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Observations and model data have been analyzed for the Urup Strait, one of the Kuril Straits, focusing on
processes driving the extremely strong vertical mixing. Observations over 1 day on the Pacific side of the
sill of the Urup Strait show the generation of a large-amplitude internal wave (LAIW), characterized by
the depression of potential density surfaces caused by a strong off-sill flow. When the LAIW developed,
the potential density surface of 26.7 g, was depressed downward by more than 300 m, and vertical
mixing was markedly elevated within the 400-m-thick layer 26.6-26.7 g, with a layer-mean (maximum)
energy dissipation rate and vertical diffusivity of 1.2 x10°® (7.9 x 10°Wkg™') and 4.0 x 107!
(2.8 m? s71), respectively. A three-dimensional model simulation of the Kuril Straits driven by the diurnal
barotropic tide reproduces well the observed features relevant to the generation of LAIWs in and around
the Urup Strait. The structure and generation pattern of LAIWs in the Urup Strait are consistent with
those of the arrested lee waves observed in the Hawaiian ridge and Luzon Strait, although the depth at
the top of the sill is far shallower in the Urup Strait. It is suggested that barotropic tidal energy with
diurnal frequency is converted into LAIWs through the excitation of topographically trapped waves with
hydraulically supercritical velocity near the sill top, and it is these waves that are responsible for the

extremely strong mixing on the sill-flanks of the shallow Kuril Straits.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

The volcanic archipelago that forms the Kuril Islands separates
the Sea of Okhotsk from the North Pacific (Fig. 1). The islands are
themselves separated by passages or straits of varying scale, which
are collectively called the Kuril Straits. The Kuril Straits are known
for their strong diurnal tidal flows (Katsumata et al., 2001;
Rabinovich and Thomson, 2001; Ohshima et al., 2002; Katsumata
et al., 2004), and vertical mixing driven by the tidal flow is thought
to contribute to the formation and modification of intermediate
water in the Sea of Okhotsk and the North Pacific (Kitani, 1973;
Talley, 1991; Yasuda, 1997). Mixing in and around the straits is
also thought to play an important role in bidecadal variability in
temperature, salinity, nutrient concentrations, and dissolved
oxygen concentration, possibly through the modification of tidal

* Corresponding author. Address: Center for Earth System Dynamics, Atmosphere
and Ocean Research Institute, The University of Tokyo, 5-1-5 Kashiwanoha,
Kashiwa, Chiba 277-8564, Japan. Tel.: +81 4 7136 6326; fax: +81 4 7136 6327.

E-mail address: itohsach@aori.u-tokyo.ac.jp (S. Itoh).

http://dx.doi.org/10.1016/j.pocean.2014.04.014
0079-6611/© 2014 Elsevier Ltd. All rights reserved.

amplitude by the 18.6-year nodal tidal cycle (Osafune and
Yasuda, 2006; Watanabe et al., 2008; Tadokoro et al., 2009).

The Urup Strait is a shallow passage between the Urup and
Chirpoy Islands, southwest of the deepest passage, the Bussol’
Strait (Fig. 1b). The width of the Urup Strait, measured as the dis-
tance between the Urup and Chirpoy islands, is about 30 km, and
the main channel is located on a steep sill with depth of about
100 m. Because the horizontal and vertical scales of the Urup Strait
are smaller than those of major straits such as the Bussol’ and Kru-
senstern straits (which are 80-100 km width, with maximum
depth exceeding 1500 m), its role in water exchange between the
Pacific and Okhotsk may be minor (Nakamura et al., 2000a). How-
ever, in contrast to the small volume transport, tidal velocities in
the shallow straits tend to be stronger than in the deep straits. In
numerical models, interaction between the strong tidal flow and
steep topography drives extremely strong mixing (Nakamura
et al., 2000b; Nakamura and Awaji, 2004; Tanaka et al., 2007,
2010). Numerical experiments indicate that the depth-integrated
energy dissipation rate exceeds 1 W m™?2 at the sill-break of the
Urup Strait (Tanaka et al., 2007, 2010). Integrated energy dissipa-
tion rates exceeding 1 W m 2 have also been estimated in other
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Fig. 1. Study site, showing (a) the Kuril Straits and (b) the focused area including
the Urup Strait and the southwestern part of the Bussol’ Strait. The large orange box
indicates the domain of the numerical experiments. In (b), observation stations UA
(conducted in 2006, and denoted “St. A” in Itoh et al., 2011) and UC (conducted in
2007 and revisited in the present study, denoted “St. C” in Itoh et al., 2011) are
shown by a pink triangle and circle, respectively. Urup Island, the Chirpoy Islands,
and Broutona Island are labeled Ur, Ch, and Br, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

shallow straits, especially around the sill-break; these are higher
than those in the deep channels in the eastern part of the Bussol’
and Krusenstern straits (fig. 5 of Tanaka et al., 2010).

The first direct estimation of the vertical mixing (turbulent
kinetic energy dissipation rate, ¢) in the Kuril Straits was conducted
in August 2006 using microstructure profilers. In the Urup Strait,
profiles of temperature, salinity, velocity, and microstructure were
repeatedly taken at the Okhotsk-side of the sill over 1 day during
neap tide (Itoh et al., 2010). Intense turbulence was observed, asso-
ciated with a large depression of isopycnal surfaces during the off-
sill flow, or with strong vertical shear of horizontal velocity. While
the former process was interpreted as the direct breaking of a
large-amplitude internal wave, the latter was attributed to interac-
tions between propagating internal waves and background shear.
However, the mean ¢ over the day of about 2 x 1078 W kg~! (cor-
responding to a vertical diffusivity K, of ~107> m~?s™"), yielding
vertically integrated energy dissipation rates of ~0.02W m™2
was smaller than the 1 W m~2 estimated by the models.

