each point. This biased sampling of S, tide is undoubtedly
a deficit for its proper identification.

K. (period 7°=2393h), P, (T =24.07h), and K, (7=11.97h) tides have another
scenario. In a multi-vear period, almost whole range of phase is sampled for these three
constituents. However, since K, and P, tides have periodicity close to one day, their
sampled phases shift very gradually and complete one cycle during a vear. In other
words, the TOLEX sampling of the two constituents causes aliasing of one year.
Similarly, K, tide has a aliased period of half a year. The fact that the three constitu-
ents are more sensitive to the contamination of “noise” with annual (for K, and P, tides)
and semi-annual (for K, tide) periodicity is consistent with this possibility of aliasing.
The duration of the TOLEX-ADCP measurement is long enough to seperate the eight
primary tidal constituents by using hourly-sampled data, but the temporally-biased
TOLEX sampling scheme can cause aliasing and vield errorneous results in detecting
these constituents at the presence of various noises.

The actual TOLEX-ADCP record should contain various types of periodic varia-
tions and random noise, which may not be fully represented by the two types of “noises”,
purely periodic and purely random, treated here. However, such non-tidal components
in the real record can be considered as a mixture of them. The facts that S,, K, P, tides
are sensitive to the contamination of both types of noises and that the results of the three
are indeed more doubtful than those of the other major constituents from various aspects
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suggest that the sun-synchronous infrequent sampling scheme by the TOLEX measure-
ment can significantly distort the estimation of the three constituents. The result of K,
tide is also considered to be somewhat less reliable than the rest of the eight primary
constituents (M., O,, Q, and N,) because of its higher sensitivity to the contamination of
semi-annual noise, though it seems to be more stably identified than the former three
constituents (S,, P, and K,).

It is very difficult to make quantitative estimation of errors for individual tidal
constituents, since the magnitude of error largely depends on the signal-to-noise ratio (i.
e. value of A/B) which is not known in the real ocean. However, if we assume that the
results of four tides (M,, O,, Q, and N,) are correct and use them to estimate the non-
tidal (strictly, including unestimated tidal components) variability, the value of B/A is
likely less than 5 for M, tide and may be larger than 10 for minor constituents (e.2. Q.
and N.). Therefore, we infer that the error of tidal estimation made in this study is
approximately 15-20% for the major constituents (M, and O,) and possibly more than
309% for the minor constituents (Q, and N,).

Appendix B

The tidal constants of M., O,, N, and Q, tides are presented in Table Bl. They are
estimated by including only these four reliably-estimated constituents as output.

Table Bl. Tidal current constants of M,, 0,, N, and Q, constituents estimated by
harmonics analysis of the six-year TOLEX-ADCP data. Latitude (degree),
maximum and minimum current speeds, {/mee and Unie (cm/s), respectively,
direction of maximum current speed, fnax, and current direction at local
equilibrium tide (degree), @. The angles are counter-clockwise positive
from the east. (a) M, tide, (b) O, tide, (c) N, tide and (d} Q tide.

(a) M, tide.

latitude | Umex Unin G @] latitude | Unux Unin Omix ¢

35.000 BT p —0.7 —174.5| 31.000 4.1 0.2 —109.0 70.3
34.833 4.2 2.8 —38.3 176.5 | 30.833 5.0 0.2 =—127.5 53.7
34.667 4.5 1.7 —=29.3 63.2 | 30.667 5.0 1.7 —147.3 2.6
34.500 5.3 0.9 —174.3 19.9 | 30.500 6.4 3.9 =156.3 -—23.6
34.333 8.9 2.3 =13T.5 18.0 | 30.333 6.0 4.3 -—159.1 -—32.4
34167 12.4 5.0 —132.7 2.2 30.167 4.9 4.2 =157.3 —41.0
34.000 13.9 6.0 —147.4 —13.7| 30.000 3.5 2.0 =172.4 —25.4
33.833 16.7 5.9 —167.4 —26.2 | 29.833 2.0 0.1 —126.8 49.5
33.667 18.8 7.5 —174.0 —33.7| 29.667 2.8 0.1 —84.9 94.9
33.500 16.0 10.4 —173.2 —49.9| 29.500 2.7 0.6 —79.4 96.8
33.333 15.4 9.0 —173.9 —48.2| 29.333 2.4 1.5. —556.4 110.1
33.167 14.2 7.2 —176.8 34.0] 29.167 37 0.9 —-107.9 93.2
33.000 10.6 4.4 177.4 —13.1| 29.000 6.9 2.1 67.9 1.5
32.833 7.6 4.6 178.5 —2.8| 28.833 7.8 4.8 49.7 -—37.0
32.667 6.0 5.8 78.9 2.6 28.667 B.1 5.2 19.9 —47.7
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latitude | Unmax Unin Braax 2] latitude | Llnax Uhin Omux &

