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Tides and Tidal Currents in the Tsugaru Strait

Yutaka IsopA® and Kazumi BABA?

Abstract

To understand the characteristics of tides and tidal currents in the Tsugaru Strait, the
non-linear interaction between tidal current and a flow passing through the strait from the
Japan Sea to the Pacific Ocean is one of the important dynamics of tide, which has been
already suggested by Ogura (1933). In the present study, such non-linear interaction was
investigated with use of two-dimensional numerical and one-dimensional analytical models.
It is shown that the influence of the secondary flow generated by the non-linear interaction
is large, when the tidal period is longer or the lateral gradient of tidal current amplitude is
larger.

Essentially, both of semi-diurnal and diurnal tides in the Tsugaru Strait are the standing
waves which have phases of tides about 90 degrees different from those of the tidal current,
and they are understood with a composite of the incident waves entering from both sides of
strait. The semi-diurnal tide is in-phase in all of the strait and tidal current is relatively
weak (25-30 cm/s). For the diurnal tide, & node like as the amphidromic point is located
near the western entrance, and then the diurnal current is most dominant (60-90 cm/s) in the
strait. In the range of diurnal period, the secondary flow is effective (its maximum ampli-
tude is about 40 cm/s), and hence the diurnal current phase due to the standing waves is
remarkably changed.

Key words : Tsugaru Strait, Tides and tidal currents, Non-linear interaction
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BLP< 0 20km & k5 (Fig 1 281), BEEKRCE D S8 7 3 M BB, 5 2K
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Fig. 1. Model geometry (contours in meters) and coordinate system around the Tsugaru Strait.
The dotted region is a buffer region where the lateral friction is set large.

HBIERER/LTVS, BEBRNO—RLE L @RERT L Fig 20k 5k s, Hik
FHAME M2 58T, BABE K1 4EcREs €, nRERIANEER BLE%HF, 1983) &
/NEZ (1984) OWFRMEREH VT, M2 58 & K1 S8 0O#0L & 850 FE 8o ik 5
2> TV bOTH S, RO LERICKBEAR S, TRICKRELMMEERL, BFDO
EIRAMNAEOH S, ®HZILEEREORE, @HNEMHRRAS S L MBERCEETL,
BEZHERMICF>T 7oy P LTWE, ZORE, S ORIEIX M2 48R KL 5@ LD KX
{, WAL HWBEO/NS EEKNED» S KFERD» - THEML T3, $i, BESEOERL
LIILIERE (@) BENEBE (O) LYK WERERS S, KFEEAID SBAT 28K
HREEOEERZI CnE I LBRBIN S, M2 FEOBLOMEY 4 2 &, BkOFEH & 5=
RITH 15 B (05 R BEOTHhIZH 2 b D0, BREROBTEY T, —F, K1 480
BIOAIARE, AFEEAL S BABRIC AT TR 45 E SR BhTwa, iz, ElmOMfE
BT, BECHERT 2EHSC RS EELBSE NS, 2L T, HROFEHEERE
OFEZERF IS0 E LA D, HAEE L KERACRBTRASIZITEC RS, £, WAIEE
i M2 58 K1 S8 L D RS0 BS ¥, BRIREIES 42 & M2 508hb5 25~30 em/s, K1 43
HHH 60~90cm/s THYD, HEABMY DI 2~3 fEXE v, /JNHE (1984) HEREL 72 BHEE W
AIAEBARR & i, FHEB OB & @i Oz 90 B TEERN s EE P RTORNL, HAE
FOBNL & FIF OAIHEZE I 20~40 B CHEITEN BB 2R T I L TH 3,

B (1933) 13 RO ICBET BRI L ORISR RHE T 2701, HikEhrER T
2 HEOHBEFNT A BKE LIz 1 RITTABE TV 2R L, $ESHEME & MAIEE L ok
Ba2fTr->Tw3, ZO#HR, $FHABMRFEECRE{EHRIL2ONL, HE@MEEFVEE
fEE KAMESKE S RS Z L 2EBRLTCW3, Hig, ERAED L EOORBIE WERCE
T 2EEESE G, i, JOT—HOFRERELT, WOEERHL-#BICL - TERILLE
WEET & IR OMEFTIERI L o T, BIRANOBIL OIRIB & AHAHSA & < ER IR TV 3 aJhEl
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Fig. 2. Upper panel shows the observation points of tide (s : Hokkaido side, O : Honshu side)
and tidal current (@) in the Tsugaru Strait. Lower panels show the amplitude of tide and
that of tidal current and their phase lag (lower figure) along the longitudinal axis of the
Tsugaru Strait for M2 (left panels) and K1 (right panels) component tides.
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FTILERR & MR OIS EER 2 A 2 KITTOKRME T FVICER D AN TEEBRA O
W HESAEERL, BiZ, TOBRENFELE L EEEIS MO 1 RKTTKEOBE L BT E 7
NI SEWDOERBEC O WTEERTE S,

