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Observations of the run-up of internal bores in a shallow bay were made with a tow-yo instrument and
mooring arrays with high spatial and temporal resolution. Shoreward propagating internal bores have
been studied with laboratory experiments and numerical models, but few observational studies have
shown the detailed structure of the run-up of internal bores induced by internal tides. Our observations
showed that internal bores propagate along the slope, accompanied by strong turbulent mixing and
strong sediment resuspension in a shallow bay. The isothermal displacement due to the bores reached
20 m vertically in a water depth of 40 m. Turbidity measurements showed suspended particles trans-
ported from the sloping bottom and offshore above the thermocline, forming an intermediate nepheloid
layer (INL). At the head of the bore (dense water), a vortex accompanied by strong vertical motion in-
duced strong vertical sediment resuspension and a steep isothermal displacement. The rate of turbulent
kinetic energy dissipation reached 10�6 W kg�1 at the head of the wave. A nonhydrostatic numerical
simulation in a two-dimensional domain reproduced fine features associated with the run-up of an
internal bore and the vortex motion at its head.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Shoreward propagating internal waves are ubiquitous features
in the coastal ocean (e.g., Fu et al., 1982; Helfrich and Melville,
2006; Bourgault et al., 2007; Nam and Send, 2011; Walter et al.,
2012). These waves run-up on a slope and break, producing what
are typically referred to as “boluses” or “bores” (Wallace and
Wilkinson, 1988; Helfrich, 1992). Shoreward propagating internal
bores have been investigated in both numerical simulations (e.g.,
Venayagamoorthy and Fringer, 2006) and observations (e.g., Wal-
ter et al., 2012) and are hypothesized to be important drivers of
cross-shelf transport of nutrients (e.g., Leichter et al., 1996), sedi-
ment (e.g., McPhee-Shaw, 2006), and zooplanktons and larvae
(e.g., Pineda, 1994). An internal bore generates a vortex core ac-
companied by strong vertical motion at its head (Venayaga-
moorthy and Fringer, 2006). The vortex structure of internal bores
has been observed with high-resolution thermistor arrays on a
sloping continental shelf (Hosegood et al., 2004; Van Haren, 2009).

Isopycnal displacements induced by internal tides can be
s, Tokyo University of Marine
yo, Japan.
naga).
amplitudes of roughly 20–80 m on continental shelves (Huth-
nance, 1989; Petruncio et al., 1998). In submarine canyons, pre-
vious studies pointed out large isopycnal displacements of 60–
120 m due to internal tides (Broenkow and McKain, 1972; Shea
and Broenkow, 1982; Wang et al., 2008). Broenkow and McKain
(1972) observed an internal tide with an isopycnal displacement of
80 m in a depth of 120 m. Strong horizontal currents in bottom
boundary layers are also generated by internal waves (e.g., Wang
et al., 2008; Van Gastel et al., 2009). Van Gastel et al. (2009) ob-
served internal bores accompanied by strong currents reaching
1.0 m s�1.

Internal tides, or internal waves of tidal frequency, are gener-
ated at critical topography where the topographic slope matches
the internal wave beam angle (Vlasenko et al., 2005; Van Gastel
et al., 2009). In the presence of critical slopes, internal wave re-
flections lead to strong energy convergence over continental
shelves (e.g., Thorpe, 1998; Cacchione et al., 2002). Ivey et al.
(2000) estimated that when internal waves reflect on a critical
slope, the turbulent kinetic energy dissipation rate reaches
O(10�6) W kg�1. The appearance of internal bores is intermittent
and is typically not associated with any particular tidal frequency
(Hosegood et al., 2004; Van Haren, 2009). However, Vlasenko et al.
(2012) was able to compute a lag time between the appearance of
internal bores and the semidiurnal barotropic tide that was
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consistent with the wave propagation time between the hy-
pothesized wave generation site and the observation site.

Klymak and Moum (2003) and Carter et al. (2005) observed
strong turbulent mixing in internal solitary waves (boluses) ad-
vancing on a sloping shelf. Venayagamoorthy and Fringer (2006)
and Vlasenko and Hutter (2002) simulated fine-scale breaking
processes of boluses using numerical models. Masunaga et al.
(2015) reported that such internal wave breaking events can sig-
nificantly contribute to river plume mixing near the sea surface.
The passage of internal bores provides a burst of strong turbulent
kinetic energy along the slope (Boegman and Ivey, 2009; Ve-
nayagamoorthy and Fringer, 2006). Walter et al. (2012) showed
that internal bores generate high-frequency temperature fluctua-
tions associated with strong turbulent mixing. Such high-fre-
quency temperature fluctuations in large-scale internal waves
have been observed by Antenucci and Imberger (2001) and
Boegman et al. (2003) who hypothesized that the high-frequency
motions arise from a shear instability.

In addition to strong turbulent mixing, internal bores induce
strong sediment resuspension (e.g., Cacchione et al., 2002;
McPhee-Shaw and Kunze, 2002). Hosegood et al. (2004) and
Bonnin et al. (2006) observed sediment resuspension associated
with the passage of bore waves. McPhee-Shaw and Kunze (2002)
investigated sediment resuspension and slope angle conditions
from tank experiments. They showed that resuspension and the
growth of turbidity intrusions into the ocean interior are enhanced
near critical slopes. These turbid intrusions, which become de-
tached from boundaries and intrude into the ocean interior, have
frequently been observed in coastal areas (Dickson and McCave,
1986; McPhee-Shaw et al., 2004; Nakatsuka et al., 2004) and are
referred to as intermediate nepheloid layers (INLs). Lateral dis-
persal of sediments, nutrients, metals, and organic matter derived
from the seabed is much greater than that derived from vertical
settling from the ocean surface (Van Weering et al., 2001; Na-
katsuka et al., 2004; McPhee-Shaw, 2006). Cross-shelf transport of
such material from nearshore areas due to internal waves is vital
for biological production in offshore sites (Nakatsuka et al., 2004;
McPhee-Shaw, 2006). Cacchione et al. (2002) and Puig et al. (2004)
also reported that erosion and resuspension of sediments are
Fig. 1. (Color figure online). Observation area. (a–c) show coastlines around Japan, the Sa
observation lines on 27 September 2012. The ADCP and the thermistor array mooring si
The two mooring sites in 2013 are represented by the gray circles. Black and gray conto
enhanced at critical slopes. Furthermore, several studies have
shown that the small scale vortex motion associated with internal
bores generates strong sediment resuspension (Boegman and Ivey,
2009; Van Haren, 2009; Richards et al., 2013; Masunaga and Ya-
mazaki, 2014). At the head of bores, a strong upward flow and
strong turbulent mixing are generated by the vortex motion (Ri-
chards et al., 2013; Masunaga and Yamazaki, 2014). However, due
to the lack of field obsrvations, physical processes associated with
such small-scale vortex motion are not well understood.

