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Fig. 1. Bottom topography around the western en-

trance of the Tsugaru Strait together with the lo-
cations of CTD (open circles) and XBT (solid cir-
cles) stations during the July 2012 cruise.
Observation lines from A to L are indicated by
gray lines.
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Fig. 2. Bottom topography in the area enclosed by
broken line in Fig. 1 together with the locations of
XBT (solid circles) stations during the May 2014
cruise. The observation lines from A to G are indi-
cated by gray lines. Open circles show the posi-
tions of floating buoy deployments.
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Fig. 3a. Observational results during the July 2012

cruise. Water temperature in °C at the depths of
50 m (upper panel) and 100 m (lower panel).
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Fig. 3b. Same as Fig. 3a except ship-mounted ADCP current vectors at the depths of 52 m (upper panel) and
100 m (lower panel). Green lines are isobaths of 200 m. The right panel shows sea level difference (An) between
Fukaura and Hakodate during the cruise period. The color of each vector corresponds to the range of An.
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Fig. 4. Temperature-Salinity (TS) diagram based
on all CTD data except for A-line data. Solid (open)
circles designate TS data at stations with (without)
the vertical salinity maximum. Thick line indicates
a lower limit of water temperature for each of sa-
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Fig. 5. Vertical sections of water temperature (upper panels: contours), salinity (upper panels: shaded areas)
and potential density (lower panels: contours) along D, G, ] and C-lines.
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Fig. 6. Salinity sections versus density along D, G, ] and C-lines. Solid circles indicate the salinity maximum at

each station.
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Fig. 7. Horizontal distributions of four properties of the salinity maximum (Spay) water, ie., (a) depth in m, (b)
salinity in psu, (¢) density in oy and (d) vertical gradient of water temperature in °C m™. Stations without Spax
are indicated by crosses.
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Fig. 8a. Observational results during the May 2014 cruise. Water temperature in °C at 100 m depth (left panel)
and sea bottom or the maximum depth of 300 m (right panel). In the left panel, crosses indicate the stations
shallower than 100 m depth, and open circles show the positions of floating buoy deployments.



110 R - (R - BRI - /AR

A DK & RIS 5 720, 1°CHIFETHKH %2 %
FOFERIK, BOKHZEOROFREIRKETERL 7,
100 m J& O /KR53 CEIANETIF O J B AT ICm AR L L
THIHRLTWD, TITRRIRVA, SHhEWNEX T,
COWKIBIEF—LREE L o T3, IEE LTk
3°CLUT ORISR 23 ¥ 7K 8 0 3 < ALl oo Ab e vk &
ISR 5 TR D, B AL AR % 2 TR E
WMEFIZETHHL TS, T OEHAKIZ 100 m Fic A
SNBAIEDO TE%2 S 5ICH FL, EEolEKE LD
RICEEHE R ES/KE 70 v P 2B LTVw3E, 2078
¥ NIRRT 2D 5 H 5, HEEN £ TEA - T
W3 EIICARRD,

Fig. 8b o /cfilic 52 m J§ ADCP Jitei~ 2 bV 434i % 7
T, 7z, Fig. 8b DA ¥l g /7 i & ifgie o m il F
fr b (F1~F4) LAl TR E (11 ~13) CHRUMR L 7235k
7 A D2 DR E 5 % O IERFFEIRZIALE % 65 S5 T
TRT, BB, x IO 74 13FR L RZMTEIRE

(cm)

80
40

0

17:00
5127

52 m

Matsumae

5/28

41°30'N \(\

l
S~

41°10'N
|

140°00'E

140°40'E

7o 2 & (ISR ANEIY) %2739, WK<k Fig. 3b & [
Mefalc, BRI KA ZE Ay OEB %2, k5]
WS LORT, 7, FHBRTHEOTL 72 71 O
W2k EEHNPICF 8Ll 0i52 ML TRT,
52 m J&§ ADCP it 437i (Fig. 8b @ /&4 1% 100 m J&
KA (Fig. 8a &M icAbhzmKEiL b bS5
WA, BERE R SKEEEHE D TR A R A CwB, 2L,
T DL EIFHFIRTATA KIS £ 5 HRF (28 HFER D
BEH) Th b, MMIRPSBMIELATA1E, TOR
BFEHE] D R O RIS > ¢, HEEth I [m > T
L w3 (Fig 8b o4fll), oL & OEF AR
WERATEDT £ o 7t (Fahr 5ikeh), B E 2 iR
(a6 Bt) Th s, MU FR»SBRLZZ4 >0 7
AFwInd, WP CEHE O BRI AN K E (R 7
ZIEFE R 2o TRENABEILTWwS, TOLE
D A N T AR DS KR IR & 2 (Rt 5
Hfn) Th 3,