32.500 4.6 3.4 —136.2 9.3 | 28.500 7.4 3.1 —-179.3 —35.2
32.333 3.7 1.8 —147.2 12.9| 28.333 8.7 1.4 —165.5 2.9
32.167 3.8 0.5 —144.7 29.1 | 28.167 11.5 0.4 —156.0 22.1
32.000 4.1 0.9 —146.4 13.1] 28.000 12.1 0.7 —150.2 24.7
31.833 3.7 0.6 54.4 —21.5| 27.833 12.0 3.0 40.2 2.0
31.667 4.7 1.2 =141.1 4.4 27.667 11.6 7.6 —151.2 —21.8
31.500 5.9 0.3 =811 22.8 | 27.500 14.5 9.0 177.2  —44.1
31.333 4.6 0.6 —126.1 59.7 | 27.333 159 5.6 5.2 —45.4
31.167 4.0 0.2 —99.9 81.0 | 27.167 18.5 1.9 12.1 —39.7

(b) O, tide.

latitude | Umex Ui Omax © latitude |  Uhax Uhniin Omsx C]

35.000 0.5 0.2 9.7 3.4 31.000 2.8 0.8 —140.6 15.8
34.833 1.5 0.0 —171.0 —176.5| 30.833 2.5 0.7 —131.6 —5./6
34.667 3.5 1.6 —156.8 —123.5| 30.667 1.9 1.6 —38.2 —29.8
34.500 319 1.8 —136.9 —117.9( 30.500 2.9 0.6 e B —54
34.333 3.4 2.9 —41.1 —68.2| 30.333 2.5 1.3 5.6 2.3
34.167 5.0 4.2 —175.4 —47.4| 30.167 2.2 1.2 —55.9 -—28.2
34.000 6.1 3.7 —24.5 —51.8]| 30.000 2.5 1.7 —102.8 —15.8
33.833 7.4 4.0 —33.8 —52.5 | 29.833 2.3 2.0 —154.0 —20.3
33.667 8.5 5.0 —38.6 —57.6| 29.667 2.6 1.5 =187.1 6.7
33.500 11.3 .0 —B&.1 —78.6 | 29.500 2.7 1.7 —140.4 —-2.5
33.333 10.6 8.5 -—63.3 —87.8]| 29.333 2.3 1.7 =52 —11.7
33.167 9.3 &5 —126.6 —83.0| 29,167 2.4 1.8 20.6 0.8
33.000 T 4.8 —162.9 —69.8 29,000 2.1 1.3 18.5 0.9
32.833 7.2 1.9 —168.0 —21.2 | 28.833 2.1 1.3 ~—88.% 0.3
32.667 5.3 2.1 —-172.8 —24.0| 28,667 2.3 1.3 —72.6 1.2
32.500 4.8 3.5 —27.3  —54.9| 28.500 2.8 0.9 —5h3.6 —26.4
32.333 4.4 3.4 161.8 —70.0 | 28.333 3.3 1.2 —43.8 —18.6
32.167 3.6 2.7 —169.2 —67.2| 28.167 3.3 2.3 —19.6 —3.3
32.000 Bl ?.U —171.1 —47.8| 28.000 2.4 1.4 19.8 0.8
31.833 1.8 1.0 —162.5 —33.8| 27.833 2.5 Ll —89.1 —=13.3
31.667 3.4 1.7 —6.0 —21,3 | :27.667 3.5 1.1 =633 —3%
31.500 3.0 2.3 —6.9 —31.,9| 27.500 4.1 1.9 —44.1 -—16.3
31.333 2.8 1.2 —172.2 —21.2| 27.333 3.8 1.6 -—12.5 =h.h
31.167 2.7 1.0 —161.7 —18.7| 27.167 1.0 1.2 31.2 21.0

(c) N, tide.

latitude | Unax Uin Ormnx [C] latitude | Chuax Uin Omax @

35.000 3.4 0.4 —140.3 —133.6 | 31.000 0.9 0.8 155.9 121.3
34.833 2.2 0.0 162.3 162.3 | 30.833 2.1 0.0 177.6 177.4
34.667 2.9 0.6 58.3 39.3 ] 30.667 1.3 0.1 —173.6 -—172.0

21
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latftudeLUmx Ui Bmax @ latitude |  Uax Efins Brini &)