Although previous studies have focused on internal bore dy-
namics, few have revealed the detailed structure of the run-up of
internal bores on slopes using in situ surveys. In this paper, we
report on observations of detailed features of the run-up of in-
ternal bores in Otsuchi Bay, Japan. We deployed a recently devel-
oped YODA Profiler (Masunaga and Yamazaki, 2014), which cap-
tures data at high spatial resolution. Masunaga and Yamazaki
(2014) used the YODA Profiler to reveal detailed structure of river
plumes, small-scale internal waves and sediment resuspension.
We also deployed a high-resolution temperature mooring array
concurrent with the YODA Profiler survey. In addition to the field
observations, we used the nonhydrostatic SUNTANS model (Frin-
ger et al., 2006) to further investigate details of the internal bores.
Section 2 outlines the instrumentation and field surveys. Section 3
presents an overview of the physical oceanography of the bay and
an analysis of the fine bore features that were observed in field
surveys and reproduced by the model. Section 4 discusses the
vortex motion, sediment resuspension and turbulent mixing due
to the internal bores, along with numerical simulation results.
Finally, Section 5 presents summary and conclusions.
2. Method

2.1. Location

Field campaigns were carried out in Otsuchi Bay, located on the
Sanriku Coast, Iwate Prefecture, Japan (Fig. 1), in September 2012
and 2013. The Sanriku Coast has steep, narrow bays formed by the
partial submergence of river valleys; this type of coastline is called
nriku Coast, and Otsuchi Bay, respectively. The blue and red lines in (c) are transect
tes in 2012 are indicated by the yellow inverted triangle and the light green square.
ur lines in (c) indicate isobaths.



Fig. 2. (a, b) PDFs of ε, (c) QQ plot between ε obtained by TurboMAP-Glider, and the variance of the dC/dz obtained by the YODA Profiler, (d) vertical profiles of ε, and
(e) temperature. Thin black and thick gray lines (d) and (e) represent data from the YODA Profiler and TurboMAP-Glider, respectively.
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a “ria” (Fig. 1). Otsuchi Bay is a long narrow bay; the length and the
width of the bay are 8 km and 3.5 km, respectively. The maximum
depth of the observation area is approximately 50 m. The bay has a
gently sloping bottom with a slope angle of approximately
0.6 degrees. Three rivers flow into the bay: the Unosumai River,
the Otsuchi River, and the Kotsuchi River. The Unosumai river
mouth is located at the innermost west part of the bay, and the
mouths of the Otsuchi River and the Kotsuchi River are located at
the northwest part of the bay (Fig. 1). The total discharge from the
rivers ranges between 3 and 35 m3 s�1 (Anbo et al., 2005; Otobe
et al., 2009). Okazaki (1990) observed the intermittent appearance
of internal bores in Toni Bay, which is located near Otsuchi Bay
(17 km south of Otsuchi Bay). The off-Sanriku area is in the Kur-
oshio–Oyashio transition zone, which is alternately occupied by
cold, nutrient-rich Oyashio water and warm, nutrient-depleted
Kuroshio water (e.g., Hanawa and Mitsudera, 1986), and is known
as a highly productive fishery ground. Okazaki (1994) reported
that the fish catch is positively correlated to cold-water intrusion
events due to internal tides in Toni Bay (located in the Sanriku
Coast).

2.2. Transect observations

Transect observations were carried out using the YODA Profiler
(Masunaga and Yamazaki, 2014) and the RiverRay ADCP (Teledyne
RD Instruments) on September 27, 2012 and September 11, 2013.
The YODA Profiler is a free-fall tow-yo instrument and provides
high-resolution measurements of physical structures in shallow
coastal areas. To deploy these instruments, we used two fishing
boats provided by the Shin-Otsuchi Fishery: the Senshu-maru in
2012 and the Daimutsu-maru in 2013. The transect observation
line extends from the Unosumai River mouth (bay head) to the bay
mouth, and the distance of observation lines was approximately
3.5 km (Fig. 1). In order to observe high-resolution data horizon-
tally, the ship speed and the sinking speed of the YODA Profiler
were adjusted to 2 kts and 0.3 m s�1, respectively. The YODA
Profiler is equipped with conductivity–temperature–depth (CTD),
fluorescence, turbidity, and dissolved oxygen sensors, and data
were collected at 10 Hz. We used data obtained during a stable
free-fall descending phase. The horizontal distance between tow-
yo profiling points increased from 24 m to 364 m as the depth
increased. The YODA Profiler also allows us to estimate the tur-
bulent kinetic energy dissipation rate, ε, from vertical fluctuations
of conductivity, dC/dz, making use of the method described in
Masunaga and Yamazaki (2014). The RiverRay ADCP collects the
data at 1 Hz, and current data were averaged over 1-minute
intervals.

