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Abstract

We observed tidal currents, turbulent energy dissipation and water column
stratification at the entrance of a narrow strait (Neko Seto) in the Seto Inland Sea,
Japan, using a free-falling turbulence micro-structure profiler (TurboMap) and
Acoustic Doppler Current Profiler (ADCP). The variation in turbulent energy
dissipation at the entrance of the strait was not at quarter-diurnal frequency but at
semi-diurnal frequency; turbulent energy dissipation was enhanced during the ebb
tide, although it was moderate during the flood tide. This result is consistent with
the results of Takasugi (1993), which showed the asymmetry of tidal energy loss

during a semi-diurnal tidal cycle using control volume analysis. It is suggested that
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significant turbulent energy dissipation is generated in the strait, which influences
the properties of water outside the strait when tidal currents flow out from the

strait.
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turbulent energy dissipation at the entrance of a tidally energetic strait
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1. Introduction

The Seto Inland Sea is a semi-enclosed coastal sea connected to the Pacific Ocean
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through two openings separated by an along-channel distance of ~ 550 km. It
resembles an archipelago due to the presences of hundreds of islands and a number
of narrow straits where strong tidal currents generate vigorous stirring. The spatial
pattern of varying stratification is reflected to a considerable degree in the
distributions of biochemical properties in the Seto Inland Sea; in most straits,
vertical differences in nutrients and chlorophyll are small or negligible, while, in
the stagnant basins, there are pronounced vertical differences associated with
density stratification (Kobayashi et al., 2006). Turbulent mixing may play an
important role in controlling the water column stratification.

The tidal cycle of turbulent energy dissipation has been studied previously in
coastal and shelf seas (e.g., Simpson et al., 2002; Inall et al., 2004; Souza et al.,
2008). Rippeth et al. (2003) illustrated the tidal cycle of turbulent energy
dissipation in an energetic tidal flow, while Matsuno and Nakata (2004) showed this
in Ariake Bay, Japan. Although the interaction between tidal currents and
turbulent energy dissipation in these shelf seas or bays has been demonstrated, few
studies have been conducted on turbulence measurements in the straits in
archipelagos.

Yamazaki et al. (2006) first provided microstructural data in a tidally energetic
strait in the Seto Inland Sea (Neko Seto, 34°10’N, 132°30'E) obtained from a
turbulent micro-structure profiler (TurboMAP, Wolk et al., 2002). Mitchell et al.
(2008) also published the results of observations in the Neko Seto, with microscale
profiles with considerable structure, particularly shear. The tidal cycle in turbulent
microstructures in such straits has not been fully elucidated.

This study presents a tidal cycle of turbulent microstructure obtained from
TurboMAP at the entrance of Neko Seto, a tidally energetic strait in the Seto Inland
Sea. We first demonstrate the temporal variations in turbulent energy dissipation,
temperature and conductivity measured using TurboMAP. The temporal variation
in tidal energy dissipation is interpreted on the basis of flow fields measured using

an Acoustic Doppler Current Profiler (ADCP).
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2. Study Area

The study area is located at the entrance of the narrow strait Neko Seto in the Seto
Inland Sea (Fig. 1b). The width of the narrowest part of the strait is about 1.5 km,
with the width increasing exponentially at the strait's entrance. The topography of
the study area is complicated, with depth varying from 10 to 110 m (Fig. 1c).
Takasugi (1993) described the distribution of the amplitude of the M2 tidal current
in Neko Seto obtained from long-term mooring of a current meter. The amplitude at
the narrowest part exceeds 1.5 m s1, while far from the narrowest part it is around
0.1 m s'1. As with all straits in the Seto Inland Sea, the narrowest part in Neko Seto,
where the amplitude of the tidal current is largest, is the deepest. This is attributed
to the intensified tidal currents eroding the seabed (Takeoka, 2002).

Maximum ebb and flood currents in this region appear around 2 hours before low
and high water, respectively (Takasugi, 1987). When tidal currents pass through the
strait, tidal jets accompanied by significant horizontal shear are formed at the
entrance. Takasugi et al. (1989) described the sheared flow according to ADCP
measurement, finding significant tidal energy loss within the sheared flow. Tidal
vortexes are also formed in this region, similar to those at the entrances of Akashi
and Naruto Straits (Takasugi, 1987). The topography and tidal currents in the
study area are thus extremely complicated.

