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AWFFETIL, Nakamura et al. (2010) 237 & F b 7 {0k
THEM L 72 BRI 2 2Z 12 L <, Wiz s vl
H 5 [n1® XBT (eXpendable Bathy Thermograph) & ADCP
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Fig.1 Left panel shows the bottom topography around the Tsugaru Strait. Symbols of (D, @) and (3 indicate the
locations of the Matsumae and the Tayama caldron, and the Tsugaru basin, respectively. Symbols of a and 3
indicate the locations of the Shiragami and the Tappi saddle, respectively. Right panel shows the detail bottom
topography of our study area around the Tappi saddle. Solid and open circles denote the hydrographic obser-
vation points of XBT and CTD, respectively. Thin solid lines from A to D show the observation lines named by
the present study. Locations of [ai, a2] on A line, [bi, b2] on B line and [c1, c2] on C line are the pick-up grids
to denote time series of ADCP current vectors (Fig. 6) during about one day of the XBT observation.
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Fig.2 Vertical cross sections of (a) the daily mean tempera-

ture and (b) the standard deviation of temperature
along A line.
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Fig.3 Central four panels of (c), (e), (d) and (f) are the same as those in Fig. 2, but along B and C lines. Left hand side
panels are the snapshot vertical cross sections of (a) temperature and (b) salinity along D line. Right hand side
panels are the same as those along D line, but along E line. Shaded area of all upper panels denotes the cold

water than 10°C.
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Fig.4 Left hand side panels show vertical cross sections along the upstream-side D line: (a) density vs depth, (b)
temperature vs density, and (c) salinity vs density. Right hand side panels are the same as those along D line,
but along the downstream-side E line. The modified water across the sill is superimposed on the sections of (e)

and (f) as the shaded area.
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H o< H M o#— s sl EhTns, M
DO~@IE FMNEEOZEE 2 FIAT 5720 0F 5 TH
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FLOMIET B, FrOMFIEET VEHBEREREE D LI,
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Sal.

Fig.5 T-S (temperature-salinity) diagram plotted using the
four symbols shown in the panels of Fig.4 (b) and (f).
Locations of CTD points along D line, which are
distinguished by the symbols “O” at Stns. 1-2, “A” at
Stns.3-4, and “@” at Stns.5-7. All CTD points along
E line are shown by a symbol “+”. T-S area including
the modified water across the sill is enhanced by the
shaded area.
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Fig.6 Left hand side panel shows the time series of pick-up ADCP current vectors along three XBT observation lines
of A, B and C. Temporal change in the vertical cross sections of temperature along A, B and C from the first
time (numeral of 1) to the fifth or sixth times (numeral of 5 or 6). The amplified internal waves appeared at
each sections of A line are named by the numerals from (D to (9.
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Fig.7 Horizontal distributions of (a) current vectors with bottom topography, (b) absolute current velocity, (c)
normalized relative vorticity as function of (f+¢/2)/f and (d) temperature around the depth of 50m. Their
sequence is arranged from the fourth observation (numeral of 4) near the start of accelerating stage of eastward
passage flow to the third observation (numeral of 3) near the end of decelerating stage. White arrow denoted in
the figures of (b) and (d) is a local maximum temperature, which well corresponds to a local minimum

horizontal velocity.
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Fig.8 POM model adopted in this study. (a) Plan view of

the east-westward channel model. A western open
boundary with the sponge area of 10km width has a
barotropic inflow forcing of U. An eastern open
boundary with the sponge area of 25km width has a
radiation condition. (b) Vertical view of the model. A
sill topography represented by cosine function and the
upper constant stratification are depicted in the panel.
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Fig.9 The same indication as the observation results in Fig.7, but POM model results. (A) is the basic case at the

maximum eastward flow time (t=1.5day). (B) is the case without the stratification, i.e., a barotropic model (t
=1.5day). (C) is the case changing the half-slip condition along the north and south coasts into the slip
condition (t=1.5day). (D) is the case without the periodic flow variation, i.e., a steady eastward passage flow

at t=2.0day.
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Fig. 10 Temporal variations of (left panels) eastward velocity: usom and (right panels) temperature: Tsom in the basic
case along (a) N-N" line of the north coast, (b) C-C" line of the central channel and (c) S-S” line of the south
coast. Locations of those lines are shown in Fig. 9 (b). Red contour lines indicate eastward velocity of 80cms’!
at each line, which may be close to the critical velocity with Fr~1.
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Fig.11 Two-layer channel model adopted in this study. (a)
Vertical view of the model with a sill topography
represented by cosine function. (b) Horizontal shape
of “elementary wave: /o(x)” over the sill, expressed
as the equation of (18).
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(c) L-model

n(x,t)