2.3. Microstructure observations

The YODA Profiler does not carry a microstructure sensor, and
thus we cannot measure the intensity of turbulence directly using
this instrument. Masunaga and Yamazaki (2014) developed a sta-
tistical method to estimate a proxy of the dissipation rate by
making use of conductivity signals. The proxy dissipation rate can
be inferred from the variance of the conductivity with the fol-
lowing logic (Masunaga and Yamazaki, 2014):

(1) The dissipation rate of turbulent kinetic energy and tem-
perature gradient follow a joint lognormal probability density
function (PDF);

(2) Conductivity signals follow temperature signals;
(3) The dissipation rate of turbulent kinetic energy and con-

ductivity gradient follow a joint lognormal PDF.

We refer to the dissipation inferred from the YODA Profiler as
the pseudo-dissipation rate, εP, in this study. The estimation of εP
from the YODA Profiler requires the background PDF of ε from a
separate microstructure survey in the same area. Therefore, we
collected microstructure data using a glider-type microstructure
profiler, TurboMAP-Glider (Foloni-Neto et al., 2014), at numerous
points in Otsuchi Bay during 26–27 September, 2012. The Turbo-
MAP-Glider was deployed from the R/V Grand-maillet (the Uni-
versity of Tokyo). In order to infer εP from the YODA Profiler, we
estimated coefficients a and b from the empirical formula

⎡⎣ ⎤⎦a dC dz/ 1p

b
2ε = ( ) ( )

with the QQ plot (quantile versus quantile) between ε from the
TurboMAP-Glider and εP from the the variance of dC/dz from the
YODA Profiler (Fig. 2c). Using least-squares regression,
a¼1.42�10�7 and b¼1.37. The PDFs of the dissipation from the
two instruments are consistent with each other (Fig. 2a and b). The
PDF of εP from the YODA Profiler was not significantly different
from the PDF obtained from TurboMAP-Glider (Kolmogorov-
Smirnov test, po0.1), and hence the PDFs from the two



Table 1
Instrument deployments and recovery by location, time, and depth.

Instrument Location Deployment time (JST) Recovery time (JST) Depth

Thermistor array 39°20.352′ N 141°52.824′ E 25 September 2012 13:44 27 September 2012 14:40 20 m
ADCP 39°20.293′ N 141°52.855′ E 25 September 2012 13:31 27 September 2012 14:45 20 m
Thermistor array and ADCP 39°21.007′ N 141°57.610′ E 10 June 2013 8:08 13 September 2013 8:03 54 m
Electromagnetic current meter 39°20.270′ N 141°54.889′ E 10 June 2013 10:06 13 September 2013 8:37 20 m
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instruments were statistically identical. Vertical profiles of the
dissipation estimated from the YODA Profiler are in reasonable
agreement with TurboMAP-Glider data (Fig. 2d and e). We do not
claim that εP is an accurate estimate of the dissipation, but εP
should give a reasonable approximation of the dissipation, at least
to within the correct order of magnitude (Masunaga and Yama-
zaki, 2014; Masunaga et al., 2015).

2.4. Mooring observations

A thermistor mooring array and an Acoustic Doppler Current
Profiler (ADCP) were placed in the middle of the transect ob-
servation line at a depth of approximately 20 m (Fig. 1) during
September 25–27, 2012. Table 1 shows the locations of the two
mooring sites and the deployment recovery times. The distance
between these two moorings was approximately 120 m. HOBO
U24 sensors (Onset Computer Corporation) were used as a ther-
mistor array and were arranged from near the bottom to ap-
proximately 10 m above the bottom at 0.4-m intervals. The data
sampling frequency for the HOBO U24 sensors was set to 0.1 Hz.
The MicroCAT C–T sensor (Sea-Bird Electronics, Inc.) and the
Compact-CTD (JFE Advantech, Ltd.) were also mounted at 2 m and
1 m above the bottom, respectively. Sampling intervals of the
MicroCAT and the Compact-CTD were set to 10 s and 1 min, re-
spectively. The Compact-CTD also carries fluorescence and tur-
bidity sensors. We deployed a 600 kHz four-beam ADCP (Teledyne
RD Instruments) mounted on the bottom using a bottom-landing
frame. The ADCP was set to resolve 0.5-m vertical bins at 2-second
sampling intervals (each sampling includes 8 pings). The ADCP
also carries a pressure sensor and a temperature sensor.

For the 2013 campaign, a thermistor mooring array was de-
ployed with a 600 kHz four-beam ADCP (Teledyne RD Instru-
ments) at a deeper site (54-m depth), and an electromagnetic
current meter (INFINITY-EM, JFE Advantech Ltd.) was deployed
near the bottom at a shallower site (21 m depth) from June to
September 2013 (Fig. 1, Table 1). For the deeper mooring, twenty-
Fig. 3. Bottom sampling locations and grain size distributions of the sediment samples. S
sampling point in the left panel. The black dash–dotted line is the threshold between t
three TidbiT v2 (Onset Computer Corporation) temperature sen-
sors were equally spaced between 2.5 m above the bottom and
35.5 m above the bottom. The sampling interval of the TidbiT
temperature sensors was set to 5 min. The ADCP was set to resolve
1 m vertical bins at 5 min sampling intervals (each sample in-
cludes 50 pings). The electromagnetic current meter collected data
every 10 min, and the observation mode was set to a burst mode
(10 values were collected every 10 min).

2.5. Sediment sampling

We collected bottom sediment samples in the bay using a
Smith–MacIntyre Bottom Sampler in September 2012. The laser
diffraction particle size analyzer, LS-200 (Beckman Coulter, Inc.),
was used to measure the particle size. The LS-200 measures par-
ticle density in the size range between 0.375 and 1822 μm. Fig. 3
shows the locations of the bottom sampling points.