Microstructure observations were also performed in August
2007 at three stations on the Pacific side of the sill during spring
tide. Extremely strong mixing was observed on the flank of the sill,
with ¢ of 107° to 10> W kg™ and K, of 107" to 5 x 107 m™2s™".
The 1-day mean ¢ of 10" W kg~ ! corresponds to a vertically inte-
grated energy dissipation rate of ~1 Wm™2, comparable with
model estimates (Tanaka et al., 2007, 2010). The enhanced mixing
occurred during periods of off-sill flow or during the transition
periods from off-sill to on-sill flow that accompanied the depres-
sion of isopycnal surfaces, consistent with the observations in
2006. However, because these two sets of observations were con-
ducted at different sites during different parts of the lunar cycle
(i.e., one on the Okhotsk side during neap tide and the other on
the Pacific side during the spring tide), more data were needed
to confirm the mixing intensity and the processes enhancing
turbulence.

While tidal energy cascades down through various processes
(e.g., Garrett and Kunze, 2007), the importance of direct breaking
of large-amplitude internal waves has recently been highlighted
at several locations with prominent topography such as the Hawai-
ian ridge (Klymak et al., 2008; Legg and Klymak, 2008), the
Amchitka Pass in the Aleutian Islands (Nakamura et al., 2010),
and the Luzon Strait (Klymak et al,, 2012; Pinkel et al., 2012).
Klymak et al. (2010b) parameterized the energy dissipation caused
by the direct breaking of internal waves on the assumption that
internal waves with slower phase speed than the tidal advection
speed are arrested and dissipate locally; this explains the energy
dissipation over the Kauai ridge of Hawaii calculated in numerical
experiments.

Although the term “lee wave” has often been assigned strictly
to the stationary wave generated on the lee side of the slope under
non-hydrostatic conditions that allow internal wave energy to
propagate downstream, the arrested wave on the lee side of a steep
topography examined by Klymak et al. (2010b) was also termed a
lee wave. As investigated by Klymak et al. (2010a), a highly nonlin-
ear wave referred to as an “arrested lee wave” is generated on the
lee-side of a steep and tall obstacle. When the topography is high
enough so that the topographic Froude number Nh,,,/U, > 1 (where
N, h,, and U, are buoyancy frequency, height of the topography,
and undisturbed barotropic velocity, respectively), the lower part
of the water is blocked. In this case the horizontal wavenumber k
is scaled by the effective width of the topography where vigorous
tide-topography interaction occurs, and the horizontal velocity U
is scaled by that at the top of the topography, U,,, instead of U,.
Assuming that the ratio of horizontal and vertical wavenumbers
k/m was scaled with the effective aspect ratio of the topography
o, Klymak et al. (2010a) derived the intrinsic frequency of the
arrested lee wave as @ = Nk/m ~ aN using the hydrostatic approx-
imation. In the present study, this wave examined by Klymak et al.
(2010a,b) is termed the arrested lee wave. However, as both the
diurnal and semidiurnal tides are superinertial in the Hawaiian
ridge, it is yet to be confirmed whether the arrested lee wave is
generated similarly in areas of subinertial tide, such as the Kuril
Straits and the Aleutian Straits.

A numerical simulation for the Kuril Strait area driven by the
subinertial diurnal tide suggested the breaking of waves with small
spatial scale generated at the sill-breaks. Nakamura et al. (2000b)
therefore attributed the strong mixing in the Kuril Straits to these
waves, which they termed “unsteady lee waves”, defined as a var-
iant of a steady lee wave. These waves were assumed to be excited
by a strong oscillatory flow of Up > g/k, and have an intrinsic fre-
quency —kUp o, where k, Uy, and oy are a horizontal wavenum-
ber, barotropic tidal amplitude, and tidal frequency, respectively.
Although the theoretical background of the unsteady lee waves is
still under discussion (e.g., Tanaka et al., 2010), the results of
two-dimensional (Nakamura et al., 2000b) and three-dimensional
(Nakamura and Awaji, 2004) numerical experiments clearly show
that isopycnal surfaces are depressed at the lee-side of the topog-
raphy, resulting in wave breaking and the radiation of wave-like
disturbances.

Tanaka et al. (2010) also performed three-dimensional numeri-
cal experiments for the Kuril Straits, but paid more attention than
Nakamura and Awaji (2004) to the diurnal internal tides that are
dominant around the ridge. Because the diurnal tide is subinertial
in the Kuril Straits, the diurnal baroclinic tides do not propagate
freely, but are trapped along the topography as shelf waves,
referred to as topographically trapped waves (TTWs, equivalent
to the term “coastal trapped waves” of Tanaka et al., 2010).
Tanaka et al. (2010) showed that the internal tide was mostly
trapped near the topography as TTWSs, and more than 80% of the
tidal energy was dissipated locally near the ridge. The vertical
shear of horizontal velocity became strong near the bottom as
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Fig. 2. Observations over 1 day of (a) mean horizontal velocity above 26.7 gy, (b) potential temperature, (c) salinity, and (d) potential density overlain with horizontal velocity
observed at St. UC in the Urup Strait. All variables are plotted against the time since the first VMP deployment. Gray (black) contours are drawn at intervals of (b) 1 °C (5 °C)
and (¢) 0.1 psu (0.5 psu). In (d), gray lines are contours with interval 0.1 g,, while black lines indicate the 26.7 g, isopycnal. Velocity vectors are rotated so that toward the top
of the panel indicates the on-sill (340°) orientation. Black, white, and gray triangles at the top of each panel denote the start time of the VMP, descending CTD, and ascending

CTD measurements, respectively.