K2 RITEDEUEET
EFNOBE

EFVEEE Fig LR U7 B E s ¢, 1 7Y v Fid 2km X2 km DIEFKF THEE
L7z, ¥ElRSL D 1,000 m DIBEOFRIZ—FE AR 1,000m & Uz, FHERFZ 7 v 713 CFL &4 %
Wz 108 L L, M RELT: 6 A CRERS 21TRY, RED 6 FHHE 2R/ 12,
Rvwi B8R L EENE TROEY TH 5,

u ., u, ., _ B %u , d%u Tox

ot luax+uay ﬁ)— g_TLax—{-Ah( 8x2Tay2> po(}lb"_ﬂ) (1)
OIS S €S- A NN

o +uam+va—y+fu— ay+A"( aszagﬁ) PV ET) (2)
S H b+ 2 (H A n)o} +-8E=0 3)

ZIT, z,y 8 Fig 2 R L7 8BEICH 5 1IZIZEAAM L 2 OEXAAREL, v, it «,
y HEADRERD ThH 5, t [IB5HE, 7 ZBILHE D S OKNRE, po (=1g/cm’) BIEFKEE, f=
9.64X10°s 1 ZA YA VNT A =%, ¢g=980cm/s* ZESIMEETH 5, KFEEKEMEES 4,
it Fig. 1 ORHEMEEN T 1X10°cm?/s & —EIZ L, /v F TR UL EER Cikiigd o B @
o T A, BRIICHEINE Y, BERT2X100em?/s L2 5 LS IKHEL 2. Z BB AOREL
ATHELTLICREL REDEM D TH B, 700 Ty 13 2, y FADEBEEBEHERL, B
B2 R Al WRATERS LS,

Tox =poy3u VU +v° 4)
Toy Zpo'yi’v \/m (5)

ZZT, v} (=0.0026) IEEEBRETH D, BEEDOEREAIZL T nonslip & L7z,
HERIIC B 2 MBI IEROKRE 3D S5EZ THIERTE 220, BIENOEYIZR
R RAMBIER BT 3 AMEEH I k> THR L,

n=A-cos(ct— )+ 47 (6)

ZZT, ARBORR, o ZMYEER, 6 1BATH S, BEEEOBERORE NI, AN
ERTFEHROAMZLEZ 5N T3S, ZOAKIZE L Unoki and Isozaki (1965) 1= & iuifFEHiw
I2BVIEHZHO0, HEEBHBAFEEMED BEIZ10~40cmBEE I LBTRBIATL
%, XTI TEREFNVEETR, ZOBECHABRBERD dy 0AEZELIEHEERTRY,
dp=385cem D& ERROBFRIGLTHEBEERT 5 Z L85 TE Tz, Fig 3(a) i23E-%H (1979)
BV RERESHR (EFRRS) T KEFVRIVHEIRETEER? MV ERFEEOK

Fig. 3. (a) Horizontal distribution of the observed surface mean current (after Hori and Nitta, 1979),
which indicates a flow passing through the Tsugaru Strait. The region with a current speed more
than 2 knot is dotted. Calculated current vectors (a) and their amplitude (b), forced by the sea
level difference (47 =35 cm) between the Japan Sea and the Pacific Ocean.
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EoAEE (b) & (c) WinL, WHEE2HE LI, BRM e KEHORIERcERENE 2/ v b
Lo (Fig 3(a) DNy F4R) 13, Fig 3(c) O 100cm/s LA DO L L TIEIZECYE
BIEBREIhTWS, 2720, KF2RTETFVTIRERED S EEBRAFEERE U THAT
LNEBRORETE RV, ZOH, BRNTRET 2FLEBCHECEE SN2 BREBAIO
B B - Tl S BBRNICE» > T3 (Fig 3(b) OfiE~7 b O FA%(2E
1),

w5 - BROBR
FHEWE M2 28 CGRBIRM 124 FeH) <, BA®I K1 5% GaRIEH 23.9 B TRE

Table 1. Harmonic constants of tide at the east and west open boundaries.

