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A1, AL a v Mz ko Moum 512 & % —E D5
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Fig. 1. Streaks as observed in the SAR images around
the western entrance of the Tsugaru Strait and
AMeDAS wind vectors (green arrows) at Matsumae,
Ichiura and Imabetsu, at (a) 17:34 JST on June 14,
2014 (stratified fluid season) and (b) 05:41 JST on De-
cember 15, 2015 (non-stratified season). The detected
streaks are indicated using the symbols from “a” to
“g” in each image. In particular, streak “a” in (a) oc-
curs in a well-defined wave packet consisting of

three streak bands, indicated with yellow arrows.
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5 06/11 05:49

Fig. 2. Four SAR images as an example illustrating the well-defined wave packet at (a) 05:41 JST on October 9,
2014, (b) 05:49 JST on June 11, 2015, (c) 05:41 JST on July 24, 2015, and (d) 05:41 JST on August 11, 2016.
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Fig. 3. The spatial distributions of all the streaks
superimposed with different colors at each SAR
image during (a) the stratified fluid season (June
to October) and (b) the non-stratified fluid season
(November to April), from 2014 to 2016.

fiotc, WtLD6FHHDER, 32DWADHFRALT
CTD# M %2 L, 2120l s MtC A
CTD1, TyC W23 CTD2, TgB A% CTD3 EMES, 78,
SAEHOEMTD > A BB 288, FEAOEMEM
ZRET DI DIERAET LT ARERETET, 4
FIEB OfE X AL BroiiFdhMss ko7,
SAR Mg CHAM AL > 7z 2 b U — 2 HERD SNl A b
V—2Zigafhimid, s LEHENnE0THNEB— CHi
Lo TpSfHETH A5, LI YWOHMGRLEH - 7,
FEpxic, Eido 25 REEGEB ORKE, TpS 03T
TN 2 ~ 3ARRRE# e o 72 2 b U — 24 & FEEERIC
e 2 KR ME D PRI 23 [F] B 1 B0 & 0 2 W 28 6 - Tz,
ZIT, TOEKIRAMY—=2iEOWKE HIRERZ 7
FEMG AT O HTHAE LT, ERMlo TpS EicE
M, FRilo TogBlic F A2 #i7-IcREL 72,

ADCP BB OAIRFNEZR DY TH 5, BLENEEHR %

140°20’E 140°40’E

139°50’E 140°E

Fig. 4. Map of the stations and the bottom topogra-
phy west of the Tsugaru Strait. Three CTD sites
(CTD1, CTD2, and CTD3) are indicated by open
circles. The locations of Nishi-Tsugaru Saddle
(NTgS), Matsumae Caldron (MtC), Shiragami Sad-
dle (SrS), Tayama Caldron (TyC), Tappi Saddle
(TpS), and Tsugaru Basin (TgB) are denoted. One
cycle of ship-transect following the turning points
A —B—C— D — Aisindicated by solid and bro-
ken arrow lines. The significant internal-wave
packet was tracked perpendicularly to TpS (points
E —F), as determined visually from the acoustic
images (200-kHz echosounder profile).
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Fig. 5. Time series of the hourly sea-level differ-
ence between Fukaura (FUK) and Hakodate
(HAK) in July 28-29, 2017. The gray area indicates
the period covered by six repeated observations
for the ship-transect line A — B — C. Vertical ar-
rows during the sixth observation period indicate
the times of the three CTD casts.
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Fig. 6. Temporal change in the vertical distributions of (a) the acoustic image, and (b) the ADCP current vec-
tors at five depths (26 m, 50 m, 98 m, 150 m, and 198 m). Closed and open circles in (b) indicate the depth with
the maximum velocity at each location and no data, respectively.
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Fig. 7. Magnified view of acoustic images shown by six observations along the ship-transect line E — F. This
section is also marked in Fig. 6. To indicate the temporal change in the horizontal flow, the ADCP velocity vec-
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(a) Acoustic image of the significant wave packet around the downstream side of TpS at the sixth obser-

