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Abstract: The first coastal acoustic tomography (CAT) experiment site of the Neko-Seto Channel
was revisited to elucidate the propagation and generation characteristics of the My and My tidal
currents with a second CAT experiment, which was conducted from 3-6 April 2018 (local time). Two-
dimensional flow fields of the M, and My tidal currents and the residual current were reconstructed
using a coast-fitting inversion model with the reciprocal travel-time data of five acoustic stations.
The Mj tidal current is a progressive-type wave that propagates eastward at a speed of 0.7 ms 1,
much slower than expected for free progressive tides in this region (19 ms~!). The My nonlinear
current constructed an out-of-phase relationship between the western and eastern halves of the
tomography domain, implying the generation of standing-type waves. Such nonlinear processes led
to flood- and ebb-dominant tidal current asymmetries for the western and eastern halves of the model
domain, respectively. The two-day mean residual currents constructed a northeastward current with
a maximum speed of 0.3 ms~! in the western half of the model domain and a clockwise rotation
in the eastern half. The averaged inversion errors were 0.03 ms~!, significantly smaller than the
amplitude of the aforementioned currents.

Keywords: coastal acoustic tomography; coast-fitting inversion; semidiurnal tidal current; My
nonlinear current; tidal asymmetry; Neko-Seto Channel

1. Introduction

In coastal seas, tidal currents are often characterized by obvious nonlinearities due to
the interactions of diurnal and semi-diurnal tides and their interaction with bottom friction
and coastal geometry [1,2]. Tidal currents become distorted as they propagate nearshore
and have a remarkable impact on coastal ecosystems and ship traffic [3]. Although there
have been past studies on tides and associated nonlinear tides [4-7], these were based on
elevation data or ocean model simulations because of the difficulties in the synchronous
observation of tidal currents over a wide horizontal area. Thus, it is crucial to observe the
spatiotemporal variations of tidal currents and the associated nonlinear currents for better
coastal sea assessment and management. Coastal acoustic tomography (CAT) is an inno-
vative oceanographic method for coastal-sea environment monitoring and management
over a wide area [8]. It has been applied to coastal seas in Japan [9-11], China [12-15], and
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Indonesia [16] and has served to quickly map varying flow fields of tidal and nonlinear
currents and coastal upwelling, and to elucidate the relevant fluid dynamics. The sufficient
accuracy of the velocity measurements from CAT has been validated with data obtained by
shipboard and moored acoustic Doppler current profilers [17,18].

The Neko-Seto Channel, located in the Seto Inland Sea, Japan, is characterized by the
generation of tidal vortex pairs synchronized to M, tides. An elongated trough with a
maximum depth of 90 m was constructed along the axis of the channel by scouring due to
strong tidal jets [19]. The first CAT experiment in the Neko-Seto Channel was conducted in
March 1999 and focused on the growth, movement, and decay of tidal vortex pairs [20,21].

We conducted a second CAT experiment in April 2018. In the current study, the
generation and propagation of nonlinear tidal currents are investigated by adopting a
coast-fitting inversion model. The proposed method was originally developed for interpo-
lating and filtering current field data obtained using a high-frequency ocean radar [22,23].
The method decomposes a two-dimensional current field into solenoidal and irrotational
components with specific boundary conditions. Unlike the conventional inverse method
used by Yamaoka et al. [21], the coast-fitting inversion model automatically considers the
kinematic constraints imposed on the current field by the coastlines.

This paper is organized as follows: Section 2 presents the observations and model used
to reconstruct the current fields. Section 3 describes the inverted current fields, with a focus
on the M, tidal current, M4 nonlinear current, and residual current. Section 4 discusses the
relevant dynamic properties. Finally, Section 5 presents the conclusions.