F-line I-line
(em) —_
120 |
80 ‘A
An 40 / alf
I —
o LLLLLL IIII|I IIIIIIIII|IIIIIIIIIII|II LLLLLLL

F1L\F2 F3 F4
140°00'E

140°40'E

Fig. 8b. Same as Fig. 8a except ship-mounted ADCP current vectors at 52 m depth (left panel) and hourly tra-
jectories of four drifting buoys deployed at Stns.F1 to F4 and three drifting buoys at Stns.I1 to I3 (right panel).
In both panels, time series of sea level difference (An) between Fukaura and Hakodate during the cruise period
are inserted. The colors of vectors and trajectories correspond to the range of An.
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Fig. 9a. Regional bottom topography adopted in the
numerical model calculation shown by isobaths
with 100 m intervals. Dashed lines indicate eastern
and western open boundaries. Buffer area with
large lateral friction is shaded.
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Fig. 9b. Potential vorticity f/H in the area enclosed
by solid lines in Fig. 9a.
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(a) : Horizontal distributions on the 20th day of sea level n in cm (upper panel), volume transport (VT)

vectors in m®s™ (middle panel) and potential vorticity for PV=(f+¢)/H in m™s™ (lower panel) in experimen-
tal case of An. (b) and (c) : Same as (a) except 24-hour mean results on the 20th day in experimental cases of

Aniige and An + Angide, respectively.
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Fig. 11. Same as Fig. 10(a) except in three experimental cases of (a) Hy — 500 m, (b) H; — 200 m and (c) non-

MC.
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Fig. 12. Horizontal distributions on the 20th day of sea level n in cm (a), potential vorticity in m™"s™ (b) in ex-
perimental case of +NSF with volume transport of 0.75 Sv, sea level n in cm for the experimental cases of
+NSF with volume transport of 1.0 Sv (c) and 1.25 Sv (d).
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Fig. 13. Model geometry. The strait has a flat bot-
tom of 100 m depth. Eastern and western dashed
lines indicate open boundaries. Two open oceans
have maximum depths of 1000 m and constant
slope shelfs with a width of Ws=5 ~ 40 km along
the coasts.
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Fig. 14. Results on the 20th day for experimental cases of (a) Ws=40 km, (b) Ws=20 km, (¢) Ws=10 km and (d)
Ws=5 km. Horizontal distributions of calculated sea level  in cm (upper panel) and VT vectors (lower panel).



118 R - (LR - BRI - /AR

D FEREE IR LT, IRREINE SO TR S
nd, —75, PEHIOBEMAE LIRS 02/ ROl
FREMROER AR ZYAETH L, ThWR, B
T & b HEVIERERE E S OERE— F ORE
Bizdt R cE kD, EXE-FEDADI EE
oI N EHE TIRO M ARIZBARNICIAL %55, T
D# z 7% LAUN T3 Ohshima i & MER, 22T, TO
Ohshima 3% B NURANTHIAT % & 5 7 28HE O Bt
B TR L, EFEBIEIC BT 2 BN 09 8RR
EEHTALICE T, REFAFEOYIFRIERICH
WTEHET 5,

Fig. 15 ICTE R L 27 Vv llE2 R 7, v
il 2 H AR 4 O WIS 1 BE R U 72 B R AR I BE L
A & o x il AN AR I B e AL H (x) %25
WL, yE#izmaEicEThdd, 2oy >0l
OEFNCiE Q %25 ZALMEHREBEL, Z Okks» 5
PEM D y < 0 INDIEFEICHE > TET VB S Wi/
T, T4abb, v > 06 EOERFAREIE Ws O
MsHE el s iz iRiEE2E 2 5, BEMAHE Loy
TMEIEPGEERR Q ICE L v EKET L, o
LCWEFES L 72iE V ik, KR L7zKEH £ Hy
ZHWT,