Takasugi (1993) revealed the tidal energy balance in the study area, based on the
results of the current measurements at the stations indicated by circles in Fig. 1c
(C1~C6) and sea level measurements at four points around the strait (details of the
analysis are shown in the Appendix). Fig. 2 shows the temporal variations in each
term, estimated using control volume analysis. He found that the energy loss, E;,
reaches 2.5 x 10* W m1 (~ 0.5 W m=3 when divided by the sectional area) during
maximum ebb. He also found that the magnitude of E; changes according to the
current direction; it became larger in westward (ebb tide) than that in eastward

flow (flood tide).
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3. Methods
3-1. Observation Program and Meteorological Condition

Observations were made on 6 July, 2005, from 07:30 to 20:30 h, JST, covering a
complete M2 tidal cycle. It was cloudy and the weather was calm on the observation
date. Daily mean wind speed obtained by the Japan Meteorological Agency at a
weather station in Kure (the location of Kure is shown in Fig. 1b) was 1.5 m st and
hourly changes in wind speed were insignificant.

The locations of the stations are shown in Fig. 3. The ship ran between stations 1
to 4 during the observation period, stopping at each station for 5 minutes to
measure currents and turbulent microstructures according to the methods
described below. A total of 14 measurements were taken at each station during the

observation period.

3-2. Flow Fields and Velocity Shear

Bottom-track velocities were obtained for a period of 5 minutes at 2-second
intervals at each station using a ship-mounted Acoustic Doppler Current Profiler
(ADCP) (R. D. Instruments) operating at 600 kHz through four beam transducers
directed 20 degrees from the vertical. The first ADCP measurement bin was set
immediately below the blanking interval (3.1 m depth), and subsequent bins
sampled down to the bottom at 2 m intervals in bottom track mode. Velocities could
not be obtained at the bottom and in the surface 10% of the water depth. Data at
station 4 at 15:50 h were obtained only in the upper 30 m, for reasons unknown.

The data obtained from ADCP were corrected using pitch and roll data provided
by a tiltmeter. Velocity data in which Percent Good value of beam velocity was less
than 80% were removed. The remaining data were averaged to obtain the profile at
each station for each cycle.

The squared velocity shear (S2) was then calculated at 2 m intervals using the

following equation:
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52 = 6_u + a_V )
0z 0z
where z is the vertical coordinate and u and v are the eastward and northward

components of velocity, respectively. These values were interpolated into 1 m

interval data.

3-3. Turbulent Microstructure

The vertical profiles of turbulent microstructure were measured using a
Turbulent Ocean Microstructure Acquisition Profiler (TurboMAP) (Wolk et al.,
2002). The instrument used was a free-falling profiler that carries microstructure
sensors, Conductivity-Temperature-Depth (CTD) sensors, and internally mounted
accelerometers. The buoyancy of the instrument was adjusted to provide a free-fall
sinking velocity of 0.7 m s, and the signals were sampled at 512 Hz. Data were
used from the depth range in which the time-rate-change of the sinking velocities
was less than 0.035 m st (the mechanical error of sinking velocity; ~5 %; Oakey and
Elliott, 1970). To avoid data contamination due to initial perturbation of the
instrument, data in the surface layer (~ 4 m) were removed.

We dropped the TurboMAP after waves and visible bubbles generated by the
screw of the ship had dissipated and pulled it up after the instrument reached the
bottom. Shear data in the bottom 30 cm could not be obtained because of the shear
probe protector. Data below 90 m at station 4 were not obtained when the tidal
current was strongest (at 14:10 h and 14:50 h, JST), because significant upward
velocities prevented the instrument from sinking.

Shear data were processed using the software tmTooLs, which uses a variable
integration method to avoid mechanical vibrations and electronic noise. To compute
the turbulent Kinetic energy dissipation rate (¢ ), power spectra were obtained from
the observed shear data by Fourier transform every 512 points (overlap 256 points).