2. Model and Observation Data
2.1. Observation

Figure 1 shows the location of the experimental site and a bathymetric chart of the
area. In this region, tidal waves are dominated by the semidiurnal constituent M,. The tidal
current can reach a maximum speed of 2.5 ms~! and is directed eastward at the flood tide
and westward at the ebb tide. Owing to strong tidal mixing, the temperature and salinity
were well homogenized in the channel, as seen from the conductivity—temperature—depth
(CTD) data at a nearby station available monthly from the Hiroshima Prefecture Research
Institute. Five acoustic stations were set up on the north (S1, S2) and south shores (S3, 54,
55) to configure five transmission paths (gray lines in Figure 1c) that cover the major region
of the Neko-Seto Channel. The lengths of the transmission paths ranged from 4.4 km for
5154 to 8.0 km for 5255 as determined by the global positioning system (GPS). During
the experiment, 5 kHz acoustic signals, modulated by the 10th order M-sequence, were
transmitted simultaneously every 5 min from the five stations from broadband acoustic
transducers (Neptune T170) and were received by the counter stations. The 10th order M
sequence is a pseudo-random sequence with 1023 digits with discretized values of —1 and
1. In this experiment, the one-digit width of the M sequence was set to include three waves
of the carrier; thus, the transmitted signal had a time width of 0.61 s. The source level at
full resonance was estimated as 192 dB re 1 puPa at 1 m. The acoustic transducers were
deployed 2 m below the mean sea surface height.

Figure 2 shows stack diagrams of the correlation patterns for the received data for all
transmission paths. The threshold of the signal-to-noise ratio (SNR) was set to 30 dB to
detect the first arrival peaks. The identified peaks of each transmission path showed good
continuity, especially for the transmission path of S2S5; the semidiurnal periods of the first
arrival peak were visible during the observation. The ray simulations using the monthly
CTD data demonstrated that the ray corresponding to the first arrival peak propagated in
the upper 20 m. Data acquisition along 5253, 5254, and 5255 was better than that for S153
and S154 because the CAT system at the S1 station stopped working on the last day of the
experiment. There were also instances of missing data on all the transmission lines owing
to sudden GPS signal loss or the barrier effect of the body of traffic ships.
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Figure 1. Location map of (a) Seto Inland Sea and (b) Neko-Seto Channel encircled with red rectangles.
(c) The model domain with the bathymetric chart, accompanied by the color bar on the right side.
The five acoustic stations (S1-55) and the transmission paths connecting them are indicated with red
dots and grey lines, respectively. The red star and diamond indicate the location of Koyo with the
predicted sea-level data and the Kure tide gauge station, respectively. The 1 km scale is illustrated
near the upper left corner.

2.2. Model

As described by Munk et al. [24], the differential travel time At; of the ith acoustic ray
is related to the depth-averaged current v; at the jth grid along the ith ray, projected onto
the horizontal slice as follows:

Li Uj d
AT = -2 / L dg; )
0 Cg

where L; and d¢; are the total and segmented lengths of the ith projected ray, respectively.
Cy is the reference sound speed obtained from CTD measurements. Taking the reference
horizontal distance Ly; between each station pair as an approximation of L;, the range-
average current (RAC) u,,.; along the ith acoustic ray is represented as follows:

Upgei = *TO‘ATi (2)
i

The horizontal-slice inversion based on the coast fitting method (CFM) was adopted
to improve the results from a conventional inversion with no coast fitting. In CFM, a
non-normal current is considered at the coasts surrounding the tomography domain [12,25].
The two-dimensional flow field v was decomposed into a series of Dirichlet, Neumann,
and open-boundary mode functions using the following equation:

v=Y o kX Vi + Y o ah VoY o Vel 3)

where ¥y, ¢, and gbfn denote the mth mode of the stream, potential, and open-boundary
functions, respectively. k is a unit vector orthogonal to the horizontal plane.
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Substituting Equation (3) in (1), we obtain:

A= = &L ahlom(r2) — ()] — & ah | fy kX Vi

N RCAN

(4)

where (r1, 1) represents the position of the acoustic station pair (51, Sp). The expansion
coefficients were then calculated by inversion, in which the observed data of the differential
travel times were satisfied in collaboration with all three modes (Dirichlet, Neumann, and
open-boundary). A detailed explanation of this inversion can be found in Chen et al. [25].
According to Munk et al. [24], Neumann modes do not contribute to the distribution of
inverted current. However, an effect was found to be significant in constructing the inverted
current. Finally, harmonic analysis was applied to the inverted currents to extract the My,
My, and residual currents.
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Figure 2. Stack diagrams (gray lines) constructed by the 10 min interval reciprocal correlation patterns
for the transmission paths S1S3 (a), S154 (b), S253 (c), S254 (d), S2S5 (e), S3S1 (f), S451 (g), S3S2 (h),
5452 (i), and S552 (j). The first arrival peaks are indicated with black dots.
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The flow patterns of the first six Dirichlet modes (Figure 3a—f), the first three Neumann
modes (Figure 3g-i), and the open-boundary modes (Figure 3j-1) are shown in Figure 3
with the vector plots. For the Dirichlet modes, the number of circulations varied from one
to three, except for the fourth mode, which had four circulations. For the Neumann modes,
the first mode showed an eastward flow pattern, whereas the second and third modes
constructed flow patterns diverging from the north coast and converging to the eastern
side of the small island near the inlet. The first open-boundary mode constructed an inflow
from the western and eastern open boundaries. In contrast, the second open-boundary
mode constructed an inflow from the western open boundary and the northern edge of
the eastern open boundary and then flowed out through the major part of the eastern
open boundary. For the third open-boundary mode, the currents became very weak in

the middle of the model domain, and the strong currents were confined near the eastern
open boundary.
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Figure 3. Flow patterns for (a—f) the first six Dirichlet modes, (g—i) the first three Neumann modes,
and (j-1) the first three open-boundary modes.

The RACs for the first arrival peak of received signals with SNR > 30 measured along
the five transmission paths—S1S3, S154, 5253, 5254, and S2S5—are shown in Figure 4 with
the time plots. The M, tidal current was most pronounced along S2S5 (Figure 4e), close
to the east-west axis of the channel, and the maximum negative (eastward) current of
0.9 ms~! surpassed the maximum positive (westward) current of 0.2 ms~!, implying a
significant eastward residual current. The M, tidal currents were also visible along the

other four transmission paths but were modulated by the variations with periods shorter
than 6 h.
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Figure 4. Comparison of range-average currents from the coastal acoustic tomography observation
data (red lines) and coast-fitting method inversion results (black lines) for the transmission paths:
(a) S1S3, (b) S154, (c) S2S3, (d) S254, and (e) S2S5. The positive current is taken in the direction from
small to large station number.

Figure 5 compares the RACs along the five transmission paths before and after the
inversion with the root mean square difference (RMSD) for all the transmission path data.
The five-path averaged RMSDs are plotted against the number of Dirichlet modes, with
the numbers of Neumann and open-boundary modes varying from 1-4. The three curves
(black, red, and blue) dropped down at higher levels, except for the green one, which
corresponded to the case in which four Neumann and open-boundary modes were used.
Thus, the optimal number of Neumann and open-boundary modes was 3 for the variation
range of the Dirichlet mode number from 1-15. The minimum of the average RMSD was
2.5 cm s~ when the first six Dirichlet modes were used, with RMSDs of 1.6, 2.9, 3.2, 3.5,
and 1.4 cm s~ for S1S3, S154, S2S3, $254, and S2S5, respectively.
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Figure 5. Five-path averaged RMSDs for RAC, plotted against the number of Dirichlet modes. The
number of Neumann modes and open-boundary modes changes from 1-4, corresponding to the
black, red, blue, and green lines, respectively.
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3. Results