V= et v
pHRBOND, aVFVRTA— () LTS
L, B oIt TH s IR —2 B 13,

i dH__ f Hy—H

P T dx T He Ws 2)

et 58, (2) RO H 3 /KE H (x DB 13,
WA A E Hy TIEBIL T3, koT, g&2EAM
WE L TIE, A —DZEHEE AT Hy, 20T,

le%h (3)
TEBEIN S, EHAHRIMOE IS p(x, vy, t) 21K
TELEE, V>0LhbM NREHESICHELEDHE
W D INEELZ AT B SRR IR E B,

%w%yv?—ﬁ)p—ﬁ%:o (4)
2T, V2=0%0x"+0%/0y*TH %, Ohshima Hlific
fEZE, EMIMEROGHIEBREES R EVE —
T — FoOBEME o8 BERICEKET 5, 22T, F—
= FORMRERLOAZEZE- L, vETIEET 518
AL p 2R OIRIE A &R L RS o TRI TN

DZA-sin(mT;VS X)ei(ly_"o (5)

thd, 2o (5) Rofz (4) NcRAL TEET N
E, ROTEBIRAZE 5,

Bl
(n/2Ws)2+12+12

o(l)=VI+ (6)

Fig. 14 ® & F VR DR L 2 MRFRAGE Q 13, An
=10 cm OKAZEMRFNIFECTH, HBELVTE o R

Strait 5 Y

Q s

M Cgb H(x)

Ws

Fig. 15. Schematic view of the analytic model for
dispersion relations of shelf waves under a south-
ward constant flow (V > 0).



A R 7K O B IBE A~ oD 3L A G 119

M AR OMHEIC X 2 TARIES U & T, RAARHIKE

(B> CEPICHA T 2HAICH 2, ThbD,
Ws=40km Tl Q=159Sv, Ws=20km T 13 Q=
150Sv, Ws=10km < Z142Sv, Ws=5km T 3 Q
=136Sv &k otz, ThbfEz (1) XcfRAL TV
flizsko sk, zhzh, 007, 014, 026, 050ms™ & 7
D, FEE Ws 255 %2212 8 REL s, £ VEHEE
TOVHLIEZ @ Hy = 100m & Hy=1000m & H,, = 550 m
LAZED Wsfl, Z2LTf=96%10"s"% (6) X0%
BRI A L T s - kit % Fig. 16 ic 2 h
TR, NP ORBOMEEIEV >0 ThsmE Mo
FEfEZ R L, o <0FEBOFEBIIF IRV ICHs->T
b MR TR 2 BRI 0 5 HBAfR T H B, TN H DT
HERRIX % 2 2 &, b i A e o Bt b I 1 R L
72 RHAEIE Ws 2510 km & 5 km @ EC, 28kBERIIL L
{EIED o < 058D 5/ FMEFED 0 > 0 SHEAFF 524
ABIEDDB, TOFERIF Ws > 10 km OfERH S
frch i, BRI EERRIC X 2B TIROTEEAH
WETH 2 —7, Ws<10km ®ARHHZGETIEZND
AHgETcH b LERT,

Bl € 7 OVENE CIRBEMIR SN A CEDME S KBS h
Tw3, 2wz, B EEREA RS 2 2Rt
WO EE T — 2T, HERERAT -V (KET
JVTIE 700 km DAL o MG E DO 7 L E VIKOR
IS D, ThEOIRIA IR & HE IR U 72 ik

(a)

Southward propagation [

(b)