Period West boundary East boundary
Arp. Phase Amp. Phase
(hour) (cm) (deg.) (cm) (deg.)
M2 124 3 120 33 104
K1 23.9 5 315 25 135
(l) A “zoc. o sealevel (b) A 'l'|=35°. o setlevel
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Fig. 4. The grid points along the longitudinal axis of the Tsugaru Strait are indicated by the
dotted marks in the upper panel. Lower panels show the calculated M2 amplitude of tide
(O) and that of tidal current (@) and their phase lag (lower figure) at the longitudinal grid
points for the cases of 47 =0cm (a) and 4y =35cm (b).
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S, BRROLWTr —X (dg=0cm) LERFEOH 27 —R (dg=35cm) OHEE*ZFhZh
Tz oz, RAERERICES 2 L EFMOBMMLORMEL % Table. 1 12577,

BHER U — A BHE SN TR % Fig 4 & Fig 5 1R, AR E b EH (a) #8
BEROR VT —A, HH (b) BPEEFO D 37 — X DEFRENTIH - 72867 (OH]) & #F (e
H) OFE () LM (TE) OTBMSHRRTH 2., BiORBIIEREM O SME, A
REHAOEATH S, EHO FERCHANERPMHE L) vy FEEE Ny F TR LK, 272,
BEZBUAMETT KLA4ECEL T, BREEEOTBIIEED S HER L TRV - BN ORE
V& - fiAHDAFED AR % Fig. 6(a) 12, WY — R OBMESTE W X 2 Hii OIEIE - S 0K ES 4R
% Fig. 6(b)(c) iR L7z,

BFUBIC M2 FEOFTEER (Fig 4(a)(b)) 2453 &, Wiy —RACERAEREVEASNT, ¥
BN DO FIAL & MW OAAHILIZIZ—E TH D, FHEOMHEZER 90 BOEEFOMAEBEFKERL TW
%, —F, BEABOHEZR (Fig 5(a)(b)) &, @iy —RWEZESASNG, 7, HEH
DEAEFD L7 —A (Fig. 5(a)) A5 &, BEEM» 5 3RITE L LERS (FARENE
T, (o 180 BFAL) SS¥BETR 1R & h, IR L IR OAEZ R ERSRTCIZIZ0E L
D, ETETRZHAS L CEEHOMEBRERL TS, ZOEHSOBROBET X Fig
6(b) TERONMMHAMARITIZ > XD B SN, KiTBR~I/NE (1933) OF5HS & [FKE < dEEerE r1f
IEDORAREALDSS £ L FHIHRTE Ty, & 2585, Fig 6(c) TRISRLI:EBHEOH 27 — R
DOFLONMEAI 2 A5 &, FEEEDOEF SUIEEL, BAEN D SR X2 ERE IO
RfEELE S $<BHTE T I L8b»s, Fig.6(b) & (c) T 2 &, BHEOH
37— ADEMEOMBESEMNBRENC K E {R>TWwB L3 AL 5, 8512, Fig 5(b) T

(a) A1|=°0l o sealevel (b) A “_._35';. O sealovel
Y current [} current
AT ’umuuununmuulllllll““"""""'""““"l"""‘hnmq""ml l TR mmmmmmm|lulIlmlll“"'“"'“"'""“"Imllul,,m,.hlmIII 1
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Fig. 5. Same as in Fig. 4, but for the calculated K1 tide.
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(a) Observation (b) Model (An=0cm) (c) Model (An=35¢cm)
Amplitude Amplitude Amplitude
K1
g 1 5 (10 (2o
(cm) (cw) (cm) |
Phase Phase Phase
K1 ey sey, 10/ \ g 180 165 180
e | 815 1318 hll
(deg.) K (deg.) (deg.)

Fig. 6. (a) Observed co-range (upper) and co-tidal (lower) charts of K1 tide, and calculated
ones in the cases of 4»=0cm (b) and 47 =35cm (c).

K1

(a) Sea level difference (b) Current difference
Amplitude Amplitude

{em/s)

Fig. 7.  Horizontal distributions of amplitude (upper) and phase (lower) differences between
the cases of 47 =0cm and 47 =235 cm for K1-tide (a) and tidal current (b).