2.6. Numerical set up

In order to reproduce the observed internal bores numerically,
we used the nonlinear and nonhydrostatic SUNTANS model
(Fringer et al., 2006) in a two-dimensional domain that is 10 km
long and 80 m deep. The topography in the domain is consistent
with the along channel slope in Otsuchi Bay. The horizontal grid
spacing, the vertical grid spacing, and the time step are 20 m,
0.56 m, and 1 s, respectively. The Mellor–Yamada 2.5 level turbu-
lent closure model (Mellor and Yamada, 1982) is used with the
two-dimensional SUNTANS. The initial conditions for the tem-
perature and the salinity are taken from the transect observations
with an initial thermocline depth of 40 m (interface of the internal
wave). The model is forced by the horizontal velocity profile of the
first-mode internal wave at the ocean boundary to reproduce in-
ternal tides originating outside of and propagating into Otsuchi
Bay. The frequency of the internal tides is set to the M2 semi-
diurnal tidal frequency. In order to reproduce the observed
tars indicate sampling points (A–E). Histograms (A–E) show the particle size at each
he silt and the sand (62.5 μm), and the gray line marks the median particle size.



E. Masunaga et al. / Continental Shelf Research 110 (2015) 85–99 89
internal bores, the maximum velocity amplitude of the internal
wave velocity at the boundary is set at 0.2 m s�1. The shallow
coast boundary is closed in the domain. We did not employ the
heat flux model between the sea surface and the atmosphere,
since the time scale of the simulation is too short to be affected by
thermally-driven circulation.
3. Results

3.1. Cold water intrusion events

The observed temperature time series at the bottom of the
mooring station (Fig. 1c) showed that temperature dropped three
times during the 2012 campaign (Fig. 4a, Events 1–3). These cold
Fig. 4. (a) Bottom water temperature (thin black line) and sea-surface height (thick gra
(d) echo intensity [dB] at 2 m above the bottom obtained by ADCP at the mooring site in S
Positive (negative) values in panel (c) indicate offshore (onshore) flow.
(dense)-water intrusion events are called “internal bores” (e.g.,
Wallace and Wilkinson, 1988; Helfrich, 1992; Leichter et al., 1996;
Walter et al., 2012). The mooring observational period ended
during the last low-temperature intrusion period (Event 3). Thus,
observational data did not completely reveal the last low-tem-
perature event. The temperature dropped approximately 1.0, 2.5,
and 4.5 °C during Event 1, Event 2, and Event 3, respectively. These
events occurred after large-amplitude flood tides. Low-tempera-
ture intrusions appeared to be related to the barotropic tide.
However, the time intervals between the beginning of the tem-
perature decrease and the lowest tide (beginning of the flood)
were different for each event; the intervals were 8.97, 8.68, and
6.45 h for Event 1, Event 2 and Event 3, respectively. Meso-scale
currents and coastally-trapped shelf waves modulate the phase
speed of internal waves (Vlasenko et al., 2012), it is supposed to be
y line), (b) turbidity obtained by the Compact-CTD, (c) along-channel currents, and
eptember 2012. The dash–dotted lines indicate the start and end of the bore events.



Fig. 5. (Color figure online). (a, c) Temperature distributions during bore wave periods on 26 (Event 2) and 27 (Event 3) September, and (b) spectra of the 22-degree
isothermal depth fluctuation shown in (a). (d) is a close-up of the head of the wave shown in (c). The red arrow in (b) indicates the buoyancy frequency in the internal bore
wave on September 26, 2013. The dash–dotted lines in (b) indicate a 95% confidence interval of the spectra. Periods of panels (a) and (c) are represented by “Event 2” and
“Event 3”, respectively, in Fig. 4 a. HAB represents height above the bottom.
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difficult to predict the appearance of internal tides in coastal areas.
Temperature observed by the thermistor array showed high-

frequency isothermal depth displacements (Fig. 5a) and a vortex-
like structure (Fig. 5d). A spectrum of the isotherm fluctuation
showed a significant peak between 10�3 and 10�2 Hz (Fig. 5b);
this peak frequency was near the buoyancy frequency, N, in the
observed internal bore. Inside the internal bore, N was approxi-
mately 5�10�3 s�1, where the buoyancy frequency, N, was esti-
mated with

N
g d

dz
,

20ρ
ρ= −

( )

where g is the gravitational acceleration, z is the vertical co-
ordinate with positive upward, ρ is the local density, and ρ0 is the
mean density. Antenucci and Imberger (2001) and Boegman et al.
(2003) observed high-frequency internal waves near the buoyancy
frequency in internal seiches in lakes. They suggested that these
waves resulted from shear instability in large-scale internal waves.
However, our observations did not show features related to a shear
instability because of the low resolution of the thermistor array.
The observed high-frequency isothermal displacement shown in
Fig. 5a is likely related to the largest eddy induced by a shear in-
stability. Using a high-resolution numerical model, Walter et al.
(2012) showed a vortex structure accompanied by a steep iso-
thermal displacement at the head of the bore (low temperature
dense water), which is consistent with the steep displacement that
appeared in our observations (Fig. 5c).

Temperature data from the YODA Profiler showed a fine feature
in the internal bore accompanied by a low-temperature water
mass propagating up slope into shallow water (Fig. 6b and c).
Observed data shown in Fig. 6 were obtained during 9:13–10:15
(phase A in Fig. 6b) and 13:16–14:22 (phase B in Fig. 6c) on 27
September 2012 (during Event 3). The isothermal displacement
caused by the bore reached 20 m vertically at 40 m depth (Fig. 6b
and c). Assuming that the bore front was located at the deepest
right edge of the transect line in phase A, and that the bore front
propagated approximately 2000 m across the slope between
phases A and B (4 h), the average propagation speed of the bore
and the average vertical displacement speed of the thermocline
were at least 0.14 m s�1 and 1.4�10�3 m s�1, respectively. In
addition to the observations in September 2012, we succeeded in
obtaining four clear snapshots of an internal bore running up and
receding down the slope in September 2013 (Fig. 7).