(a) Time variations of the forcing flow conditions Uo(t) for the cases of NL-model (dashed line) and L-model

(solid line) experiments. Temporal changes in the interfacial displacement for the cases of (b) NL-model and
(c) L-model experiments. The amplified internal waves corresponding to the observed waves along A line are
similarly named by the numerals from (D to (9.
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Fig.13 (a) Dispersion curve for the Poincare waves without the passage flow, i.e., Up=0. (b) Amplitude distribution
for the elementary wave induced over the sill. Wave length with the maximum amplitude is close to the sill
width L of 16km. R is the Rossby radius deformation of 8 km. The same dispersion curves as Fig.(a), but
under the constant passage flow of (c) Up=0.5ms" and (d) Up=1.2ms"', respectively. Symbols of “©” and
“O” denote the upstream and downstream propagating Poincare waves with the maximum amplitude,

respectively.

5.3. Y EOBMEIEwWEIZL > THES N BERK
BUMRIRONESE CTH 5 [HARW] OFERAEHLETH

TRW DRI DR % 3 5 & v 9 & 2 )73 Hibiya
WL VIR KEFVIEORE, VLD

EEHwe TH 5 (12) K2 (7)., (8) XzRATHE,

FEARDE D ZEHIREE 1o (x) & E DIREMZAL Uo (t) DFEDOTE

wr(x,t) = 7o(x) Uo(t) (17)
ELTEHSLIENTES. 22T,
DHldnsin( 2£tx
HO(X) = (18)

271X

LlD—g{l+cos(L)H2

LY, ZoRWN LW E Fig 11(b)\IRL:. &b,
Katsumata and Hibiya (2002) THER & 7z AP I,

(18) KO IZZALIC X ZIHZITT% <, HHERDH
A U 2 K BRAERIT 5 ) O 3 B8 v ICBES A IH (fv (2 by
W7 v A LWESEREN) Mz s5hTwa, rh
5 OFERPEIE o+ (U = ¢)/dx DRI E (c1dIEHH
RWDOMAHEEE) 1ZB W Tk T & 2WHE g*n/c+ud
L LTRREINTZHDTH S, KA DOET IV TIEhiE
SNTTERWDART ¥ B VDT & o TRBIZZ
DIREZALE S, S 5ITBHRY UIRZEBMNIC—E TIX
BV EW) B ITEZ b T % b v, RIET
T OMEZFFEIRETIE R L, NoFETHZ
LEERI ZOHELR, HDLHEG ¢ = 0 1R

ALIHD % B L 72 FEAR o (x) DA IG (G 1%
%) B UK ICBT 2 i eniE s Lcik)
2L THAH. TDHiETIE, Katsumata and Hibiya (2002)
DHARP EIFRL ), WERRHEICBTHIT 2R T
CH VDB - B E il LT, KRBT T 1R O
MRS v AC B9 2 AR RIS e > TERBIE B T &
X725,

WE, Kglt =0 OWIfEE LCTIEARWE no(x,0) = 70(x)
52, BUERUC X 0 A S 2R AR G i o 5 4l
) 2,0 &T 5. 2L, ZoMBEORIEO K E
B, BEA R 22T 2 Uo() 2 ((17) N&E D).
IR O T, BEZ 0 2 SEFK « ORICEIE Sz
PRIEATR 72 2 AP OISR 2 TERAEHLELI LI
Lo, W 12BN EBEER AN n(x,t) 2145 2
LNTEL. Thbb, diEilblFEIC B 20 n(x,t)
BRAD 7272 H AR E o TEBT A LN TE S,

nix, 0)= jo (x, t— 1) Un(x) de (19)

(5) Ki2d/dy =0 2 EEXMT &, WBIEU= 0D

LEFVICEE LSS RT v 7 Lo aRI
o=x./f2+g*[k> (20)
LB, TOEE, VUM SEENIKE—EFIR (H =
40m, H>=160m) OF-HlifK % Fig. 13(a) ISR, F
72, HEARY A RIS B KR I HRIE 0 AR 1Y 7 P B o A