The spectra were corrected by the method of Oakey (1982). The spectra were then



176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

integrated over an appropriate wave number band. The range of integration was
determined on the basis of fitting the Universal Spectrum (Nasmyth, 1970) to the

observed spectrum.

4. Results

Fig. 4 shows the temporal variations in tidal height on 6 July 2005 (from 08:00 to
20:00 h, JST) predicted using tidal constituents (M2, Sz, K1, O1) provided by the
Maritime Safety Agency, Japan. The first high water was identified at 09:00 h; ebb
tide started thereafter. Low water was found at 15:00 h; the flood tide then started
and the subsequent high water appeared around 21:30 h.

A semi-diurnal variation in water column stratification was observed in the study
area; axial sections of water temperature, salinity and density in the upper layer (0
~ 40 m) around 09:00 h (high water), 13:00 h (ebb tide), 15:00 h (low water) and
18:00 h (flood tide) are shown in Fig. 5. A source of low-salinity, warm water existed
around the station farthest from the strait (Sta. 1). At high water (Fig. 5 a ~ c), the
low-salinity, warm water spread over the layer above 10 m, reaching the station
closest to the strait (Sta. 4). Both temperature and salinity in the layer below 10 m
were almost uniform throughout the study area. Density was also almost uniform in
the layer below 10 m, with only one isopycnal tilted upward toward the strait.

During ebb tide (Fig. 5 d ~ f), the low-salinity, warm water was pushed back
toward Sta. 1. The thermocline, halocline and pycnocline in the surface layer were
unstrained, and part of surface warm water was mixed with water in the lower
layer at Sta. 4. A high-salinity water mass (32.8 psu) was found around the bottom
of Stas. 2 and 3. Density was still almost uniform in the layer below 5 m, with only
one isopycnal tilted downward toward the strait. At low water (Fig. 5 g ~ i), the
low-salinity, warm water was found only at Sta. 1, and the thermocline, halocline
and pycnocline were intensified and moved up to the near-surface. A high-salinity
water mass (32.8 psu) left the strait and was found on the bottom of Sta. 1. During

flood tide (Fig. 5 j ~ I), the low-salinity, warm water began to spread toward the
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strait.

Fig. 6 shows semi-diurnal variations in the eastward and northward components
of velocity (m s1) measured using ADCP. The data show that the tidal currents in
this region generally flow to the northeast during the flood and to the southwest
during the ebb tide. At the stations far from the strait (Stas. 1 and 2), the direction
of the currents changed from the northeast to the southwest at high water, and from
the southwest to the northeast at low water. At the stations near the strait (Stas. 3
and 4), the currents show considerable irregularity during ebb tide; they were
directed to the northeast at high water but turned to the southwest thereafter, then
returned to the northeast. Vertical shear of velocities was also significant at low
water at Sta. 4. The results indicate that complicated current structures are
induced at the entrance of the strait when tidal currents flow out from the
narrowest part. At the station farthest from the strait and shallowest (Sta. 1),
velocities decreased toward the bottom. At the other stations, in contrast, velocities
did not always decrease toward the bottom and sometimes velocities in the lower
layer were higher than those in the upper layer.

In order to compare the magnitude of tidal currents between ebb and flood tides
at the bottom of each station, temporal variations in velocities (m s1) in the surface
and bottom layers are shown in Fig. 7. Bottom velocities are higher during the flood
than the ebb tide at all of the stations. Surface velocities are higher during the flood
than the ebb tide at Stas. 1 ~ 2, while they are larger during the ebb than the flood
tide at Stas. 3 ~ 4. The maximum ebb tides are found about 2 hours before low tide,
while the maximum flood tides are found about 3 hours before high tide.

Fig. 8 shows semi-diurnal variations in the squared velocity shear (s2) calculated
using the results from ADCP observation, and turbulent energy dissipation (logzo€
W m-3) measured using TurboMAP. At all stations, velocity shear near bottom was
slightly higher during the flood tide than the ebb. There was a correlation between
the variations in turbulent energy dissipation near the bottom and those in velocity

shear, in that turbulent energy dissipation increased with velocity shear. At the
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shallowest station (Sta. 1), velocity shear and turbulent energy dissipation were
generally greater than the values at the other stations, reaching near to the surface
during flood tide.