R U7 BRI A B OGS R 2 5 k, RN BT 2 EIFOMENFIC RS SEELTwE
Z b, /NEE (1984) 2 55| L - BFRBANGERN L XEMcifThbh T D, Sl
BB 5 I OEROEIN L MR OMEZE X 0~40 &I H 3, ZOMBERTE T EANR
iE, L IHEABMETERNREEG P L TWEL3IA 25, UL, ¥k BEHHgkE
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OQEB O = MFOMAHZE I 90 ELL EH 0, BRAMOMMEI A 2 ERSEKTASL LR L THE
TR ZBE 2 LTV 3 X idWw 2R,

22T, BABEODWITBAROH 27 —R Lixwy —ADEIRE « MHED KRS HE- %
6L (Fig. 7(a)) L@ (Fig. 1(b)) BER L, ZZCHESRLAHEZZERROD 5
- ARBEELLIMETHY, EOBERBEBBEROD 27y —AMBRTWS Z L 2R, HbhDy
FOEBRRADMTH 2, 8, HRIcOVLTIE, Ay — X CHE S W EREM RS
BTL b —BL Wi, BT mORERS (u) KL TORBERURIHEZ 2RL K,
Fig. 7(a) %A% &, BIHEEZ DK & WIFFT X BHIRIBESEL & 42 2 BRMN & KR oMz O
fHEchHohs, @RRO D57 —ADAMBILEERO 2w — At~ T, HaigkOoRE
TEN, BRITESERSS S5, Fig 1(b) 243 &, BRIEEZEOK X WIEFITLC 478
[HREEEOK X VEBORATH, FICBARORNFACATTRAKCHZ I itbh 5, B
FOMMHZE R ERECEEROLDIZESDERKE VOO0, BREOH 57 — A OMIERER
MOROT —ARE~T, EREROOFERTER, RETEDERABAL>NS,

BREFOEEC X > T, BEABMZF LY, 20L& 5 2XERIEBEVREELBE L0 H,
RETEMELR 1 RTAKEFVEHCTEET 5, '

SBlgdh A B 1 RITKEETI

KPR TIE, BB L FROMEEFEHTEL 2R L BEE T AV TET L 7. P
DR EERAWMOFAE (Ue) w33 2HHRIE (U) O UTRL, B FX—F % e=U/
U b Uizo Wil w, WMin % e DREFHTROLTLEUTD L SR B,

u=g(u + )+ e2up+ -+ (7
n=nmtemteigt (8)

2T, Bl Fig 3(c) 242 E—R TRV, MDD
&u.= U,=const. . (9)

ERET 3. L Cafirbigmkic L v, REE2IEL T 5, L KTABEF VO ) 4 VIE
2EE, BREOLDEFERTDH 2 BEEEHE KPR ER L, EHROIFRBEOA 2FH
BLIGEE R L EEXITRO L Sk 5,

ou _a_“_.__g.aﬂ_

ot Yar Yo (10)
on ou _

-t hgy =0 (11)

22T, hiAkEE, 3R, ¢ BESIIEETH 5, (7) (8) A% (10) (11) RicRAL, ¢ DRE
DELVEERDHLEETZLUTOL Sk 3,

0(e9):
0=—g 20 (12)
O g (13)
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B0 2
on ouy _
T+ e 5-=0 (15)
0(e?):
Lt (- u)y o= — g O (16)
Om g Ny _
atz +h 2 (17)

0(e%) OHBREBAROEANBKFEFRARELLEWI EERL, O(") OARBRRILE R
v ZFOHEHHFER LEFAERT, 0(e?) OFEREAROFE >R T EHHEA L&
BRATH2, 27, O(c') OFFBREH 7% Fig 4(a) ® Fig 5(a) R L@ BTRO 2w
r—ADFERBREL D LUTFORCEEL 2,

eu, =( T+ Usin (2—7) z)sin(ot) (18)
em =(ax+ b)cos(ot) (19)

ZIT, BROEE® (3/2)/1 £ Lz, a, bid o WA IZIZEGKICEN T 2 HI6HRE e &
RIETHER, o 3FYEASSHE LI AERTH 5, A ROFERRES A (18) iz Dw»
T, WEECREH OMSEORIBEMN 2 FHERIEE U & EXigG U oEhadbE TEE L,
(18) (19) A FABARIE, BEEKD V7 — X ORETESRSAESE & b EEHOMEBEFR %
RTZE», 0EOMMHEEREL T3,

FBEFROEEERT (16) (17) R FTHICHE 8T, SHOKE S 2EAROHE 7y —A L
W —ADEN R UEROEREE 27 UL BEAESR Fig.7) tHOTRBEL-TH B, &
T, 0(e?) OFEEFER (17) BT, FIRIREZ 2R UK Fig 71(b) 26 e2u,~40 cm/s, FNHREE
Zxm LT Fig 7(a) 26 e2p~5 om, MFEER O (T CHITRIRIBLE K T 2 % % do~50 km, F
¥AKE® h~150m & T hif,

e %= @1 xg?snéoms ~0(107) | (20)