06 06
0.4 o - 0.4 -
V > 0: Southward flow

02 4 02 4

Vv=0.07 m s1
0.0 Lygesunpugnuaunriney i

0.0

Frequency : o/f
Frequency : o/f

r

&

S
1

<06 Northward propagation

+ + ! F + + t t !
04 06 08 1.0 00 02 04 06 08 10

Wave number : Al Wave number : Al

F
00 0.2

MAMPER SN EEZ NS, Tihbb, AN
DIAKIZEE I EIK D R EFEIRIC & - TG S e
I oi b, ZNMERM TR 5N 50
A L 7 2B HTH B,

54 EFEORBBRNRAY 5BFBHEK

ARG Catkam L 7o EEESEIOR SR & Rk, XBRER
Db S — DD T H 5 F AR M (AP
bHARWBEA R =Y 7O ETHBISN TV
(Ohshima, 1994), AR A IR D@ E T & 275 5
RIE, Z DS HIRALZEC I U 7o IR e =i 2L %2 TR
Tl THs (FH, 1975), KNEPKEL L L2EFED
FEREROBE FHEE Ims' 282501k L, &M
FEHNS L 3 24 FORER TIMIFEFICHE-> TV 5
(Ebuchi ef al., 2009 ; Fukamachi et al., 2008, 2010), <
CCIREMNRERICEE 575, fHEiEE Ws = 10 km i<
EE L7 il IZ o€ 72 T, BF»HLLTFAM
o CTHRALZE A DS NEL 725 2 E2EL, An=5cm
& An=1cm OKRAZERENICH T2 20 HH O € 7L
% Fig. 170 (a) £ (b) wr$, LB KALn, T
BVT R P IVOIKFERAETH b, KO0 EAEFRHE &
N7 FPVORESFHEELEL TS, 13EA LD
AT ANEEEVE D3 Al 5 8HE I T 7z An
=10cm (Fig. 14 @ (c)) OFERE AT, Kz An 23
Sem 225 lem ic/NE {51z L, PR O R

(c)

0.6 - - 06 - -
A
0.4 o 0.4 50((\?,“\*‘ -
A QO
Y mS = \r/ Rt
s it ~ T
b 02+ \Igo'zé,‘.w””w F B o024 o |
.e ot .e o
pw?® s

5‘ 0.0 - 3 0.0 i o
f= c
S . L9, I
g o
= 04 o= 0.4 L
L '

0.6 - 0.6 L

00 02 04 06 08 10 00 02 04 06 08 10

Wave number : Al Wave number : Al

Fig. 16. Dispersion curve (solid line) and a velocity of southward flow, V > 0, (dotted line) estimated by the an-
alytic model adopting the calculation results for experimental cases of (a) Ws=40 km, (b) Ws=20 km, (c)
Ws=10 km and (d) Ws=5 km.



120 R - (LR - BEE - R

Contour

|
Contour +0
Interval

Interval

:0.1cm
+0.5'\
-
(—0.5“

Ws=10 km Ws=10 km N

Q=0.08 Sv EEEEE

Q=0.40 Sv

Fig. 17. Horizontal distributions on the 20th day of
sea level n in cm (upper panel) and VT vector
(lower panel) in experimental cases of Ws=10 km
with (a) An=>5cm and (b) An=1 cm.

WA ERKAL A ELZ £ S B PIRSTE S N B, T 1idoK
B 75 DR AE - TlEBEEER R 25984 L (Q = 040 Sv
— 008 Sv), PEHHEIEEMRE LR & 15 P iRo ik
DIEEMI O ERIEHE L D /NS 52720 TH D,
Tlhb b, /NS KA DA 13 Ohshima B3 D
THEE 725, U EDEFIVEER?S, FAERKL,
FRETRAFIOE TV Y v BT T D BEMIK & iR
LT BARBLTH B0, FERBERR W E I H AN
HEKZRIRE T 2K TH 2 RENTRB SN S, H
Bric, Kuma et al. (2014) 135 ZF D FEAERIR D KM%
AKil, o E X MU CREIE, 7 3 v WEEOER
B, A>»FoBRHEER, $#x8) 2HO oL, F
BRI O EE TR > THIRICEE T 2 %K (Cold
Water Belt) OREFESHANEFEKTH S Z LxWEL
TWw5,