vation. In this representation, the ship moved from left to right across the surface fronts, shown by green, red,
yellow, and orange arrows. (b) Four photographs of the streaks were taken from the ship-bow at the locations
indicated with numbers from ) to @ within about three min. The region of increased surface roughness over-
lying internal wave troughs, ie., downwelling, is highly turbulent until the depth of several tens of meters, as

described in the text.
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Fig. 9. Vertical profiles of (a) the potential temperature (°C), (b) salinity (PSU), and (c) the potential density (o,)
at three locations : CTDI in red (MtC), CTD2 in blue (TyC), and CTD3 in green (TgB).
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Fig. 10. Temperature-Salinity (TS) diagram at
three locations : CTD1 in red (MtC), CTD2 in blue
(TyC), and CTD3 in green (TgB). Contour lines of

density are also shown.
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(a) Plan view of the channel model with a simple sill topography used to examine the generation pro-

cess of internal waves by barotropic passage flow U. (b) Vertical view of the model. The configuration of the
sill is depicted in the panel. (¢) Vertical temperature profiles observed at CTD2 (solid line) and assumed in the

model experiment (broken line).
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Fig. 12. Time series of the velocity of barotropic
passage flow u (solid line) estimated from the ob-
served six ADCP velocities at TpS (closed cycles)
through the least-square method analysis. The dai-
ly cycle of barotropic passage flow U=0.5u in our
model was repeated twice and half 60 h, and U ap-
peared linearly increased during the initial 5 h
(broken line).
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Fig. 13. Temporal change in the vertical distributions of (a) the horizontal velocity of u (x, t) and (b) the vertical
velocity of w (x, t) with the density field every 5 h along the central line of the channel axis, whose location is
indicated by six solid lines in Fig. 13. The density contour interval is equal to 0.2 o, These results correspond
to the time series of six acoustic images shown in Fig. 7.
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Fig. 14. Space-time plots of (a) the horizontal velocity of u (x, t), (b) the vertical velocity of w (x, t), and (c) the
wave propagation index of P=w (dp/dx) at 100 m depth along the central line of the channel axis. The upper

panel shows the sill topography.
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Observation and model experiments on an internal-wave packet
accompanied by streak bands over the sill topography of Tsugaru Strait

Takuya Yamaguchi'* Yutaka Isoda? Umihiko Itoh? Touru Mukai? Naoto Kobayashi®

Abstract

The Synthetic Aperture Radar (SAR) around the western entrance of the Tsugaru
Strait has yielded well-defined images of an internal-wave packet accompanied by two or
three surface-streaks (surface convergence within the same water mass), which is active
during the stratified season, and whose wavelength is in the order of several hundred
meters. Most of the waves in the packet were observed near the topographically shallow
parts of the sill. Temporal changes were repeatedly observed in the internal waves
confined to the sill using a high-frequency echosounder profiler within one-day in the
summer 2017. The acoustic images suggest that a wave packet of extraordinary
amplitude (> 150 m) has developed transiently around the downstream side of the sill at
the ascending passage flow. This wave packet consists of two or three successive streak
bands, with very disturbed sea surface conditions overlying wave troughs, ie., strong
downwelling areas. The dynamics of such waves developing over the sill is studied
through a fully nonlinear nonhydrostatic numerical model. The vertical fluid stratification
and temporal change of the barotropic passage flow were adjusted to approximate our
observation conditions. The results suggest that the wave packet is effectively amplified
near the downstream side of the sill, where the Froude number becomes a critical point,
because upstream propagating waves on the sill slope stagnate and overlap efficiently. In
this dynamical process, however, even if the wave grows to large amplitude, it does not
form a well-organized solitary wave, but is rather scattered due to the strong dispersion
of waves.

Key words: Tsugaru Strait, SAR image, Acoustic image, internal wave packet,
streak bands
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