L 22 90 B F 3 T

16
AR, no(x)Z Wk TT—" TsinZH L7z

Ak) = fwl?o(x) sin(kx)dx (21)
TOkED. AR OBBIIIEF BRI L 25720,
 ZTIEBAEM IR O 72 Ak) 734 DI % Fig. 13(b) 127K
L7z HWRHRIE & 7 2 9 RId S VIE & 131ZH L L = 16kn
M d D, WEZEEEER = VoA/f = S knD# 2 1%
DOPeFxbD. TOMKIRBOWRL6kmD R T > 7 LIk
(Kb e (CERT 2 E, x oMW G EET 5
WAL ¢ () =0.83ms L& b, B, HHEVY
WV EOKEE (Hy =70m) THRED 5N 5 MAHMEIX ¢ (£)
=0.75ms '& %0, 1ERENILS L. TS5
MR IE 13— € Ol (L7 NV TIEU0 =0.8ms™ ")
CHBEOREESTHY, HRAMBRSIZLIORT V7
VDS LN T E R WHIAAE T 2 2 L 2K
T5. bbb, KEFLVORT VI LIWOREIZIZ
Hibiya BlEm D% % & Ak, W& L 52 70— F
BFr=UlHEERZNRTA=F L 72D,

5.4, EEBERICH T BEERROK

JE IR 70 8 W G i ) OIS & BRR S 5 7201, AT
VEE BT BT B AR OIS K O EE IO W
THEHT L., %61, AMTBIN S N KiEY % H
FHLTH, VO TRMTERED LTSRS BT
OfEREIEH 23 (Fig.2(a)), POME 7 )V O % F il il i
F—ATh, YO TRENHEEFIREOBESI TS
N57:0TH5s (Fig.o(D)). Tabb, KIRIEE 5N
TR & PR 2 AN E R M O MEICNE I L TW 5
LEZD.

SEH BT O—FIE LT, FHEBREIEEIE Us =0. 5ms™!
tUo=1.2ms '@ 2 —A%BEAZ. HHIZI IV ED
—HBTFr> 1 L %20, BFEEHHEHEREAR T > 1 &

HAHBTHAH. —EDOWMIEUND LA, (20) Nk
WUZEE LT 2EET VOS5 EERRIT
Oy=Uk =/ 2+ g*[IK> (22)

LY, K7 —A05HEHRKN (H=160mDI5GH) &
Figs. 13(c), ()X 5. MIEamIZBWT, VAHHEE c OFR
7 A LPFITEHERIEE U TR SN ST 0T,
TARIES 5 WL U+ ¢ (-) OB ALAH S (Kt EN)
LR, BT 2 U+ ¢ (+) O A g
(O &% 5. Up=1.2ms 'OV l@iEor — 2
(Fig. 13(d)) T, LWHFIIAEET 5 W3 EiffEd
T&E%< %Y, Utc(-) RO ED) dU+c(+) (O
D D FREANBIREINTLE) 2 L2%b05b.

(2015)

ZU®IZ, Uo=0.5ms ' — AI2B1F 5 IR DR
IS TR D AR ET S04SR n*(x, 1) % Fig. 14(a) (B
THBALLCTER), Zoft (19 KD7z7-AAAE
a3 % FH e s i B L 7245 3 n(x,t) & Fig. 14(b)
R, WKE IS, MECrER (0 ~3 HFET), #f
B S VRO + 60kmiliPRZ LR Lz x B2 & D, b
FEIE x = 0 kmZ 3k 2 ROMMEFEIOM, Fr=1%&7%
LINIAEMEER TR L7z, 2B, EAREORRIIL =
16km (W% k = 2n/L) ZMRFEEL LR, (20) Xos)
BB Z VT, YV TE LT 5 At & %
Eex)Z/EDY, WL, YV K > TREZEHRZE
b3 2/ ERmHR UK ) 2 ZERB LT, 7)V— FFr=
U, t)e(x) 5 L7z, ROITRAITIMEE, FOIR
LSRR T, S ERRE (Fig. 13(c)) THmEh
7ok 91T, WHMHILEREOFE (Fig. 14(a)) Tl ki
(Fi) EHTHRT7 v A LIRS (L) ki (F
) EELCWD, AT, WAIREEO 55 (1~
4 HRE) OIRIEA S O M G o A%l B i # U T F
WHABHRENTWS, ZOFETERTREIE, L
RIETHRT VA LEDO—FA TV LOFr> 1 %
BBRAHZENTEY, YV ISRz IR LT
WHZETHD., 0L RINEIHERIHEL, &
REDLES 5> Tn5 LIRS %5 DD Fig. 14(b) DFFTH 5.
Z o M BRI X Fig. 14 () O S % B R 5 12 72
T2 HRRABREDT B8, YSRGS O R
T v VIRIZIRIEOFF 523587 5 i - Lo ERE
bEICL T, ZOWEAKEIWMELNE., —F, ¥
WV EOFr> 1 #o Pt S (L%
%) R7 A VEIEF U CMEDER DA T B3
TEL7:0, RIEZWMMEI L ENTESL. O
TR O TIPS A e S b 720, ki
HICIE T IMEOWRIES NS 5. 72720, K7 h Lk
DX Y, SEBETNC B VTS NNk OIRIE S
BRI 59, WBZ M AREICE BB TV 5.