6. £&O

AHFZE TR, KOZZEBRBIC & 2 Wk FE 4 O TR NS K
12BAT % 712435 (Ohshima #iw) 2> 5 H#EH < h 2 i
EPERET O NEERE T, 2 L CHARH &K D3I
5 BT 2 AR & DBARZ IS s T B2 oI,
I P 11 32 D g R & B O & B E L
T NEFE OEUME € 7V EERE 1T o 7o, RIBFEER & KT
Mo 2 Bl o ¥EPEEC B U 2 R, e T v
0 AAFHERN AR > 72 T 72 BEAANE MHE i & 2 B
AWK 5 DR T AR R D ICERI L 72085, b
PO oS L GRS SMEAN~NTRAL Twb Z
EThoTe, T%bb, JuBEFERMOEME 72 136K
- 2B FIZTE S T vk v, KAz ERE) o E T
EFNVERTIE, BHS BRI E E A K
DEEMHR AT E L CHEL, Zhicsl & @i A
AR 2 RS 5 2 LICk o T S e, AR
AL v BAMIFIC & 5 KIREHE b 2 ER LT,
MEIEPE T DR D S MBBEN~NTRA T 2% L 5 2 Lad
RS NI, D&, WP O LD 5 D
W AIK DR I RNEEIRE CHIH S 0 5 23, MBI
AIKDMEIANL T & 2 K2 B % 72 12 1%, Ohshima
B DINRPNE T H > 7o, LHEEPIRFEMICE T 5 Bi%E
DOFEMRIE I 2 TH b, Z OHiIfESA: 1 Ohshima
HEmCcE SN oHFENThH D, M IIRORE
GLCH 2 BEMIE OEREHRE 2 MmRICEL LTLE 5, #
€ 7 VEHETIE, T OERGERE BT A E 2 5 H
HFINBIETIREE D D/hSRETHD, BEM Lo
FA NI E TR S HIHI L 72, 2w R, BT A KR
WALTH 2O IAKICE > TS h AR T E R 6
NP DTG L 72 B JRATH 5,

2012 4 BB FOEIAC R U 72 A #BH oW Bl <
W&, MBS TR BT A SR O R & 2 R 7
B3, Z OB A & b B IR & v S Btz
AT TUE 7\ T E DR E Nz, MBI AT 8 & O
WG 7S & o db B BRici: 2 S b, LilolE
FEIRE & LB S 0 2 Rk & 5 & 5 EhfEiEic
T, IFEMEMAEIICORSh TR X 5ICAR
%, — O OOl 2 &R & LR R iiEodt



A R 27K D EREEHIE A~ D I AR 121

Hchb, HFEONBERTERE L% N 2ESHAE
PEoTni, 5 —21F 2D &5 HIESMAE LDV
HEMOBWIE ERTH -7z, EB 5D RS BEE %
TEFEREE % > T 5720, ARRONEEE 7V Tl
Hahkw, 5%, ks kK2R Z T,
HAMERE 2> & 0 dbh 8 EER & Tl L 72 % 8 € 7L B
ZATV, HEIEPE TSI E L - BRI N T 2 I RS
OHEL VOB ED S, NEBRERO DR %R L /-
WEEZ TV,

i

KtgeEERT 5I1cdhzb, EAEBHERIHERKL T
JHw/Zs LM ER2ZI LS, LEEFHBOEE =2
U CHIc B 21T - 72, 2012 4B DR E 224 TH B
KHEFAER, ErRIEBW, FHEK, WEBTER, BE
TP, ADNEFRRRAR, FRILZENK & 2014 42485 O B 5%
BEETH HHHE K, MEEIEKICL & b EEHE
LET, £/, Kz Gl T5Icdhih, 240EHRE L
HUORERZE B X CREZEED 5 1338V 72 CERE
DEHFIZOVTHELERE AV FEHELCEE, L
X OEHELET,

References

HHEK (1975) @ FREROMSE. KRB, W, 33, 151-172.

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

Ebuchi, N., Y. Fukamachi, K. I. Ohshima and M. Wakatsuchi (2009) : Sub-
inertial and seasonal variations in the Soya Warm Current revealed
by HF ocean radars, coastal tide gauges, and bottom-mounted ADCP.
J. Oceanogr., 65, 31—43.

Fukamachi, Y., K. I. Ohshima, N. Ebuchi, T. Bando, K. Ono and M. Sano
(2010) : Volume transport in the Soya Strait during 2006-2008. J.
Oceanogr., 66, 685—696.

Fukamachi, Y., I. Tanaka, K. I. Ohshima, N. Ebuchi, G. Mizuta, H. Yoshida,
S. Takayanagi and M. Wakatsuchi (2008) : Volume transport of the
Soya Warm Current revealed by bottom-mounted ADCP and ocean-
radar measurement. J. Oceanogr., 64, 385—392.