The RiverRay ADCP data showed onshore currents
(0.1–0.15 m s�1) below the interface of the internal wave (20–
30 m) and onshore currents (0.05–0.15 m s�1) in the upper layer
(5–20 m); the upper layer flow opposed the lower cold layer flow
(Fig. 6i), and is due to first-mode internal waves. This flow is re-
ferred as a “sakashio (inverse flow)” by Japanese fishermen and is
frequently found in bays along the Sanriku Coast (Okazaki, 1990).
Currents in the cold water layer were consistent with the bore
wave propagation speed (0.14 m s�1). Although the current near
the sea surface (0–5 m) flows in an opposite direction from the
subsurface flow, this layer is influenced by the wind stress (Fig. 6h
and i). Ten-minute averaged moored ADCP data showed onshore
flow near the bottom at the beginning of the wave events (Fig. 4c,
9/25 15:00, 9/26 15:00, 9/27 14:00) and offshore flow during the
receding phases (Fig. 4c, 9/25 16:00, 9/26 17:00). Assuming that
the barotropic tidal wavelength is long relative to the length
of the bay, the magnitude of the barotropic currents in the
bay can be calculated from the simple volume conservation
equation (Petruncio et al., 1998)

u
A

thw
, 3

η= ( )

where the tidal range is approximately η¼1 m for the M2 semi-
diurnal tide, A is the surface area of the bay (approx. 107 m2), t is the
duration of the flood or ebb tide (6.2 h), h is the average depth across
the bay mouth (approx. 50 m), and w is the width of the bay at the
mouth (approx. 2000 m). With this formula, the average semi-
diurnal barotropic current was approximately 4.5�10�3 m s�1 in
Otsuchi Bay. This barotropic current speed is considerably weaker
than the observed currents, and thus the currents were largely
dominated by the baroclinic tidal current in Otsuchi Bay during our
field campaign.

The salinity distribution observed by the YODA Profiler showed
that a thin low salinity layer (within 10 m) spread over the bay due
to river discharges from the three rivers flowing into Otsuchi Bay
(Fig. 6d and e). As it propagated along the surface as a river plume,
the low salinity water from the rivers did not influence the currents



Fig. 6. (a) Tidal elevation observation results obtained by (b–g) YODA Profiler and (h, i) RiverRay ADCP on 27 September 2012 (during Event 3). Shaded areas in (a) indicate
transect observation periods: (A) the beginning of the flood tide and (B) the high tide. Observations show (b, c) temperature, (d, e) salinity (f, g) turbidity, and (h, i) east–west
current [m s�1] distributions observed (b, d, f) before the bore wave period and (c, e, g) during the bore wave period. Tick marks on the top axis in panels (b–g) indicate the
YODA Profiler data collection points.
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Fig. 7. (Color figure online). (a) Temperature and (b) east–west currents observed from the mooring array, (c) currents and (d) temperature observed near the bottom at the
deep mooring site (54 m, thick gray line) and the shallow site (21 m, thin black line), and (e–h) temperature distributions observed from the transect survey on 11 September
2013. The blue (red) color in (b) indicates the onshore (offshore) flow. Shaded areas in (a) indicate transect observation periods: (A–D). The data shown in (c) and (d) were
obtained at 2.5 m above the bottom (deeper site) and at 1 m above the bottom (shallower site). HAB represents height above the bottom.

Fig. 8. Temperature–Salinity (TS) diagram for water observed in Otsuchi Bay and
classification of six water systems from Hanawa and Mitsudera (1986). The six areas
indicate water masses off the Sanriku Coast: 1. The Tsugaru Warm Current water
system; 2. The Oyashio water system; 3. The Kuroshio water system; 4. The cold lower-
layer system; 5. The surface water system; 6. The Coastal Oyashio water system.
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in the deeper regions of the bay associated with internal bores
(Fig. 6d and e). Masunaga et al. (2015) reported that current shear
induced by internal bores contribute to vertical mixing of the river
plume in Otsuchi Bay. Thus, river discharges do not influence the
structure of internal bores, but the propagation of bores largely
influences the surface river plume (Masunaga et al., 2015). The
temperature–salinity (TS) diagram showed that the density in the
cold water mass is controlled dominantly by temperature (Fig. 8).
According to a study of water classification based on the TS re-
lationship (Hanawa and Mitsudera, 1986), the low-temperature
water mass in internal bores was identified as Tsugaru Warm Cur-
rent water (Fig. 8). This water mass is derived from the northern
region of the Sanriku Coast. Okazaki (1990) found the same water
mass was observed in internal waves in Toni Bay, which is located
near Otsuchi Bay.

3.2. Sediment resuspension

High turbidity water was observed at two locations: in the in-
ternal wave at depths of 20–40 m and in the shallow regions of the
bay with depths of 5–15 m (Fig. 6f and g). The internal bore pro-
pagated along the slope accompanied by strong sediment re-
suspension at its head (Fig. 6g). In addition, sediment was sus-
pended from the bed and entrained into the water column along
the pycnocline. This feature is frequently observed over continental
shelves and is called an intermediate nepheloid layer (INL, e.g.,
Thorpe, 1998; McPhee-Shaw, 2006). Strong sediment suspension
was not observed before the cold-water intrusion period below
20 m depth. The turbidity data observed by the Compact-CTD
mounted near the bottom (1 m above the bottom) at the mooring
site showed burst-like sediment resuspension at the beginning of
cold water intrusion periods, and high turbidity signals gradually
decreased after the burst events (Fig. 4b). Unfortunately, the Com-
pact-CTD power supply failed at 14:00 on 27 September. Therefore,
turbidity data from the Compact-CTD were not obtained from the
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last cold-water intrusion period (Event 3). Backscatter echo in-
tensity data observed by the moored ADCP also show high echo
intensity during cold-water intrusion periods (Fig. 4d).

The particle size distribution shows that the sediments consist
of silts and sands below 15 m depth (Fig. 3, locations A and B) and
near the river mouth (Fig. 3, location E). In contrast, sediments
consist of only larger particles, such as sand, between depths of
5 m (Fig. 3, location D) and 11 m (Fig. 3, location C). A sandbar
located at the Unosumai River mouth was completely eroded by
the tsunami in March 2011, spreading sand into the interior of the
bay (Okayasu et al., 2013). It is likely that the sandy area between
5 and 11 m depths is due to sand derived from the eroded sandbar.
Therefore, internal bores propagating on the sloping bottom con-
sist of a mixture of silts and sands.