Fig. 14(b) DA KIE ¥ v EORB % i3 % 72012
TERC L7z, SOVEEIN (- L2<x<L/2) OB
ZENE n(x, 1) & 223 L 724l o A I8 22 KRG IXC d
5. WREYASIE E B T OS] % 5@ HIRER] o & IPOY, R
BEME P LT 5. Ar— XA DIREFEY P 135023, TR
Thh, EYEEY (18 1K) X ) bHSLAITKRE W, Z
2T, (22) RO AR % B k TR L TSR
Cgz koL

_doy _ g*Hk
Cg= g —u= 7f2+ o (23)

&R, ERERTLIRT U LEDOCg=0, %5 H
WL



L IR A D M M T L Tk S4B R

U,=0.5ms"" 0 0
(a) no /\ -10-7 -4 - 4 710 x10°
V4 x(km)
092
= . U+C(+)
n 4
> |
g ‘.;‘ // Y \ Geostrophic
\'_/ I | o field
U+C(-) \\
* :‘
n*(x,7)
-14-10-6-2 2 6 10 14 (M)
(b) o ™o
\\g t
,; \ b
©
g \
|/ P
/

Fig. 14 x-t (space-time) diagrams of interfacial displacement
for (a) the initial value problem of the elementary
wave: 11°(x,7) and (b) the continuous forcing problem:
1(x,t) in the case of constant passage flow of Up=
0.5ms". In this case, the region of Fr>1 is locally
formed over the sill. The time variation of 7(x,t)
averaged over the sill: 77.(t) is depicted on the right-
hand side of Fig.(b). After the time of “to”, the
oscillation of 7r(t) with a period of “P” appears.
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Fig.15 The same as in Fig. 14, but the case of Up=1.2ms".
In this case, all regions have Fr>1, and there is no
oscillation after the time of to, reaching to the steady
state.
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Fig.16 (a) x-Uo(space-velocity of passage flow) diagram of steady or quasi-steady state interfacial displace-
ment 7(x,to) in the velocity range from Up=0.2ms" to Uo=1.5ms". The horizontal distribution of the
passage flow U(x) is indicated at the top of figure. A green line denotes the critical value of Fr=1. Values
of (b) steady or quasi-steady state time: to and (c) the oscillation period: P at each Up are depicted on the
right-hand side of Fig.(a). Red line in Fig.(c) is the theoretical period of the Poincare wave with Cg=0

over the sill.
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Fig.18 x-t (space-time) diagrams of interfacial displacement #7(x,t) in two cases of the forcing period of 1 day. One
is the case of (a) dispersive wave, and the other is the case of (b) non-dispersive wave, which has the constant
phase velocity of c==+ \/g*_H . A green line denotes the critical value of Fr=1. Time variation of the periodical
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ERRIET AH. THEPD D202, YV TR
DA - KIBEE 2 FEH L, FEZALT 5 = St
L, il i i & Rl /N 45 o il S 2 ic £ D



L IR A D M M T L Tk S4B R

Jihite S o WIS ORIGEAL 2 R LN H D, NZ
T, KFOKT 2 WL OFAEE T IVE (4 8) TiEY
WV DR FAT T THOE L 72 AR MBS R AY,  BG
FEART U L&D DRERMIZEINE S B R ENER TV
Y % (Katsumata and Hibiya (2002) OF5H%) & K& <
FOREE, FhW R, RIS TR T O LD
B S N EBIRLTwWaA. L L, ZONEy
WUV PEOFERDPIE LW EIR CTH % 2% HIlr$ 5 72
DI, S HITHEEN RME - MR & kT
BOMRERE L EBEOREY I 2L —a v 2l
W R RIS ETH 5.