&2k ou, _ 150 m X 40 cm/s
or 50 km

L5, 22T, AHEHABERBEEL T24RFME L, ZOBRIL, AHEIZ3A-FHDKE
BEBDHLIEETRT, FIZE, 200RD 0(107Y) 2 (1T RCRAT B E, &2 13 26m 0D
FERICKE AR S, EBIRIE, TOL5RKRELENELIZ 2 RTOFEET TNV THEHES
nTwukn, Zhid, R LEEROFEBEHEERI L > THE S h 32 JALBEEE 7LV TR’
BN D S BRNANGB L Twa otz ond, BRNTHEI NS EEOEGBEE X
c=Vgh (~30m/s), X o CHEIHIEHE 2B T 5 ERBEFRENZ 1 BEFELIA~ (100 km)/(30 m/s) &
B, COGEBRIIEEERLY b hE vz, BEIh KNS < iaisf~BiL
Twa LfEflans, 22T, ZORBEGEECED KUEE »EBRNCIZIZEMMHEOBE®R - L
TRET B e 52FL T, BT, < OEBMHERE KT CEBENOMIIRIELBES 3
ZhiR%E O(e?) OFHER (1) 0P a2 — b7 VBEREALTRE L)L, Thbb,

0(10°1) (1)

2
Gt pg+ 2= (22)
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ZZTC, A(s™Y) OEBEMEERERICED L CEYIED S, KFETIE, 1=9¢/I BEDME
PEA L &, BEFEERIGIOEY - BRAOGIBRI N,

Riz, O(e?) OFBHFAER (16) KBV THFEKRCSHOKE 2 HEL 2, B, @HAKER
L7z Fig. 3(c) 5 eu.~130cm/s & L7z,

2 ___40em/s ;1000 (23)

€75t T (24x3,600/4)s

2 U, 130+ 50)em/s X 50 ecm/s 0(10-2
€ (ul uc) axl ( )50 k/][] / (1 ) (24)
2 aﬂz 980 cm/s? X5 cm 0(10 o5

BROEHAEEIIMOEICHART 14 —~F /& v, #2TC, ZOEZEHRT S L 0(e?) OEH
FERARTIEOL I GAMT L eBTE S,

2t (w, +uy D=0 (26)

EFRox —#58Eiz ko TR S hz AR (22) (26) i, Rib->TE5 %2 5 0(e')  (18) (19)
RERATEE, UTWRT 0(e2) OWE2BBILTE D,

5%227[7%[]“ cos (27”35) (cos(at)+1)) 21

82772:%(
A+
(27) RD e*w, DROTEHHH L WRMOFEBHHEERIC X > TRET 3 2RMERAL TV
3, 27, WAFEBETRE (U.=0), R, 2RMBFBELEV, 2L TRBFAPEIRS (o83
INE ), HITRIESAAOAEAR (U/1) BPREVE S, 2RI VRS REEE2Z OIS

RLTW3,
ERROBE RS T RN OB L HFIE O(e!) L O(e?) DEZ2ELREHLETRDLIL
BTED, 7, @LCBEL TR

. 422U.Uh . (2
cos(o‘t)-f-% sin(ot)) %U—v— sin (—l” a:) (28)

em+e2m=mne-cos(ot—0 ,) (29)
&,
n=vVA*+B* (30)
6 ,=tan"(B/A) (31)
Ehb, ZIT,
A:(m+b)+7%sin (%%) (32)
o o (152)
ThHd, MWL T
&u; + e2up = u sin{ ot — 6,) (34)
v,
u=y/C?+D* (35)
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6, =tan"'(—D/C) (36)
kb, 2T,
C= 0+ Usin (%Em) (37)
272U, 2
D:% cos <T”w> (38)

Th5,

AR TIIBEEERORENZE L L CERROFHEE U.=100cm/s, HROE S L=100
km (I1=2L/3), K& h=150m %2 fA\>7z, B U ICHEABORTEERE S Fig 8 0R$, 22T, &
B/IRD Iy — A OBEHEHEE (Fig. 5(a)) 25, U=30cm/s, U=15em/s £ LIz, k-7,
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Fig. 8. Results of calculations for the diurnal tide without (left) and with (right) a flow
passing through the strait. Thin lines indicate the amplitude (upper) and phase (lower)
distributions of tide and solid lines indicate those of tidal current. Right hand side upper
panel shows the amplitude distribution of the secondary flow due to the non-linear
interaction.
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Fig.9. Same as in Fig. 8, but for the semi-diurnal tide.
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