The horizontal distributions of the M, inverted tidal currents are shown in Figure 6,
with hourly vector plots from 00:00 to 11:00 on 4 April 2018. During the second half of the
flood tide, the eastward current was strengthened, constructing a jet flow directed from
southwest to northeast (Figure 6k,1), reaching a maximum velocity of 0.6 ms~! at the axis.
On the northwest and southeast sides of the jet flow, there was a confined region with a
weak velocity of 0.2 ms~!. A pair of tidal vortices with counterclockwise rotation in the
western half and an opposite one in the eastern half formed at high water (Figure 6a). A
pair of tidal vortices with a reverse rotation to that at the high water formed in low water
(Figure 6g). The westward currents were pronounced during the ebb tide with maximum
velocities of 0.3-0.4 ms !, significantly weaker than the eastward currents during the flood
tide (Figure 6¢f).
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Figure 6. Hourly distributions of the inverted M, tidal current from 00:00 to 11:00 (a-1) on 4 April
2018. The corresponding sea level heights were plotted with a red dot in the sub-figures at the
upper-left corner.

Figure 7 shows the horizontal distributions of the M4 nonlinear current field at hourly
intervals during one cycle of My current from 00:00 to 05:00 on 4 April 2018. The central
area of the model domain was occupied with a meandering pattern of counterclockwise
rotation in the first two hours (00:00 and 01:00) of the My current (Figure 7a,b). However,
at 02:00, no such current was observed (Figure 7c), and its phase corresponded to the
first half of the ebb tide. The current structure at 03:00 and 04:00 showed a meandering
pattern in the opposite rotation (clockwise; Figure 7d,e). However, at 05:00, the current was
diminished (Figure 7f), and its phase corresponded to the end of the ebb tide (Figure 7f).
The maximum absolute velocities in the meandering patterns reached 0.3 ms~! for both
the two-hour durations.

The two-day mean residual current is shown in Figure 8 with a vector plot. For the
residual currents, the northeast current flowed along the elongated trough (see Figure 1c),
running from southwest to northeast in the western half of the model domain and changing
to a clockwise rotation in the eastern half. The pattern of northeast current was analogous
to that for the M, tidal current at one hour before the high water (Figure 61). On the left
side of this northeast current, there was a weak vortex with a counterclockwise rotation.
The maximum velocity reached 0.3 ms~! for the northeast current.



Remote Sens. 2022, 14, 1699

8 of 12

04/04 00:00 ‘ i 04/04 01:00 ‘ i 04/04 02:00

04/04 05:00

Figure 7. Hourly distributions of the inverted M4 nonlinear current during the ebb tide from 00:00 to
05:00 (a—f) on 4 April 2018.
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Figure 8. Distribution of the residual current calculated from 4 to 5 April.

4. Discussion

The flow pattern with a tidal jet and two vortices (Figure 6a,l) was the noticeable
feature of this region and followed previous studies [19-21]. The tidal ellipses and phases
for the M, and M, currents and the residuals are plotted in Figure 9. The My, My, and
residual currents contributed 87.1% of the energy to the observed currents. In the western
half of the model domain, the tidal ellipses for the M, current showed major axes along the
coasts, and the ellipticities were large (Figure 9a). The ellipticity became smaller around
the center of the model domain, and the lineation of the major axes branched into the
northeastward and southeastward axes. The lineation pattern of the major axes was similar
to the flow pattern of the M, current, as seen in the flood tide (Figure 6k,1). The rotation
of the tidal ellipses was counterclockwise near the center of the domain and clockwise in
the other regions. The tidal phases for the M, current relative to the western inlet lagged
by 0.9 h from west to east in the model domain, implying an eastward propagation of
0.7 ms~! (Figure 9b), much lower than the phase speed (19 ms™!) of the free progressive
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tides expected in this region. This remarkably reduced phase speed may be caused by a
geometrical constraint owing to the narrow inlet of the strait and north-south coasts. The
residuals were smaller than 0.04 ms~? (Figure 9c).
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Figure 9. Tide ellipses and phases and the residuals for M, (a—c) and My (d—f). The red and black
circles indicate that the ellipse rotates in the clockwise and counterclockwise directions, respectively.
The degree unit for the phase of M; and My currents are converted into hour units.