TTWs were enhanced, and Tanaka et al. (2010) assumed that this
shear drove bottom-confined strong mixing. However, the detailed
processes of TTW dissipation were not explained. The large-ampli-
tude disturbance found on the lee-side of the sill in their model
(their Fig. 7) suggests that energy dissipation from TTWSs occurs
through the generation of large-amplitude internal waves, espe-
cially at shallow straits such as the Urup Strait.

In the present paper, to elucidate the processes causing extre-
mely strong vertical mixing in the Kuril Straits, we analyze data
from direct observations conducted in 2010 in the Urup Strait dur-
ing neap tide, and the results of three-dimensional numerical
experiments performed by Tanaka et al. (2010). The remainder of
this manuscript is organized as follows. Details of the observations
and the model data analysis are given in ‘Data and analysis meth-
ods’. In ‘Observations in the Urup Strait, May 2010’, we assess the
temporal and vertical variations in flow, water mass, and energy
dissipation rates in the Urup Strait based on the observations over
1 day at the Pacific side of the sill. The model results are first com-
pared with observations at sites in the Urup Strait, and ‘Model data
analysis’ presents the three-dimensional variations in horizontal
velocity, potential density, and energy dissipation rates around
the Urup Strait. Finally, the mixing intensity in the Urup Strait,

the impacts of breaking of large-amplitude internal waves, and
the role of shallow straits such as the Urup Strait in water mass for-
mation are discussed in ‘Discussion and conclusions’.

Data and analysis methods
Observations

Observations over 1 day were conducted at Station UC (Station C
of Itoh et al., 2011) on the Pacific side of the Urup Strait during neap
tide, in May 2010. Over the course of the day, a vertical microstruc-
ture profiler (VMP: VMP500, Rockland Scientific International) and
a conductivity-temperature-depth profiler (CTD: SBE911plus, Sea-
Bird Electronics) mounted on the same frame as a lowered acoustic
Doppler current profiler (LADCP: Workhorse 300 kHz, Teledyne RD
Instruments) were alternately deployed 8 and 7 times, respectively.
For the CTD and LADCP, profiles taken during both descending and
ascending casts were used. The VMP and CTD casts are numbered
sequentially, as VMP-1, VMP2, and CTD-1D, CTD-1U, CTD-2D,
CTD-2U, where “D” and “U” denote descending (downward) and
ascending (upward) casts, respectively.
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Fig. 3. As for Fig. 2 but for (a) turbulent energy dissipation rate and (b) vertical diffusivity. Potential density contours are overlain as gray and black lines, and timings are

shown by triangles at the top of the panels, as for Fig. 2.
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Fig. 4. Depth-integrated energy dissipation rates (a) of the Kuril Straits and (b) around the Urup Strait. Gray contours indicate bottom topography with contour intervals of

500 m. A pink circle within the Urup Strait indicates the location of Station UC.

Turbulent energy dissipation rates & were estimated from
micro-scale velocity data measured by the VMP. We employed
the same data processing method as Itoh et al. (2010). Vertical dif-
fusivity was calculated from ¢ as K, = I'e/N? (Osborn, 1980), where
we assume [ =0.2.

Raw LADCP data were processed using LDEO software
(Thurnherr, 2011), based on an inverse technique developed by
Visbeck (2002). Because the LADCP data at CTD-2U could not be

processed properly due to the rapid drifting of the ship across
the steep topography, the horizontal velocity profile at CTD-2U is
not presented. Although the bottom topography employed by
Tanaka et al. (2010) implies an on-sill direction of ~315° (Fig. 1),
we present the observed velocity data with the vectors rotated
20° anticlockwise (such that the orientation of 340° is at the top
of the figures) to be consistent with Itoh et al. (2011), because
the detailed topography near Station UC has not been confirmed.
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Fig. 6. Time series of potential density anomalies [o,] from the 24-h mean at 90 m (color shading) and of horizontal velocity at 90 m (vectors) around the Urup Strait for
model times from 0:00 to 22:00. Velocity vectors are drawn at 5-km intervals, and those slower than 0.01 m s~! are not shown. Thin gray lines indicate contours of bottom
depth with a 500 m interval, and gray areas are those shallower than 90 m. In (a) the rise within the Urup Strait is colored green, and the small ridge extending from the rise is
indicated by a pink dashed line. Blue, pink, and green boxes indicate areas and periods of off-sill flows. Pink arrows indicate the propagating disturbances. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. As for Fig. 6 but for potential density anomalies from the 24-h mean at 290 m (color shading) and for horizontal velocity at 290 m (vectors). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. As for Fig. 6 but for depth-integrated energy dissipation rates (color shading) and for depth-averaged horizontal velocity (vectors). Pink circles indicate peaks in the
depth-integrated energy dissipation rates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Model data Horizontal and vertical viscosity and diffusivity coefficients were
assumed to be constant, with values of horizontal viscosity and dif-