At Stas. 2 ~ 4, significant turbulent energy dissipation was found not only near
the bottom but also in the middle layer around low water. At Stas. 2 ~ 3, significant
velocity shear was found only near bottom, so the energy dissipation found in the
middle layer at these stations correlated poorly with velocity shear. At Sta. 4,
significant velocity shear and turbulent energy dissipation were observed in the
middle layer around low water. The peak dissipation rate at Stas. 2 ~ 3 and Sta. 4
reached ~3x10-3 W m- and 10-1 W m-3, respectively.

Vertical profiles of the eastward component of velocity measured using ADCP (m
s1), and shear (s1) and salinity (psu) measured using TurboMAP are shown in order
to examine the variation in turbulent energy dissipation at Sta. 4 (Fig. 9). Note that
shear shown in Fig. 9 is obtained from the microstructure profiler, which is different
from the vertical shear shown in Fig. 8. At high water the shear signal showed
variations with peak value of 0.02 s?, corresponding to a turbulent energy
dissipation rate of 104 W m-=. During the ebb the shear increased, reaching 0.2 s1,
while the corresponding turbulent dissipation rate was ~ 10-1 W m-3.

At high water, salinity profiles showed a vertical difference of 0.2 between the
surface and the bottom, and only one halocline was identified around 60 m. During
the ebb the salinity profile showed a fine structure with many overturns. At the
same time, the vertical salinity difference between the surface and the bottom
began to decline. At low water salinity above 80 m was homogeneous, while
high-salinity water was found in the layer below 80 m. The profile after low water
was completely linear, and vertically averaged salinity was lower than at high

water.

5. Discussion

During the observation period wind speed was around 1.5 m s and hourly
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changes in wind speed were insignificant. The profiles and distribution of water
density indicated that the influence of wind stirring was confined within the layer
above ~ 2 m. There was no evidence of the influence of wind stirring on relatively
uniform dissipation through the water column (~ 110 m) observed in this study. The
variation in turbulent energy dissipation described in the following is in the absence
of wind stirring.

Several studies (e.g. Simpson et al., 1996) showed a predominantly
quarter-diurnal variation in turbulent energy dissipation which was strongest near
the bed, suggesting significant turbulence originating from the bottom boundary
layer twice per semi-diurnal cycle. The variations in turbulent energy dissipation
observed in this study, by contrast, were not at quarter-diurnal but at semi-diurnal
frequency; turbulent energy dissipation was enhanced during the ebb tide, although
it was moderate during the flood.

The asymmetry of turbulent energy dissipation during the ebb and flood tide has
been shown by Souza et al. (2008) in the presence of a significant horizontal density
gradient. They suggested that Straining Induced Periodic Stratification (SIPS;
Simpson et al, 1990) would induce a quarter-diurnal variation in turbulent energy
dissipation; turbulence is suppressed by the periodic stratification, while it is
enhanced by the reverse differential advection of the stratified water. In our results,
by contrast, major asymmetry in turbulent energy dissipation was found in the
middle and bottom layers, although density gradients were only formed in the
surface layer. The semi-diurnal variation in turbulent energy dissipation might be
induced by the other processes.

The higher turbulent energy dissipation near the bottom at all stations during
the flood tide is consistent with the greater tidal currents in the bottom layer (Fig.
7). It is suggested that the variations in turbulent energy dissipation near the
bottom are strongly influenced by variations in the magnitude of tidal currents in
the bottom layer. The tendency for the turbulent energy dissipation in the middle

layers of Stas. 3 ~ 4 to be higher during the ebb than during the flood tide is also

10



292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

partly consistent with greater tidal currents and the associated vertical shear of
velocities (Fig. 7, Fig. 8).

The maximum turbulent energy dissipation observed throughout the water
column at Stas. 2 ~ 4 around low water, after velocities have decreased, however,
can not be explained only in terms of the variation in the magnitude of the tidal
currents. There is no evidence of an influence of turbulence originating from the
bottom boundary layer on the observed, relatively uniform dissipation throughout
the water column at these stations. Similar structures have been shown in the
shear profiles observed in the studies of Yamazaki et al. (2006) and Mitchell et al.
(2008) in Neko Seto.