3.3. Numerical results

Model results showed internal bores propagating into the bay
and were in good agreement with the in situ observations (Fig. 9).
When the bore wave propagated into the bay (surging period), the
Fig. 9. (Color figure online). (A, B) Observed and (a–n) modeled results. Time series of (A)
series of (a) temperature and (b) horizontal current at 50-m depth, and snapshots of (c
transect line from the numerical simulations. Arrows in teh upper x axis in panels (a) an
(b) and (i–n) indicates onshore (offshore) flow. HAB represents height above the bottom
bore head was accompanied by a sharp cold front and a vortex
(Fig. 9d and e; details of the vortex motion are described in the
discussion). The horizontal flow field indicates onshore flow in the
lower layer and offshore flow in the upper layer during the surging
period (Fig. 9b, j and k), which is consistent with the field ob-
servations (Fig. 6i). The offshore currents in the bottom boundary
layer shown in Fig. 9i were due to receding currents from the
previous wave. During the receding phase, the currents switched
direction and the cold bore propagated back offshore. In contrast
to the receding cold water in the deeper area, the head of the bore
continued to propagate into the shallows (Fig. 9l and m). The bore
was strained along the sloping bottom by the downslope receding
current and the upslope motion of the bore head during the re-
ceding phase. This straining led to a thinner bore in the vertical
than during the surging period. The onshore flow was enhanced at
the head of the bore (Fig. 9j–l). The maximum onshore flow ap-
peared when the bore head passed through the initial thermocline
depth (40 m), and the maximum speed reached 0.36 m s�1. Above
the thermocline, the onshore currents became slow as the bore
propagated into shallow water (Fig. 9j–l).
temperature and (B) east–west current from the moorings in September 2013. Time
–h) temperature distributions and (i and j) horizontal current distributions in the
d (b) indicate the timing of snapshots shown in (c–n). The blue (red) color in panels
.
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4. Discussion

4.1. Vortex motion at the head of the bore

Internal bores accompanied by strong currents induce a vortex
motion at their heads (Boegman and Ivey, 2009; Van Haren, 2009;
Masunaga and Yamazaki, 2014). The vortex is derived from in-
tensification of vorticity within the shoaling internal gravity wave
due to localized straining by the shoreward flow along the bottom
and the vertical ejection of flow at the head of the bore (Boegman
and Ivey, 2009; Masunaga and Yamazaki, 2014). Van Haren (2009)
observed the vortex structure accompanied by strong vertical re-
suspension of sediments that reached 40 m above the sloping
bottom. In shallow areas, Richards et al. (2013) observed vortex
packets accompanied by vertical sediment resuspension that
reached 10 m above the bottom. One-minute averaged ADCP cur-
rent data, observed during Event 3 (September 27, 2012), showed
onshore flow (0.1 m s�1) near the bottom, a strong upward ejec-
tion flow (0.02–0.03 m s�1) at the head of the bore, and a down-
ward flow in the lee of the bore head (Fig. 10a and b, Time 14:05–
14:10). These motions indicated that the vortex motion was in-
duced by the shoaling internal bore (a schematic image of the
vortex is depicted in Fig. 10e). Venayagamoorthy and Fringer
(2006) reported that internal waves with high Froude numbers
Fig. 10. (a) East–west currents [m s�1], (b) vertical currents [m s�1] and (c) echo intensit
the bore wave period on 27 September 2012 (during Event 3). Panel (e) depicts a schem
7 min) between the ADCP data and the thermistor chain data is due to the distance of
(Fr¼u/c is the ratio of the current magnitude, u, to the internal
wave speed, c) tend to generate highly nonlinear vortex motions
along the slope. We estimated the Froude number by using ob-
served bore propagation speed and current speed in the bore. In
the case of event 3, the maximum flow speed in the bore was
approximately 0.15 m s�1 and the propagation speed of the bore
was roughly 0.14 m s�1, consistent with highly nonlinear motions
in high Froude number (Fr�1) flows. Numerical simulation results
also showed Fr41 at the head of the bores during, reaching
Fr¼1.3. Consequently, enhanced bottom flows induced by internal
bores were driven upward leading to the vortex motion. The echo
intensity showed that suspended sediments follow a ring-like
vortex motion and are lifted up to 8 m above the bottom (Fig. 10c).
In addition, the temperature distribution showed the vortex
structure and the upward motion at the head of the bore (Fig. 10d).
The beginning of the bore event recorded by the ADCP was ap-
proximately 7 min ahead of that recorded by the thermistor array.
This lag was due to the distance (120 m) between the two mooring
sites (Fig. 1c). High-frequency (�N) upward and downward wave
motions accompanied by isothermal depth displacements re-
mained after the burst-like vortex event (Time¼14:06–14:30). As
we described earlier, these high-frequency motions in the lee of
the vortex may be due to a shear instability (Antenucci and Im-
berger, 2001; Boegman et al., 2003).
y [dB] from the moored ADCP, and (d) temperature from the thermistor array during
atic of the vortex motion at the head of the bore wave. The time lag (approximately
120 m between the two mooring sites. HAB represents height above the bottom.
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Although the high-resolution mooring data showed the vortex
motion accompanied by strong currents and vertical sediment
resuspension, the YODA Profiler observations did not capture the
vortex structure (Fig. 6c). The horizontal scale of the vortex may be
estimated from observed time scale of the vortex (360 s, Fig. 10)
and the horizontal currents in the vortex (0.1 m s�1, Fig. 10a),
which suggests that the scale of the vortex is approximately 36 m.
Since the precise propagation direction of the vortex in the hor-
izontal is unknown and the propagation speed of the vortex is less
than the average horizontal current speed (Hosegood et al., 2004),
the actual vortex scale could be even less than 36 m. The hor-
izontal resolution of the YODA Profiler observations was approxi-
mately 100 m near the head of the bore, which is too large to
capture vortex structures at the head of the bore.