The model data used in the present study were derived from the fusivity of 10 and 107> m? s~ !, and vertical viscosity and diffusivity
numerical experiment by Tanaka et al. (2010), which used a three- of 1 and 10~ m? s~ !, respectively. Changing these parameters by a

dimensional model for the Kuril Straits driven by the K; barotropic factor of 5 resulted in only minor differences in the energy budget
tide (Fig. 1). The model was run with a horizontal grid spacing of (Tanaka et al., 2010). A second-order central-difference advection
1000 m, and a vertical grid spacing of 20 m in the upper 1800 m. scheme was employed. We analyze the model outputs for surface
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elevation, horizontal velocity, potential density (a constant value of
4.72 kg m~3 is subtracted from the original record with a reference
pressure of 1000 dbar to derive the potential density referenced at
0 dbar), and energy dissipation rates (sum of horizontal and verti-
cal viscous energy losses), recorded for the 10th model day at
hourly intervals. As in Tanaka et al. (2010), the coordinates x and
y are oriented toward the northeast and northwest, respectively.
Further specifications of the parameters and settings of the model
may be found in Tanaka et al. (2010).

Results
Observations in the Urup Strait, May 2010

Potential temperature, salinity, and potential density profiles
showed large variations over the day (Fig. 2). An isosurface of
potential density 26.7 o, approximately corresponding to 1.1 °C
and 33.3 psu, was observed at depths shallower than 200 m until
4:00 (CTD-2U); it reached depths greater than 450 m at 10:30
(CTD-4U), and was again observed around 200 m depth at 23:00.
The depression of the 26.7 g, surface was followed by homogeni-
zation of the upper layer, typically during 6:30-10:30 (CTD-3D to
CTD-4U). This layer was more than 300 m thick, with potential
temperature of 0.9-1.1 °C, salinity of 33.2-33.3 psu, and potential
density of 26.6-26.7 ¢, Once the maximum depression of the
26.7 g, surface was reached, the upper layer began to be covered
by colder and fresher water to become stratified again.

The downward depression of the 26.7 o, isopycnal observed
during 3:30-7:00 (from CTD-2D to CTD-3U) occurred with an
off-sill flow of 0.15-0.27 m s~ averaged above 26.7 ¢,, with max-
imum at CTD-3D. The mean cross-sill flow above 26.7 g, was on-
sill (toward Okhotsk) in the other casts, except for CTD-6D where
it was slightly off-sill, with magnitude less than 0.01 ms~'. The
mean along-sill component above 26.7 g, mostly flowed with the
sill top on its right. The velocity vectors rotated clockwise with
time. Although the profile depths varied as the ship drifted during
and between CTD deployments in areas with extremely steep
slope, available data below 26.7 g, suggest that the direction of
flow was opposite to that of the upper layer, especially from 3:30
to 15:00 (from CTD-2D to CTD-5U). Note that these general results
do not change even under the assumption that the on-sill direction
is 315° (rotating the vectors in Fig. 2 clockwise by 25°), as sug-
gested by the topography employed in the model.

Although the observations were conducted during neap tide,
mixing intensity was remarkably high (Fig. 3). Strong mixing was
observed when the 26.7 g, isopycnal was at its greatest depth at
9:00 (VMP-4), within the homogenized layer of 26.6-26.7 ¢, from
50 to 450 m. Strong vertical mixing concentrated in this layer has
been linked to the formation of intermediate waters in the Sea of
Okhotsk and the North Pacific (Itoh et al., 2011). Intensities of the
mixing inside and outside of the 26.6-26.7 g, layer are compared
in detail here. Mean and maximum of & and K, within the
26.6-26.7 o, layer at VMP-4 were 1.2 x10°Wkg ! and
40x10"m?s7!, and 7.9 x 10°°Wkg~! and 2.8 m?s~!, respec-
tively. Although ¢ and K|, observed in casts other than VMP-4 were
mostly below 1 x 107 W kg™! and 1 x 1072 m?s~!, respectively,
elevated values were observed in the 26.6-26.7 g, layer of each cast.
Mean ¢ within the 26.6-26.7 g, layer calculated from all available
data was 5.3 x 1077 W kg™!, ten times higher than the 4.8 x 108
W kg~! calculated from the data above and below this layer.

The overall results of the observations in the Urup Strait
conducted in 2010 are basically consistent with those in 2006
and 2007 (Itoh et al., 2010, 2011): downward depression of isopyc-
nal surfaces occurred with the off-sill flow, followed by strong mix-
ing. As mentioned in previous studies, we regard this as a breaking

of large-amplitude internal waves. Moreover, these variations in
isopycnal surfaces and enhanced mixing were observed in the sim-
ilar potential density range of 26.6-26.7g, for both 2007 and 2010,
despite the difference in season (August and May, respectively) and
lunar phase (spring and neap, respectively). Detailed comparisons
and a discussion of the mechanism enhancing the strong mixing
are given in ‘Discussion and conclusions’.

Model data analysis

This section analyses the output of the numerical experiment
performed by Tanaka et al. (2010). First, the horizontal distribution
of water-column integrated energy dissipation rates is reviewed to
characterize the Urup Strait relative to the various Kuril Straits.
Then, a direct comparison is made between the observations and
model output over a 24-h period at the same location. Fluctuations
in the spatial structure are considered next, focusing on the
depression of isopycnals on the lee-side of the sill, which we regard
as representing the large-amplitude internal waves in the observa-
tions. The structure and propagation across the ridge are also ana-
lyzed, to understand the properties of the waves.

