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Shallow-Water Tides Excited Synchronously with the Spring/Neap
Tidal Cycles in the Tsugaru Strait

Natsumi Kikumrt” and Yutaka Isopa?”

Abstract

After mathematically explaining the periodicity and amplitude modulation of shallow-water tides (over-tide and compound
tide) resulting from the combination of four major astronomical tides (K1, O1, M2, and S2), these characteristics were found in
the coastal sea level records (Hakodate, Shimokita, and Tappi) in the Tsugaru Strait. Numerical experiments on realistic
topography around the strait are carried out to identify where shallow-water tides excite. The forcing of this model is both of
the passage flow through the strait and the four major tidal currents, reproduced by sea level oscillations at the western and eastern
open boundaries. The shallow-water tides were excited near the narrowing areas, and the observed periodical cycles of 8-hour
and 6-hour at Tappi were explained as being linked to the spring/neap tides. If nonlinearity is dominant, the four major
astronomical tides in any ocean may all be contaminated by shallow-water tides. For example, compound tide generating from
diurnal tides K1 and O1 (denoted as M2’ in this study) is excited with exactly the same period as the astronomical tide
M2. Using the same model, we demonstrated that M2’ signal with nearly opposite phase overlapped with the true M2 signal at

the narrowing areas.
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(a) Periods of over-tides and compound tides calculating from the combination of four major tidal constituents (O1, K1,

M2, and S2). (b) Symbolic notation expressing combinations of the four major tidal constituents using in this paper.  (c)

Periods of the other astronomical tidal constituents.

hour and day, respectively.
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Fig. 1. Mathematical explanation of shallow-water tides using the example of diurnal tides.
(c) K1+ 01 time-varying with diurnal spring/neap tides (period of 13.661D).
red solid lines denote neap tides in which amplitude of K1+ Ol is the minimum.

expressed as a cosine curve.

ing from K1 and O1 tides (K2’ + 02).
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(e) Summation of “compound tides” generating from K1 and O1 tides (Mf* +M2").

(f) Summation of over-tides and compound tides (K2’ + 02+ Mf” +M2"), which corresponds to K1+ O1 squared. In the
semi-diurnal tides, (a) corresponds to M2, (b) to S2 and (c) to M2 + S2, (d) to M4 + S4, (e) to MSf+ MS4, (f) to (M2 + S2)°.
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Fig.2. Time series of the diurnal tides K1 +O1 ; C (upper panel), the semi-diurnal tides M2 +S2 ; D (middle panel), and their
compound tides 2CD (lower panel). The vertical red and blue solid lines denote the dates of diurnal and semi-diurnal neap

tides, respectively.
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Fig.3. (a) Power spectrum for identifying the periodicity of compound tides, comprising the time series of 2CD shown in Fig. 2. (b)
Enlarged views of the power spectrum focusing on the vicinities of the 24H and 8H periods.
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Fig. 5. (Upper panel) Power spectrum of the observed sea levels
at three tidal stations. Red, blue, and green solid lines
denote the spectrum of Hakodate, Shimokita, and Tappi,
respectively. (Lower panel) Band-pass filter of the
HAB methods to extract the periodic variations with wide
frequency bands of 24H, 12H, 8H, and 6H periods.
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Fig. 6.

Enlarged views of the power spectrum focusing on the vicinities of the 24H and 12H periods.
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observed sea level at three tidal stations, and (b) are those of the modeled sea level at three grid points near the coastal tidal

stations.
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Red, blue, and green solid lines denote the spectrum of Hakodate, Shimokita, and Tappi, respectively.
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Fig. 7. Same as Fig. 6, but for the 8H and 6H periodical ranges.
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Fig. 8.  Upper panel shows the time series of observed sea level at Tappi from Aprile 2020 to March 2021.  Lower four panels are
24H, 12H, 8H, and 6H band passed time series calculated by the HAB method, respectively. The vertical red and blue solid
lines denote the dates of diurnal and semi-diurnal neap tides, respectively.
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Fig.9. Model bathymetry around the Tsugaru Strait. The
northern and southern boundaries (thick black line) are
artificially closed, and the western and eastern boundaries
(dashed line) are opened. Water depths of regions
deeper than 500 m are set to be constant 500 m.  Model
results only show the square area indicated by the dashed
line box.

Table.2. Tidal amplitudes and their phases for the four major
tides given on the western (a) and eastern (b) boundaries
of the model.

(a) Western boundary

Amp.(cm) Phase(deg)
K1 4.5 356
o1 4.2 341
M2 6.1 110
S2 1.8 148

(b) Eastern boundary

Amp.(cm) Phase(deg)
K1 22.0 165
o1 18.7 150
M2 30.6 106
S2 13.7 144
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Fig. 10. Same as Fig. 5, but for the modeled sea level at three grid
points near the coastal tidal stations. Band-pass filter of
the HAB methods to extract periodic variations with K1,
O1,M2, S2, +KIM2, and + M4 tides.
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Fig. 14. Experiment for only K1 tidal forcing. ~Spatial distribu-
tions of (a) sea level # and (b) current vectors averaged
over 55 days.
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Fig. 15. Thick solid line in the upper panel indicates a flow-axis
of calculated passage-flow through the strait. Lower
panel show the space-time diagram of sea level variations
along its flow-axis during 48 hours. Symbols H and L
are sea level high and low, respectively. Left-hand side
panel is time series of eastward current variation during
the same 48 hours at the selected grid point of U, which
located is indicated by a dotted point at the upper panel.
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(a) Time series of

passage flow uo, net sea level difference Ay, and anomaly from the sinusoidal wave of K1 tide, assuming u,= u,. = 0.5.

Upper panel in (b) shows bottom topography in the western part of the strait and selected grid points on the sill.

(b) is the

diagram similar to (a), but the model results of U, and sea levels from #; to 77,o.
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Fig. Al. Tidal harmonic constants of M3 tide at the tide-gauge
stations around the northern Japan. The amplitude and
phase are represented by a radius of circle and numer-
ous, respectively, and plotted at each station.
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