Tidal currents in the study region flow out from the narrowest part during the
ebb and flow in during the flood tide. Significant turbulent energy dissipation was
observed at the station nearest the strait (Sta. 4) when tidal currents flow out from
the narrowest part (Fig. 8). The velocity shear calculated using ADCP results was
significant at low tide. Enhanced turbulent energy dissipation throughout the water
column was also observed at Stas. 2 and 3 around low tide, although the velocity
shear calculated using results from ADCP was insignificant at Stas. 2 and 3 at that
time. Time lags in the maximum dissipation in the middle layer were found between
these stations (Stas. 2, 3 and 4). The time lags and the imbalance of the production
and dissipation of turbulent kinetic energy implies that turbulent water generated
in the strait may be transported and influence the properties of water at these
stations located outside the strait when tidal currents flow out from the narrowest
part.

Takasugi (1993) showed the temporal variation of tidal energy loss in the strait
using control volume analysis (Fig. 2; details of the analysis are shown in the
Appendix). Irregularity of tidal currents is generally clearer when they flow out
from the narrowest part than when they flow in (Takasugi, 1987). It has been
suggested that the variation of the irregularity of tidal currents may possibly have

caused the asymmetry of the energy loss in the strait. The present study has

11
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established the asymmetry of turbulent energy dissipation in the middle layer of the
stations outside the strait. The asymmetry of turbulent energy dissipation outside
the strait is largely controlled by the direction of tidal currents and consequently
varies at semi-diurnal frequency.

The vertical profiles of temperature and salinity at the station nearest to the
strait (Sta. 4) showed the process by which turbulent mixing produces an
irreversible conversion of water. Although the vertical differences were identified at
high water, the profiles showed step-like structures during the ebb tide, with
numerous thermal and saline inversions appearing thereafter. In the middle of the
ebb tide the shear was most significant and the turbulent energy dissipation rate
exceeded ~ 102 W m3. The vertical differences diminished completely after this
strong turbulent mixing was observed. Turbulent mixing thus plays an important

role in forming a completely mixed water column around the strait.

6. Conclusion

This study has found a semi-diurnal variation in turbulent energy dissipation
using a microstructure profiler at the entrance of a tidally energetic strait in the
Seto Inland Sea. The results show evidence of significant energy dissipation
throughout the water column at the entrance of the strait. They also demonstrate
the asymmetry of turbulent energy dissipation in a semi-diurnal tidal cycle, which

has been shown by control volume analysis (Takasugi, 1993).
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Figure Captions

Fig. 1.

(a) Location of the Seto Inland Sea. (b) Location of Neko Seto, one of the straits in
the Seto Inland Sea. The study area covers the entrance of Neko Seto. Circle
indicates the position where harmonic constants were obtained by the Maritime
Safety Agency. (c) Bathymetry of the Neko Seto. Cntours indicate water depth in
meters (contour interval = 10 m). Stations indicated by circles (C1 ~C6) and dotted

lines marked ‘A’ and ‘B’ were used in Takasugi (1993).

Fig. 2.

Temporal variations in terms of equation of tidal energy balance applied to the
study area (after Takasugi, 1993). E,E, E, and E indicate time rate of change of
kinetic energy, divergence of kinetic energy flux, divergence of potential energy flux,
and energy loss, respectively. E.and W. indicate the direction of tidal flows,

eastward and westward, respectively.

Fig. 3.
Map of the study area. Black circles indicate observation points (stations 1 ~ 4).
Numbers in parentheses denote water depths at these points. Arrows show the

directions of flood and ebb tide in the study area.

15
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Fig. 4.

Temporal variations of tidal height (m) at the point located at the western end of the
study area (see Fig. 1b) on 6 July 2005, predicted using tidal constituents (M2, Sz, Kz,
O1) provided by the Maritime Safety Agency, Japan.

Fig. 5.