Variation around the Urup Strait

A three-dimensional numerical experiment by Tanaka et al.
(2010) reproduced large energy dissipation confined around the
Kuril Straits (their Fig. 5), consistent with estimates using altimetry
data and a barotropic tidal model (Tanaka et al., 2007). Fig. 4a is
similar to Fig. 5 of Tanaka et al. (2010) (although it focuses on the
region defined by 100 km < x < 800 km and 100 km < y < 400 km),
and the finer depth resolution of the contours reveals that the
largest energy dissipation occurs around the edge of prominent
topography, such as sill-breaks. These hot spots, with mean depth-
integrated energy dissipation rates typically greater than 1 W m2,
occupy 0.5% of the water volume in the model domain (excluding
the 50 km-wide edge along each open boundary), but account for
48% of the total energy dissipation.

Within the Urup Strait, there are hot spots of depth-integrated
energy dissipation rates around both the northwestern and south-
eastern sides of the sill, where the bottom depth ranges from about
100 to 1000 m (Fig. 4b). The areas slightly below the sill-breaks are
hereafter referred to as sill-flanks. High energy dissipation rates are
also estimated on sill-flanks of the western ridge within the Bussol’
Strait and sill-flanks of the passage between the Chirpoy and
Broutona Islands. It is noted that Station UC is located almost at
the center of the hot spot.

Even though the model was driven simply by the K; component
of the barotropic tide, starting from a horizontally uniform initial
condition, it reproduces well the characteristics of the flow and
potential density structure at Station UC on the Pacific side of the
sill-flank (Fig. 5). Isopycnals were rapidly depressed downward
with an off-sill flow emerging for a limited period from approxi-
mately 5:00 to 10:00. The amplitude of the displacement exceeds
200 m, with the 26.7 ¢, isopycnal reaching 400 m depth. As in
the observations, this rapid depression is followed by high energy
dissipation rates exceeding 10~> W kg~! within the layer above
26.7 . While Tanaka et al. (2010) have already validated the gen-
eral performance of the model, these results further indicate that
the model correctly reproduces the processes causing extremely
strong mixing in the Urup Strait.

To clarify the processes causing the downward depression, tem-
poral variations in the horizontal fields of velocity, potential den-
sity, and energy dissipation rates are examined (Figs. 6-8).
Although the 26.7 o, isopycnal is depressed down to 400 m depth
(Fig. 5), the depth of the main passage of the Urup Strait on the sill
top is 130 m at most. We therefore examine time series of horizon-
tal velocity and potential density at 90 m and 290 m depths. The
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former shows the variability within the whole Urup Strait, while
the latter corresponds to the level where the variations in the iso-
pycnals are prominent (Fig. 5). At the 90 m depth level in the
model, the Urup Strait is divided into two by a rise shallower than
90 m (Fig. 6a; x =320 km, y = 250 km, hereafter referred to as “the
rise”): the main western channel directly connects the North Paci-
fic to the Sea of Okhotsk, while the northern channel connects the
Sea of Okhotsk to the southwestern part of the Bussol’ Strait. There
is, however, no passage between the Pacific and the Okhotsk in the
Urup Strait at 290 m depth (Fig. 7).

The flow around the Urup Strait does not simply pass through
the middle of the Urup Strait but rotates horizontally and interacts
with the flow from the Bussol’ Strait. Because a small ridge (Fig. 6a;
x =320 km) extends southeast from the rise, the flow at Station UC
(Fig. 6a; x =309 km, y = 244 km) is aligned off-sill not only when it
passes through the main passage of the Urup Strait (4:00-10:00 at
90 m, blue boxes in Fig. 6¢-f; 8:00-10:00 at 290 m, blue boxes in
7e-f), but also when it comes through the western end of the Bus-
sol’ Strait (10:00-18:00 at 90 m, pink boxes in Fig. 6f-j; 12:00-
18:00 at 290 m, pink boxes in Fig. 7g-j). On the Okhotsk flank of
the sill, the off-sill flow is excited simply by the cross-sill flow in
the main passage, which is evident from 16:00 to 20:00 at 90 m
(green boxes in Fig. 6i-k) and from 18:00 to 22:00 at 290 m (green
boxes in Fig. 7j-1).

Off-sill flows on the sill-flanks are generally followed by prom-
inent negative (light) anomalies of potential density, indicating the
depression of isopycnal surfaces (Fig. 5), both on the Pacific (6:00-
18:00 at 90 m, Fig. 6d-j; 10:00-18:00 at 290 m, Fig. 7f-j) and the
Okhotsk sides (16:00-20:00 at 90 m, Fig. 6i-k; 18:00-22:00 at
290 m, Fig. 7j-1). Disturbances emanating from these negative
potential density anomalies are detected to the south from the
Pacific side of the ridge from 8:00 to 14:00 at 90 m (pink arrows
in Fig. 6e-h), and to the northwest from the Okhotsk side of the
ridge from 16:00 to 20:00 at 90 m (pink arrows in Fig. 6i-k).

Variations of the depth-integrated energy dissipation rates on
the two sill-flanks of the Urup are out of phase (Fig. 8). The peak
energy dissipation rates as indicated by pink circles in Fig. 8 occur
from 10:00 to 12:00 (Fig. 8f-g) for the Pacific side, and from 20:00
to 22:00 (Fig. 8k-1) for the Okhotsk side. The timings of these peaks
correspond approximately to the deep isopycnal depressions
caused by the off-sill flows seen at 290 m (Fig. 7).