Numerical simulations reproduced the vortex motion at the
head of the bore (Fig. 9 d, e, j and k). The horizontal flow speed is
enhanced at the head of the bore and the maximum Froude
number within the bore was approximately 1.3. In addition to the
bottom flow, the vortex motion enhanced the opposite flow near
the surface (Fig. 9j and k). The vortex core propagated along the
slope with a similar structure to solitary waves advancing along
bottom slopes (Klymak and Moum, 2003; Richards et al., 2013).
The horizontal scale of the vortex resolved by numerical simula-
tions is approximately 100 m (Figs. 9d and e and 11a). However,
this scale was approximately three times larger than the scale
(36 m) estimated from the observations. The large-scale vortex
motion in the model was likely due to the limited resolution, since
Fig. 11. Numerical results of temperature at the bore head from (a) the coarser and (b, c)
model. Bottom two panels show time series of the temperature at the bore head from (f
panels (f) and (g) is the same. HAB represents height above the bottom.
the horizontal grid spacing (Δx¼20 m) was too large to capture
such a small vortex motion.

To resolve the small vortex motion, we used a smaller domain
with a higher grid resolution. The new domain had a length of
320 m and horizontal and vertical grid spacings of 0.64 m and
0.22 m, respectively. The finer resolution model was forced by a
cold-water intrusion from the deeper boundary (0.1 m s�1) and a
weak outflow was set above the cold water intrusion layer to
ensure zero net total volume flux. The shallower boundary was set
as an open boundary. The smaller-domain model reproduces the
fine features associated with the vortex motion (Fig. 11b and c).
The horizontal scale of the vortex was approximately 20 m and
was five times smaller than that from the coarser model. The
vertical ejection current and the downward current at the head of
the wave reached 0.03 m s�1, which is consistent with the ob-
served result shown in Fig. 10a and b. The time series of the vortex
from the model was compared with the observed feature from the
mooring survey (Fig. 11f and g) and showed a good agreement
between the model and the observation. Although the model
qualitatively reproduced the observed vortex motions, details of
small-scale or turbulent-like motions in the vortex were not re-
produced by the model (e.g., shear instability) because the Rey-
nolds number in the model is significantly smaller than that in
reality. The Reynolds number roughly estimated from the vertical
scale of vortex and the current speed was an order of 105, which
satisfies to generate strong turbulent motions.
the finer model runs. (d) Horizontal currents and (e) vertical currents from the finer
) the numerical model and (g) the observations. The range of the horizontal axes in



Fig. 12. (Color figure online). (a) Velocity due to the internal wave at 2 m above the bottom, (b) bottom shear stress τ Nm�2, (c, e) echo amplitude, and (d) temperature time
series from the moored ADCP on 27 September 2012 (Event 3). Panel (e) is a close-up of the echo amplitude at the beginning of the bore wave period. Red arrows in panels
(a–d) indicate the beginning of the internal bore wave period. HAB represents height above the bottom.
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4.2. Sediment resuspension and bottom friction

In order to remove the sea surface gravity wave signal, the
current data shown in Fig. 12 were low-pass filtered with a cutoff
frequency at 0.05 Hz. Time series of near-bottom currents were
weak (less than 0.06 m s�1) before the bore period (Fig. 12a). On
the other hand, the current was high when the cold water intru-
sion propagated across the observation site (Fig. 12a,
Time414:06). The currents due to the internal wave reached
0.22 m s�1 during the first burst-like event (Fig. 12a). To de-
termine whether the bed shear stress induced by the bore was
sufficient to resuspend sediments, we estimated it with

C U , 4D
2τ ρ= ( )

where ρ¼1024 kg m�3 is the water density, CD is the drag coef-
ficient and U is the current speed above the bottom. The drag
coefficient is given by
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where κ¼0.41 is von Kármán constant, z is the height above the
bottom and z0¼5�10�4 m is the bottom roughness (Quaresma
et al., 2007). The bed shear stress, τ, estimated from the observed
currents and Eq. (5) fluctuated significantly during the bore period
between 0.05 and 0.11 N m�2 (Fig. 12b), although the average
shear stress at the head of the bore was approximately
0.033 N m�2 between 14:06 and 14:12. Based on the sediment
samples at a depth of 20 m that indicated the presence of silts
(Fig. 3), the critical value of the bed shear stress for sediment re-
suspension by the bores is approximately 0.03–0.1 N m�2 (e.g.,
Gardner, 1989; Cacchione et al., 2002; Ross et al., 2009). Thus, the
estimated shear stress due to the internal bore was sufficient to
suspend sediments. Previous studies reported burst-like currents
inducing resuspension above the sloping bottom (Gloor et al.,
1994; Bonnin et al., 2006; Boegman and Ivey, 2009). The first
burst-like strong current event coincided with strong sediment
resuspension as revealed from the echo intensity (Fig. 12c).

According to Stokes' law, the terminal velocity of fine suspended
particles is approximately 0.3–8m h�1 (8.9�10�5–2.2�10�3 m s�1)
when the particle size and density are 10–50 μm and 2.65 g cm�3

(typical value for wet silts), respectively. Because the terminal velocity
of suspended particles (8.9�10�5–2.2�10�3 m s�1) is much lower
than the upward motion in the vortex (Fig. 10b), suspended particles
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can be lifted up to 8 m above the bottomwithin a few minutes by the
vortex as shown in Fig. 12e. Furthermore, the displacement speed of
the thermocline during bore run-up (1.4�10�3 m s�1) was faster
than the terminal velocity for fine sediments. These fine sediments are
lifted up along the interface of the bore and are subsequently trans-
ported offshore by the reversing flow above the bore (Fig. 6f–i). During
the receding phase of the internal tide, suspended particles have time
to settle onto the bottom prior to arrival of the next internal tide.
Consequently, no suspension is evident below 20m prior to arrival of
the bore (Fig. 6, period A).