Distributions of (a) temperature (deg C), (b) salinity (psu) and (c) sigma-t in the
upper layer (0 ~ 40 m) in the axial sections observed at 09:45 h (high water) (a ~c),
13:00 h (ebb tide) (d ~ f), 15:20 h (low water) (g ~ i) and 18:30 h (flood tide) (j ~1) on 6
July 2005; all times in JST. Contour intervals are 0.1. Ticks above each figure

indicate observation points. Station locations are shown in Fig. 3.

Fig. 6.

(a, ¢, e, g) Temporal variations in eastward components of velocities (m s71)
measured using ADCP on 6 July 2005 at stations 1 ~ 4. Positive and negative values
are eastward and westward, respectively. (b, d, f, h) Temporal variations in
northward components of velocities (m s1). Positive and negative values are
northward and southward, respectively. Velocity data taken at 2 m intervals are
vertically interpolated to make a 1 m interval dataset. Color bars are shown on the
right side of the panels. Contour intervals are 0.05 (m s1). Broken lines in each
figure indicate water depths at the stations. Ticks above each figure indicate the
time of measurement. Data between measurements are obtained by linear

interpolation.

Fig.7.

Temporal variation in velocities (m s1) measured using ADCP on 6 July 2005 at (a)
Sta.l, (b) Sta.2, (c) Sta.3 and (d) Sta.4. Thin lines with open squares and thick lines
with closed squares show the velocities in the surface and bottom layers,

respectively. Surface layers are set to 5 m at all stations, while the bottom layers are
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Fig. 8.

(a, ¢, e, g) Temporal variation in squared velocity shear (s2) calculated using the
results from ADCP shown in Fig. 6. Color bar is shown on the upper right side of the
panels. Contour intervals are 0.002 (s2). (b, d, f, h) Temporal variation in turbulent
energy dissipation (logio € W m=) measured using TurboMAP on 6 July 2005 at
stations 1 ~ 4. Color bar is shown on the lower right side of the panels. Contour
intervals are 0.5. Broken lines in each figure indicate water depths at the stations.

Ticks above each figure indicate the time of measurement.

Fig. 9.

Vertical profiles of the eastward component of velocity measured using ADCP (m s1),
and shear (s'1) and salinity (psu) measured using TurboMAP at station 4 at (a) 10:10
h (high water), (b) 13:20 h (ebb tide), (c) 15:45 h (low water), and (d) 16:30 h (flood
tide) on 6 July 2005.

Appendix
Analysis of tidal energy balance in Neko Seto (Takasugi, 1993)

Tidal energy balance in the study area was investigated by Takasugi (1993), on
the basis of the results of the continuous observations conducted in 1988. In the
observations, pressure sensors were set up at four points around the strait to
measure hourly sea level. Two ships mounted ADCP ran for 25 hours from 14 - 15
September 1988 to measure the current velocities along the two sections labeled ‘A
and ‘B’in Fig. 1c.

Based on these data, tidal energy balance between sections A and B was
estimated. Assuming the currents in the strait can be treated as one-dimensional

flow, the balance of energy is represented as:
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where pis the density, gis the gravitational acceleration, his the water depth,t is
time, Xis the distance along the strait,uis the velocity orthogonal to the sections
and S(=5x10"m?)is the average area of the sections. Q is the volume flux
through the section, which is represented as Q=US, where U = IsudS/S is the
sectional averaged velocities. The first term ( E,) indicates time rate of change of
Kinetic energy, the second ( E, ) is divergence of kinetic energy flux, the third (E,) is
divergence of potential energy flux, and fourth (E,) is energy loss which is caused
by bottom, wall and internal frictions in water column. E, and E, are obtained
from integration of the observed cross-sectional velocity, E is obtained from those
of sea level at the stations at the entrance of the strait and E, is derived from
these three terms as their residuals.

Fig. 2 shows the temporal variations of each term. E, and E, are relatively
small or negligible. The energy loss, E; , reaches 2.5 x 10* Wm during maximum
ebb and flood. It is notable that the magnitude of E; changes according to the
current direction; it became larger in westward than that in eastward flow.
Significant horizontal shear has been observed in tidal currents, developed due to
the effect of the local geometry when the tidal current is toward the west. This
result indicates that internal friction in the water column significantly influences

the energy loss around the strait, as does bottom friction.
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Fig. 2 (Kobayashi et al)
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