Variability across the ridge

The large-amplitude depressions of the isopycnal surfaces in
the Urup Strait associated with the off-sill flows are not attribut-
able to fluctuations of the low-mode TTWSs propagating along iso-
baths (Tanaka et al., 2010). As the structure and fluctuation of the
depressions are consistent with observations from the present and
previous studies (Itoh et al., 2010, 2011), we follow Itoh et al.
(2010, 2011) in referring to these disturbances as large-amplitude
internal waves (LAIWs). Although the fluctuations within the Urup
Strait are more complex than simple two-dimensional oscillatory
flow, we detect the propagation of disturbances toward the north-
west and the south of the Urup Strait (Fig. 6). Therefore, we analyze
the spatio-temporal variability along lines located northeast and
south of the ridge of the Urup Strait.

The normalized surface elevation anomalies are seen to propa-
gate away from the Urup Strait toward the North Pacific and the
Sea of Okhotsk, along the lines P and O, respectively, as shown in
Fig. 9. The marked positive disturbances emanating from the Paci-
fic sill-flank (r = -18 km: Fig. 9¢) at 8:00 and the Okhotsk-side sill-
flank (r=10km: Fig. 9b) at 14:00 propagate with approximate
speeds of 0.78-1.3 and 0.56-1.3 ms™!, respectively; they corre-
spond approximately to the negative potential density anomalies
at 90 m. In front of the fastest propagating positive elevation
anomalies, velocity vectors are broadly aligned away from the
ridge along P and O (downward in Fig. 9¢ and upward in Fig. 9b),
which is consistent with the structure of propagating inertia-grav-
ity waves (Gill, 1982). Velocity vectors of other propagating distur-
bances, including those with slower propagation speed behind the
front, are not aligned with P or O, suggesting propagation in other
directions.

Fig. 10 shows cross-sections of potential density anomalies and
velocity components along the lines P and O for the periods of
LAIW generation and for the propagating waves detected in
Fig. 9. The off-sill flows extend down from the sill from 08:00 to
10:00 on the Pacific side (from 16:00 to 18:00 on the Okhotsk side),
enhancing the negative potential density anomalies that denote
the LAIWs (see Figs. 5-8), and a complex interleaving structure
develops by 12:00 on the Pacific side (at 20:00 on the Okhotsk
side). The progressive wave fronts detected in Fig. 6 and Fig. 9 ema-
nate from intense cross-slope velocity components corresponding
to LAIWSs.
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Fig. 9. Hovmoller diagrams of the normalized surface elevation anomalies (color shading) and the normalized horizontal velocity at 10 m (vectors) along transects away from
the Urup Strait. (a) Location of the lines toward the Pacific (Line P) and the Okhotsk (Line O), (b) and (c) Hovmoller diagrams along Lines O and P, respectively. To eliminate
barotropic tide signals with large spatial scale, along-line means from 30 to 100 km and —30 to —100 km are first subtracted from the raw records of surface elevation and
horizontal velocity, and then the data are normalized with respect to time. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Although the model is driven by the diurnal tide, the LAIWs last
for only a fraction of the diurnal tidal cycle near the ridge. As seen in
Fig. 10, the enhanced off-sill flows generate the LAIWs with an
aspect ratio similar to the top of the sill. The linear hydrostatic dis-
persion relation w? = k?N*/m? +f2 (k, m, and f are the horizontal
wave number, the vertical wave number, and the inertial frequency,
respectively) indicates that the generated LAIWs have an intrinsic
frequency w independent of the tidal frequency. Their aspect ratio
is estimated as o = 0.05, based on the horizontal and vertical extents
of negative potential density anomalies at the sill-flank (~10 km
and ~500 m, respectively; Fig. 10c-f), Their intrinsic frequency, o
N, is estimated roughly as 2.2 x 10~# s~ (corresponding to a period
of 7.8 h) using the mean buoyancy frequency of 4 x 1073 s~ in the
upper layer. Although these estimations by eye are approximate, the
horizontal scale of the negative potential density anomaly (half the
wavelength) is obviously not determined by the full width of the sill
(20-25 km, as measured from the top to the base where the bottom
depth is ~3000 m), but is related to the “effective width” (Klymak
et al., 2010a) of the sill that is likely relevant to the vertical scale
of the negative potential density anomaly.

Propagating away from the sill, the negative potential density
anomalies decrease in amplitude and their spatial extent is modi-
fied (Fig. 10e-f). The propagation speed of 1.3 m s~! and horizontal
wavelength of ~ 30 km recognized in Fig. 9 require a vertical wave-
length of >1500 m (~1700 m, assuming N=4 x 107357 1), sug-
gesting a modification to the low vertical mode structure.

Discussion and conclusions

Large-amplitude internal waves

Results of the 1-day observations and the three-dimensional
numerical simulations have both shown strong mixing on the

lee-side of the sill of the Urup Strait, following the generation of
a large-amplitude internal wave (LAIW) caused by the off-sill flow.
The vertical scale and generation pattern of the LAIWSs are consis-
tent with previous observations in the Urup Strait (Itoh et al., 2010,
2011). While neither the observations nor the model can resolve
the cascading processes from the LAIWSs to viscous dissipation, it
is reasonable to conclude that the strong mixing is caused by
breaking of LAIWSs.