The observed data from the mooring at the deeper site (54-m
depth) in 2013 showed strong onshore currents near the bottom
reaching 0.25 m s�1 and an associated bed shear stress reaching
0.15 N m�2 during the internal wave surging period (Fig. 7b). The
current velocity and bed shear stress were higher during the re-
ceding phase than those during the run-up, and exceeded
0.4 m s�1 and 0.38 N m�2, respectively. If sediments contain silts
at the deeper site that are the same as those at the shallower site
(Fig. 3, locations A and B), the strong shear stress due to the in-
ternal waves in the deeper site was sufficient to suspend sedi-
ments. The speed of the current due to the internal waves de-
creased with the decrease in the depth of the bottom, since the
gravity decelerates the onshore ward flow speed. The shoreward
current speed at the shallower site was approximately 3 times
slower than that at the deeper site, 0.07 m s�1 (Fig. 7cd).

High turbidity water was also observed near the shore at depths
of 5–10-m (Fig. 6fg). However, the sediments in shallow waters are
primarily sands and are therefore too large (100–300 μm) to expect
any resuspension by the local currents (Fig. 3, locations C and D).
Instead, high turbidity in the shallows was probably due to fine
sediments transported from the Unosumai River mouth located at
the western end of the bay. Much of these fine sediments are de-
posited offshore in deeper waters by turbidity currents originating
at the Unosumai and other River mouths in the bay (Wright and
Nittrouer, 1995; Kineke et al., 1996).
Fig. 13. (a, b) εP W kg�1 and (c, d) Kρ m2 s�1 distributions (a, c) before the bore wave
observations on 27 September 2012 (Event 3).
4.3. Turbulent mixing in the internal bore

Breaking of internal waves induce strong turbulent mixing and
sediment resuspension (e.g., Thorpe, 1998; Cacchione et al., 2002;
McPhee-Shaw and Kunze, 2002). Richards et al. (2013) measured a
high dissipation rate exceeding 10�5 W kg�1 in shoaling bores
along a shallow slope. The pseudo-dissipation rate, εP, estimated
from the YODA Profiler showed strong turbulent mixing in the
internal bore (Fig. 13a and b), while the measured pseudo-dis-
sipation rate below a depth of 15 m was low before the internal
bore event (εPo10�9 W kg�1). The high dissipation rate (ε
P�10�8–10�7 W kg�1) near the surface (0–10 m) during both
periods (A) and (B) was likely due to the wind stress. Masunaga
et al. (2015) describes the turbulent mixing near the sea surface in
the bay in more detail. We can estimate the dissipation in the
observed bores from the law of the wall theory (Dewey and
Crawford, 1988), which gives

C u
kz

, 6LOW
D

3/2 3
ε = ( )

where z is the height above the bed and u is the velocity above the
bottom. With an internal bore-induced current of u¼0.2–0.3 m
s�1 at a depth of z¼0.2 m, εLOW �1.1�10�6–3.7�10�6 W kg�1,
which is consistent with the YODA observations which reached
10�6 W kg�1 at the bore head on 27 September.

The high dissipation rate did not only appear at the head of the
wave, but also appeared along an isopycnal interface (Fig. 13b). It
has been suggested that mixed/mixing bottom boundary water
detaches from the sloping bottom and spreads along isopyncals
into the ocean interior (Armi, 1978; McPhee-Shaw, 2006). The
boundary detachment leads to the generation of intermediate
nepheloid layers along isopyncals and contributes to mixing of the
ocean interior. To the authors' knowledge, these are the first ob-
servations that directly link waters with high dissipation and se-
diment resuspension to their breaking internal bores.
period and (b, d) during the bore wave period estimated from the YODA Profiler
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The vertical turbulent diffusivity, Kρ, was estimated with
(Osborn, 1980),

K
N

,
7mix 2γ ε=

( )ρ

where γmix is the efficiency factor (often referred as mixing effi-
ciency). We selected a canonical efficiency factor γmix¼0.2 (Os-
born, 1980) to estimate the vertical eddy diffusivity from the YODA
Profiler. The vertical turbulent diffusivity was high at the head of
the bore wave and reached 10�4 m2 s�1 (Fig. 13d). On the other
hand, the background value of Kρ was low at 10�7 m2 s�1, which
is close to the molecular diffusivity of heat. Therefore, the internal
bores play a significant role in mixing processes and turbulent
heat fluxes in the bay. Recent studies suggested that the mixing
efficiency is much higher than the 0.2 in the early stage of tur-
bulent mixing and breaking of internal waves (e.g., Smyth et al.,
2001). Although we could not estimate the true value of the
mixing efficiency due to the lack of observational data, the vertical
turbulent eddy-diffusivity at the head of the bore might be much
higher than the results shown in Fig. 13d.
5. Conclusions

We observed fine features associated with breaking internal
waves Otsuchi Bay using moored observations and the YODA
Profiler. The YODA Profiler elucidated details of the run-up of in-
ternal bores on the slope in the bay. Distinct intermediate ne-
pheloid layers were also observed and shown to be produced by
the internal bores. Data from the high-resolution thermistor array
revealed high-frequency motions (�N) in the lee of the bore wave
that are likely induced by shear instability and the vortex structure
at the head of the bore. Strong turbulent mixing was also observed
in the bore, where the turbulent kinetic energy dissipation rate
reached 10�6 W kg�1 at its head. A distinct propagating vortex at
the head of the bore induced strong vertical velocities that reached
0.03 m s�1. These upward currents transported sediments that
had been suspended by the strong bottom currents in the bore
into the vortex and produced a ring-like turbidity pattern as the
sediments were entrained into the vortex.

The nonhydrostatic SUNTANS model reproduced the observed
internal bores propagating into the bay. Consistent with the ob-
servations, the model results showed a thick bore front during the
internal wave surging period followed by thin stretched down-
slope flow during the receding phase of the internal wave. Because
the resolution of the domain for the bay-scale model was too
coarse to reproduce the vortex motion, a smaller-scale domain was
run with higher resolution that was able to reproduce the detailed
structure of the vortex motion in the bore. Our study clearly in-
dicates that internal bores generate locally intensified strong cur-
rents (a vortex) at the head of a shoaling internal wave that induce
strong turbulent mixing and sediment resuspension.
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