%’I

3

AWFFE% FhES 212721, HEEREHEIETY 1 O T
B 2 P < AT o TTHW 7226 8 R K BE 7 A T Ao i
ILBAUMEZIILD, LH, RIHUEOBERIEHL X
Y. I AWMXEWURITAICHLY, EHRERED
Jix (2%4) ERMHIEFERERERDP SIFERICTHTEH
WA AY PETHE, LX) EHAL I

SEM

Blumberg, A. F. and G. L. Mellor (1987): A description of
a three-dimensional coastal ocean circulation model.
p-1-16, In, Three-Dimensional Coastal Ocean Models
Vol.4, ed. N. Heaps, American Geophysical Union,
Washington, D. C.

Gill, A. E. (1982): Atmosphere-Ocean Dynamics. Academic
Press, 662 pp.

Hibiya, T. (1986): Generation mechanism of internal waves
by tidal flow over a sill. Journal of Geophysical
Research, Vol.91, No.C6, 7197-7708.

Hitgmadz (1988) @ WMWY Ik DI - (bl iy
FEUREERTSE 2 — &, 25, 2%, 177-190.

SRR - BRI 2 - RWE 78 (2009) ¢t i ek
T & BRED 3 B KA. i 22, 85(1), 1-19.

Katsumata, K. and T. Hibiya (2002): Internal wave genera-
tion by tidal flow over a sill in a rotating channel.
Journal of Geophysical Research, Vol.107, No.C10,
3176, doi:10.1029/2001JC001096.

Mitsudera, H., K. Uchimoto and T. Nakamura (2011):
Rotating stratified barotropic flow over topography:
Mechanisms of the cold belt formation off the Soya
warm current along the northeastern coast of Hokkaido.
Journal of Physical Oceanography, 41, 2120-2136.

Nakamura, T., T. Awaji, T. Hatayama, K. Akimoto, T.

21

Takizawa, T. Kono, Y. Kawasaki and M. Fukasawa
(2000): The generation of large-amplitude unsteady
Lee waves by subinertial K1 tidal flow: A possible
vertical mixing mechanism in the Kuril Straits. Journal
of Physical Oceanography, 30, 1601-1621.

Nakamura, T., Y. Isoda, H. Mitsudera, S. Takagi, and M.
Nagasawa (2010): Breaking of unsteady lee waves
generated by diurnal tides. Geophysical Research
Letters, 33, L04602, doi:10.1029/2009GL041456.

AREN - BEH B mEE W - I E— - R
(2004) : FEEA ADCP % F v 7 08 20 i 1 e it
2 T—ADCP O EHEM T 1 7 Z A—. JLk
KEEGEH, 55, 97-103.

ANHZEZE (1984) @ HEERERE DWW - WOV i
FEERIZE 2 — b, 22(1), 12-22.

Internal tidal waves generated over the sill
topography in the Tsugaru Strait

Saki OHTA™ Yutaka ISODA™
Shiho YOSHIMURA™ Kenya SYOUJI™
Shun ARITA" Kouhei KAWANO™
Xiaorong FANG™ and Naoto KOBAYASHI*

Abstract

Temporal change in the internal tidal waves confined to the sill
topography in the Tsugaru Strait was observed by the repeated
XBT measurements in summer 2011. It is found that the sill-scale
internal waves grew into large-amplitude at two times of the
ascending and descending eastward passage flow with sub-inertial
frequency of diurnal tidal currents. In the three-dimensional
Earth’s rotating channel model, the observed internal waves could
be represented as the Poincare waves generated by strong tide-sill
interaction. To understand physical mechanism of such temporal
growth, a linearized f-plane two-layer hydrostatic model is used.
From the point of view of “elementary wave” emanated from the
sill at each instant of time, proposed by Hibiya’s theory, it is
considered that the Poincare waves appear through the geostro-
phic adjustment process from the initial disturbance of elementary
wave. In the ascending and descending passage flow, i.e., stages
of the moderate flow speed, the Froude number exceeds unity, i.e.,
Fr>1, locally over the sill. In these two times, the effective
amplification takes place near the critical position of Fr=1 at the
downstream side of the sill, because the upstream propagating
Poincare waves are efficiently superimposed there. Similar
condition of a local Fr>1 over the sill is also satisfied under the
steady forcing of passage flow without tidal oscillation, and hence
the quasi-steady internal waves form. However, their amplitudes
never infinitely increase due to the strong dispersive property of
the Poincare waves.



WEZe 090 & % 3 5 (2015
77/

Key words: Tsugaru Strait, sill topography, diurnal tidal current,
internal wave, Poincare wave

Received 27 December 2013 Accepted 18 October 2014

*! Graduate School of Fisheries Science, Hokkaido University
*2 Graduate School of Environmental Science, Hokkaido University
*3 Faculty of Fisheries, Hokkaido University