The structure and generation pattern of LAIWs are similar to
those of unsteady lee waves (Nakamura et al., 2000b; Nakamura
and Awaji, 2004) and arrested lee waves (Legg and Klymak,
2008; Klymak et al., 2010a,b). All these waves are amplified on
the lee-side of steep topography, characterized by the depression
of isopycnal surfaces; in addition, they break directly, giving high
energy dissipation rates. The generation of these waves is obvi-
ously different from the linear response to tidal flow, such as freely
propagating internal waves generated by a superinertial tide or
TTWs by subinertial tide. As in Klymak et al. (2010b), the develop-
ment of arrested lee waves over high topography requires that the
intrinsic frequency «N is greater than the tidal frequency, because
the waves need time to be established before the flow reverses.

According to Nakamura et al. (2000b), unsteady lee waves are
generated when the tidal amplitude is large enough so that
Uo > affk. Although the theoretical validity of the intrinsic fre-
quency —kUy * oyis still under discussion (Tanaka et al., 2010), this
condition is actually equivalent to that for the arrested lee wave
over high topography, because kU is the maximum frequency of
the quasi-steady lee wave generated by oscillatory flow (Mohri
et al., 2010). In the case of high topography, as for the Kuril Straits
where Nh,,,/U, > 1, the horizontal wavenumber k is determined by
the effective width of the topography that depends on the vertical
wave number m, as shown by Klymak et al. (2010a), rather than
simply by the full width. Although Nakamura et al. (2000b) did
not explicitly consider blocking, they diagnosed the scale of k from
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their model results instead of deriving the scale from the full width
of the sill. As mentioned in the Introduction, the assumption of k/
m ~ o scales the intrinsic frequency of w ~ aN (Klymak et al.,
2010a). Therefore, we assume that the unsteady lee wave is phe-
nomenologically the same as the arrested lee wave. Although a dis-
cussion of the theoretical validity of the unsteady lee wave is
beyond the scope of this paper, the intrinsic frequency of —kU,
instead of —kUy * oy derived by Tanaka et al. (2010), is consistent
with the theory of the arrested lee wave under the assumption k/
m~ .

The LAIWs observed and numerically reproduced in the present
study also have features in common with arrested lee waves. The
negative density anomalies caused by the LAIWs have a similar
aspect ratio to the top of the sill topography, and the estimated
intrinsic frequency is higher than the tidal frequency, consistent
with the conditions permitting lee waves to develop. Although
we assume that the arrested and unsteady lee waves are phenom-
enologically the same, the characteristics of the LAIW in the Urup
Strait are more readily explained in terms of the theory of arrested
lee waves than that of unsteady lee waves.

However, there is a difference in topographic parameter range
between the Urup Strait and the analyses by Klymak et al.
(2010a). The water depth at the sill-top is shallower (~100 m) than
the vertical scale of the wavelength of the lee wave (2wU,/
N~1600m with N=8 x 1035~ and U,=2ms') assumed in
Klymak et al. (2010a). Although the vertical scale estimated from
the parameters at the sill-break (27nU/N~880m with
N=48 x103s"! and U=0.67 ms™') is comparable with that of
the LAIWSs (twice the vertical scale of the negative potential density
anomaly of 400-500 m; Fig. 2, Fig. 5 and Fig. 10), it is obvious that
the observed and modeled LAIWs are not the high-mode waves
examined by Klymak et al. (2010a).

Another question is how the amplitude of the arrested waves in
the Urup Strait becomes so large. Although the strong tide-topog-
raphy interaction is fundamentally responsible, we suggest that
two underlying processes catalyze the amplification. The first is
the intensification of TTWs. The energy of the barotropic tide with
diurnal frequency is primarily fed into the TTWs, and stays on the
topography. The clockwise rotation of the flow observed and mod-
eled at Station UC in the Urup Strait is consistent with the occur-
rence of the TTWSs. The sheared flow of the TTWs effectively
interacts with the tall sill of the Urup Strait that is likely to block
the barotropic tide. The critical role of TTWs in driving the high
energy dissipation rates in the Kuril Straits was also indicated by
Tanaka et al. (2010) through the experimental result that the
energy dissipation is halved when f=0. We assume that this is
because the energy conversion from barotropic tide to TTWs does
not occur, which would otherwise be followed by enhancement of
the cross-sill flows. However, dissipation hot spots at the same sill-
flank areas with lower magnitudes that are predicted with f=0
(Tanaka, 2010) suggest that direct breaking of internal waves at
the lee-side of the topography is still the primary cause of energy
dissipation.

Second, if the velocity of the tidal flow over the sill exceeds the
phase speed of the internal waves (i.e., the internal Froude number
exceeds unity), then energy accumulates on the lee-side of the sill.
This mechanism was proposed by Hibiya (1986) for tidal flow over
a small obstacle. Although internal waves with diurnal frequency
cannot exist in the Kuril Straits, the present study has shown that
the intrinsic frequency of the LAIWs in the Urup Strait can be
superinertial. The occurrence of freely propagating inertia-gravity
waves in the subinertial area is consistent with Katsumata and
Hibiya’s (2002) analytical study of the tide-topography interaction
in a rotating channel. While the flow with Froude number >1 traps
all internal waves propagating upstream, weaker flows also arrest
those with higher vertical modes that have slower phase speeds,

which was the key point of the parameterization by Klymak
et al. (2010b).