34.500 | 1.7 0.6 111.3  156.6 30.500 | 1.3 0.2 146.7  152.7
34.333 | 2.2 1.5 133.2 —171.5|30.333 | 0.8 0.4 130.7 —46.6
34.167 | 2.0 0.9 888 —72.6|30.167, 1.4 1.0 9.8 —30.2
34.000 | 2.9 1.7 2.8 —59.3|30.000| 1.3 0.7 8.3 —18.4
33.833 [ 3.6 2.5 31.9 —85.5|29.833 | 1.9 0.4 7.3  17.4
33.667 | 2.7 1.8 -—38.9 —67.5|29.667| 1.1 0.2  68.6 —76.3
33.500 | 2.4 21 —21.0 —73.0| 29500 | 1.3 0.3 1042 —120.5
33.333 | 2.3 1.3 9.2 -75.6)29.333| 0.4 02 298 113
33.167 | 2.4 1.2 1067 -41.6| 20167 | 1.1 0.4  47.7  36.5
33.000 | 3.8 1.2 1.0 —38.1[29.000| 1.5 0.9 3.3 -—12.8
2.833 | 3.6 0.7 959  36.6|28.8%3 | 14 0.3 13.9 2.3
32.667 | 4.5 1.0 105.0  87.5| 28.667 | 1.6 0.2 -—11.7  34.8
32.500 | 4.4 0.1 106.2 107.6| 28.500 | 1.6 0.4 0.0 —143.3
32.333 | 3.2 0.7 952 105.2| 28.333 | 1.4 0.0 —24.7  156.2
32.167 | 1.8 0.6 -112.9  65.5| 28.167 | 1.7 0.0  29.0  28.8
32.000 | 1.6 0.1 —162.0  17.2| 28.000 | 1.8 1.3  98.4 —35.9
31.833 | 1.9 0.5 —5.8 5.0 27.833 | 2.7 09 983 —~38.6
31.667 | 1.7 0.4 —5L.6 —82.5|27.667| 3.1 1.7 107.8 —62.3
31500 | 1.4 0.1 —56.4 118.5 27.500 | 3.3 2.4 —53.4 —78.4
31.333 | 1.7 0.1 —75.6 101.2 27.333 | 2.8 1.3 41.6 —11L.9
3.167 | 1.3 1.0 —119.8 104.9| 27.167 | 4.2 0.1  23.2 —136.3

(d Q tide.

latitude | Unex Uin Ormex ] latitude | s iy S Gnax (&

35.000 | 1.0 0.1 —49.7 —63.5|31.000 | 1.9 1.1  27.4 1.4
34.833 | 14 0.3 220 —4.9(30.8% | 1.8 1.4 3.8 0.9
.667 | 0.6 0.2 85 17.7| 30.667 | 1.7 1.0 1447 —25.9
34500 | 1.7 0.8 947 88.4| 30.500 | 1.4 0.3 1440 —30.8
34.333 | 8.6 1.7 —139.2  61.8|30.333 | 1.7 0.3 —140.7  46.8
34.167 | 4.0 0.2 —133.5  48.0|30.167 | 1.7 0.1 —93.8  88.8
34.000 | 2.3 0.2 —150.7  22.5|30.000 | 2.0 0.6 —81.7  83.2
33.833 | 2.6 0.6 162.9 —66.7|20.833 | 1.8 0.4 —33.2 111.3
33.667 | 3.5 1.0 166.8 —102.7| 29.667 | 2.6 0.4 —36.4 153.7
33.500 | 3.5 0.7 1621 —144.2| 29500 | 1.8 0.7 —8.8 179.9
33333 | 27 18 1714 —151.8(29.333 | 0.4 0.3 0.6 —152.3
33,167 | 3.4 1.3 548 —120.9] 20.167 | 0.4 0.1 165.5  124.2
33.000 | 3.8 11 66.2 —113.7|29.000 | 1.5 0.0 —I131.2 —101.9
32833 | 8.8 1.6 795 —107.3(28.833 | 1.5 0.2 —124.8  160.1
32.667 | 2.6 0.5 108.7 —77.5|28.667 | 1.5 1.3 —53.8 —169.0
32500 | 2.0 0.9 146.2 —38.9|28.500 | 0.8 0.5 —I120.4 —167.7
32333 | 1.5 0.3 —149.2  21.1]28.333 | 2.1 0.1 —154.5  110.7
32.167 | 1.1 0.3 —106.6 —2.9|28.167 | 2.4 0.0 —142.5 —147.2
32.000 | 0.8 0.4  169.5 0.8| 28.000 | 2.5 0.6 —146.4 1398
31.833 | 1.3 0.7 —179.3 3.3 27.833 | 1.1 0.8 —1542 1410
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latitude Unnx Uir Omax @ latitude Unmax Uin (hyax @

7.667 0.6 0.2 -—103.2 177.9
7.500 1.0 0.2 166.9 59.8
7.333 1.3 Il 127.6 78.1
7.167 1.3 0.4 94.4 83.4

31.667 0.9 0.3 144.3 117 .4
31.500 1.8 0.6 141.7 172.4
31.333 1.4 0.8 99.5 59.2
31.167 1.6 0.1 34.8 33.6| 2
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