For the My tidal current, the length of the major axes was approximately 0.2 ms~!. The
tidal ellipses were directed from north to south in the western half with a clockwise rotation
of phase and transited to the northeast to southwest direction with a counterclockwise
rotation of phase. The meandering pattern of the major axes was similar to that observed in
the vector plots of the My current (Figure 7a,b,d,e). The rotation phase of the tidal ellipses
showed an out-of-phase relationship with a 3 h time lag between the western and eastern
halves of the model domain, implying the generation of a standing-type wave between
both halves. The residuals were less than 0.03 ms .

In coastal seas, tides become distorted as they intrude into coastal seas and pro-
duce asymmetric variations in tidal current velocities. This distortion is caused by the
nonlinear interaction between principal astronomical tidal components and compound
constituents [26-28]. To identify the asymmetry of tidal currents in the Neko-Seto Channel,
we examined the horizontal structure of the phase difference 29y, — ¢, (¢, and gp,
are the phases of the M, and My currents, respectively; Figure 10a). In addition, the east-west
and north-south components of the sum (M, + My) of the M, and My currents were ex-
amined with time plots at the representative points W (Figure 10b) and E (Figure 10c) for
the western and eastern halves of the model domain, respectively. The variation range
of the phase difference was —30-70° in the western half of the tomography domain and
150-250° in its eastern half, constructing an out-of-phase relationship between both halves.
The average phase differences of 20° and 200° were slightly over the central phase of the
flood and ebb tides, respectively (Figure 10a). At point W, the summed current in the
north-south component was asymmetric, whereas the summed current was symmetric in
the east-west component. Both components constructed an in-phase relationship during
the flood tide and an out-of-phase relationship during the ebb tide. The peak height of the
north—south component was much larger during the flood tide than during the ebb tide
(Figure 10b). At point E, the variation was coincident for the east-west and north-south
components. During the flood tide, the positive peak split into two peaks with a sequence
of small and large peaks, while the ebb tide featured a large negative peak (Figure 10c).
The large positive peaks for both components coexisted in the flood tides at point W, and
the large negative peaks coexisted in the ebb tides at point E. Based on these phase and
amplitude relationships, the tidal currents, made up of M, and My currents in the western
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and eastern halves of the model domain, can be characterized by flood- and ebb-dominant
tidal asymmetries, respectively [28].
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Figure 10. (a) Contour map of phase difference 2¢;, — ¢y, - (b,c) Time plots of the east-west (red
lines) and north-south (blue lines) components of the summed current M, + My for points W and E,
respectively. The dark and light shaded zones indicate flood and ebb tides, respectively.

5. Conclusions

The tidal current in the Neko-Seto Channel was studied by focusing on the M, tidal
current and My nonlinear current using CFM inversion of differential travel time data
obtained along five transmission paths between five acoustic stations. The spatiotemporal
variations of the M, and My tidal currents were well reconstructed at 5 min intervals over
two cycles of My current, leading to new findings on the generation and propagation
characteristics of My and My tidal currents. The M, tidal current was a progressive-type
wave propagating eastward at a speed of 0.7 ms~!, much slower than the phase speed
(19 ms™!) of free progressive tides expected in this region. In contrast, the My nonlinear
current had an out-of-phase relationship between the western and eastern halves of the
model domain, implying that the My tidal current was initiated as a standing-type wave.
The two-day mean residual current field showed that the northeast current developed in
the western half of the model domain and changed to a clockwise rotation in its eastern
half, reaching a maximum speed of 0.3 ms~!. The phase difference and the sum of the
M, and My tidal currents at the representative points W and E inside the model domain
were calculated. The results showed that the western and eastern halves of the model
domain were characterized by flood- and ebb-dominant tidal asymmetries, respectively.
The average inversion errors were both 0.03 ms !, significantly smaller than the amplitude
of the M, and My currents and residual current.
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