To examine this second hypothesis broadly in the Kuril Straits,
we compare the phase speed of first-mode internal waves in the
non-rotating limit as calculated by the initial model density field
and the maximum magnitude of the barotropic velocity across
the topography during the 10th model day (Fig. 11). Although
the phase speed of the inertia-gravity wave is faster than that
in the non-rotating limit, the large Froude number of O(10) within
the shallow straits implies that even the inertia-gravity waves are
trapped there. We assume that kinetic energy is concentrated on
the lee-side of the sills by these hydraulically supercritical flows,
which amplifies the waves and results in their breaking.

Vertical mixing in the Kuril Straits

While we have focused on the variability around the Urup
Strait, the discussion is directly applicable to other shallow straits.
In the Rashowa Strait (sill-top depth of ~500 m) in the northern
part of the Kuril Straits, LAIWs were observed in the lee-side of
the strait accompanying prominent patches of density overturn
(Dr. Satoshi Osafune, Japan Agency for Marine-Earth Science and
Technology pers. comm.), consistent with our suggestion. The
model used in the present study (Tanaka et al., 2010) has predicted
similar variability in potential density, horizontal velocity, and
energy dissipation rates for other shallow straits, with LAIWs on
the lee-side of the sills and high energy dissipation rates (not
shown).

However, high energy dissipation rates are not only found in
shallow straits. In Fig. 4, vertically integrated energy dissipation
rates higher than 1 W m~2 are predicted within the Bussol’ Strait
(x =340-420 km) and on the bank (also referred to as the Vytiaz
ridge) lying on the Pacific side of the main ridge.

Direct microstructure observations at the top of the sill at the
western end of the Bussol’ Strait are shown by Yagi and Yasuda
(2012), and observations and model data at three sill-flank points
around the seamounts within the strait are investigated by
Tanaka et al. (2014). In addition, Yagi et al. (2014) estimated the
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Fig. 11. Distribution of (a) phase velocity of the first-mode internal waves in the
non-rotating limit, (b) maximum magnitude of barotropic velocity across the
topography, and (¢) maximum Froude number as calculated by dividing (b) by (a).
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distribution of ¢ by applying a method using density inversions to
tide-resolving density observations. Yagi and Yasuda (2012) and
Yagi et al. (2014) found enhanced ¢ exceeding 10°® W kg ! in the
600-1300 m layer at the top of the sill. They suggested that low-
mode shear of TTWs and mean flows were responsible for this
enhanced mixing. Tanaka et al. (2014) similarly concluded that
the low-mode shear of the TTWs causes elevated vertical mixing,
although energy dissipation rates are relatively low over the north-
western and southeastern flanks of the seamount. However,
although Tanaka et al. (2014) detected the propagation of the
TTWs around the seamount, correlation coefficients between the
vertical shear associated with the low-mode TTWs and energy dis-
sipation rates are not high enough to enable us to explain the
occurrence of strong turbulent mixing without considering addi-
tional mechanisms. We therefore presume that the interaction
between the topography and a cross-topography component of
TTWs is significant: sheared TTWs not only break directly as sug-
gested by Yagi and Yasuda (2012) and Tanaka et al. (2014), but also
generate internal waves even in deep waters. This presumption is
consistent with the model results in that the dissipation hot spots
are distributed over the sill-flanks and the areas where isobaths are
inflected (Fig. 4).

The energy dissipation caused by the direct breaking of arrested
lee waves considered by Klymak et al. (2010b) scales with the cube
of the barotropic forcing. Assuming that this scaling represents the
energy dissipation in the Kuril and Aleutian Straits where the diur-
nal tide is dominant, the variations in the energy dissipation
caused by the 18.6-year nodal tidal cycle should be substantial:
11% and 19% of the modulation rate of the K; and O; constituents
yield up to 37% and 69% variations in the energy dissipation,
respectively. However, estimates of the magnitudes of the energy
dissipation require the complete expression for the baroclinic
energy production over steep topography. The parameterization
used by Klymak et al. (2010b) that explained the energy dissipa-
tion at the Kauai ridge employed a formulation for a superinertial
tide over a knife-edge topography (Llewellyn Smith and Young,
2002). However, this is not applicable to the subinertial tides of
the Kuril and Aleutian Straits. Note, though, that the numerical
model used by Tanaka et al. (2010) predicted that more than 80%
of tidal energy was dissipated locally, a much higher value than
the 30% suggested for the semidiurnal internal tides (e.g., St.
Laurent et al., 2002).

The present study has shown that tidal mixing is extremely
strong within the Urup Strait, and possibly in other shallow Kuril
Straits. Because the strong mixing is generally concentrated within
the LAIWs, the volume transport is likely to occur within a specific
layer (Itoh et al., 2011). Even though the season and lunar phase
are different for the observations in 2007 (Itoh et al., 2011) and
2010 (present study), the strong mixing is confined within the
same layer of 26.6-26.7 a,. Therefore, we confirm that the layer
of intermediate waters in the Sea of Okhotsk and the North Pacific
with a potential density range of 26.6-26.7 ¢, becomes thicker in
the shallow Kuril Straits including the Urup Strait. However, the
thickening of intermediate waters at greater densities is likely to
occur in deeper straits, because the layers of enhanced mixing
were found at deeper layers in these straits (Ono et al., 2007;
Yagi and Yasuda, 2012; Tanaka et al., 2013). Future studies incor-
porating intensive observations and higher-resolution numerical
experiments resolving wave breaking processes will aim to quan-
tify the water mass formation and its impact on ecosystems and
climate.
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