BRI - BEEH £ - R0E S (2009) ¢ EHESHIEGE T 2 BB T 5 K02,
HEE e, 85 (1), 1-19.

Ito, T., O. Togawa, M. Ohnishi, Y. Isoda, T. Nakayama, S. Shima, H. Kuro-
da, M. Iwahashi, and C. Sato (2003) : Variation of velocity and vol-

ume transport of the Tsugaru Warm Current in the winter of 1999~
2000. Geophys. Res. Lett., 30,11 (1—4) .

ANPRIELA - BH - @ - (L5 — - AR B (2004) @ #3Ei ADCP
% F o 7ol A g AR A I ) € 0 ADCP o sWELEHULEE 7 o
7 L, ACKAKESERR, 55 (2), 97103

Kuma, K., R. Sasayama, N. Hioki, Y. Morita, Y. Isoda, T. Hirawake, K.
Imai, T. Aramaki, T. Nakamura, J. Nishioka and N. Ebuchi (2014) :
Chemical evidence for the origin of the Cold Water Belt along the
northeastern coast of Hokkaido, J. Oceanogr. DOI10.1007/s10872-014~
0239-3

ATIZESE - B%H & - BH 5 - AR - FESE - IREA - R — -
FUI 4R - =02 - TR (2007) @ FHRTFIGEETT O WK EE
HaRE g e 22 83 (1), 21-35.

FRISERSC « B 2 - BARZESE - FIT 4 - AR — « R D 2> - S e -
ST < AVRIEL - R B (2008) - gl 12 Jii A 3 2 0 BB K.
HEL e, 84 (1), 1-16.

NS (1984) @ EEEQEEL DMWY - BRI DWW T (v R Yy L gk —
EPEAIRSE & 2 O SO 8 ) IR — F, 22 (1), 12
—22.

Ohshima, KI. (1994) : The flow system in the Japan Sea caused by a sea
level difference through shallow straits. J. Geophys. Res., 99, 9925—
9940.

Onishi, M. and K. Ohtani (1997) : Volume transport of the Tsushima
Warm Current, west of Tsugaru Strait bifurcation area. J. Oceanogr.,
50, 27—34.

Park, J.J., K. Kim, and J.Y. Yang (2008) : Aspiration and outflow of the in-
termediate water in the East/Japan Sea through the Tsugaru Strait.
Geophys. Res. Lett., 35, L07601.

PUEEELT (1994) = ¥EESREM ADCP (2 & b SEHI & 4 7 I N o it i
228, HFREE, 26, 815—818.

Yanagi, T.(1976) : Fundamental study on the tidal residual circulation I. J.
Oceanogr. Soc. Japan., 32, 199—208.



122

R - (LR - BEE - R

Inflow process of low potential vorticity water originating
from the intermediate waters of the Japan Sea into the
Tsugaru Strait

Satoki Ida'** Shinji Yamashita? Yutaka Isoda'®, Naoto Kobayashi®

Abstract

Based on hydrographic observations of the inflow pathway from the Japan Sea into the
Tsugaru Strait, we find that upwelled cold water originating from the intermediate waters of
the Japan Sea is concentrated along the narrow shelf to the west of Hokkaido; its modified wa-
ter is transported into the strait via horizontal advection through a counterclockwise circula-
tion. The dynamics of this inflow process are investigated using barotropic numerical models
that incorporate realistic bathymetry. The primary driving force of the current system is the
sea level difference across the strait. The numerical modeling experiments simulate the ob-
served pathway, which is nearly conservative following low potential vorticity and originates
from a thick water column in the offshore deep area. This pathway is highly sensitive to local
bottom topography such that the Mastumae Caldron has a major impact on the formation of
the counterclockwise circulation. If the shelf topography along the west coast of Hokkaido had
a gentler slope, a southward coastal current with high potential vorticity along the shelf could
be established after the northward passage of shelf wave disturbances generated at the strait.
However, the actual topographic condition, ie., a steep slope, drastically slows the propagation
speed of shelf waves and strongly suppresses the genesis of a southward coastal current.
Therefore, the inflow water into the strait must be supplied by onshore advection of deeper
waters, which results in the inflow pathway being characterized by low potential vorticity.

Key words : Tsugaru Strait, inflow process, low potential vorticity water, hydrographic obser-
vation, numerical experiment
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