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(a) Location of the Ariake Sea (surrounded by a red box) and (b) topographic feature and observation

sites around the Isahaya Bay, part of whose area is reclaimed by dikes, in the Ariake Sea. In 2009, current
field observation was made with moored ADCPs at Stn. X1 and X2, and turbulence measurements using a
microstructure profiler, TurboMAP were performed at Stn. TM. In 2010, current field observation was made
with moored ADCPs and Aquadopp Profiler at Stn. Y1, Y2 and Y3. Stratification data collected using AAQ
profilers by the Kyushu Regional Agriculture Administration Office at Stn. S1, S6, B3, B4, B5 and B6, and sea
level data measured by the Japan Metrological Agency at the Oura tidal observatory were used in this study.
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Fig. 2. Temporal variations of seawater density
measured at (a) Stn. B3, (b) Stn. B4, (c¢) Stn. B5, and
(d) Stn.B6 with (e) density difference between the
sea surface and bottom from 27 July to 11 August
2009.
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Fig. 3. Temporal variations of total horizontal

velocities from 27 July to 11 August 2009; (a)
along-stream and (b) cross-stream components at
Stn. X1, and (c) along-stream and (d) cross-stream
components at Stn. X2.
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Fig. 6. Temporal variations of (a) sea level at Oura,
semidiurnal current ellipticity (color shading), and
tidally-averaged vertical eddy viscosity (contour
line) at (b) Stn. X1 and (c) Stn. X2 in 2009. Positive
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(clockwise) rotational direction of tidal velocity.
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Fig. 7. Temporal variations of (a) sea level at Oura, semidiurnal current ellipticity (color shading), and tidally—-
averaged vertical eddy viscosity (contour line) at (b) Stn. Y1, (¢). Stn. Y2, and (d) Stn. Y3 in 2010.
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Fig. 10. Profiles of stratification (seawater density o: and buoyancy frequency N?), clockwise/anti-clockwise
rotary components (Rmz— and Rmz+), ellipticity of semidiurnal (M2) tidal current and vertical eddy viscosity
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a.) Sea Level at Oura
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Fig. 14. Same as Fig. 9 but for clockwise rotating shear of barotropic (-,,) and baroclinicc () tidal velocities.
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Fig. 15. Temporal variations of eastward and northward components of diurnal baroclinic velocity at (a) Stn.
Y1, (b) Stn. Y2 and (c¢) Stn. Y3 during 17.5—19.5 [day] on August 2010. The K1 internal tidal current ellipses

during the period are depicted in (d).
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Fig. 16. Spatial variations in the ratio of the bottom slope relative to internal tide characteristic, ¥, and its
frequency distribution in the Isahaya bay calculated using (a) averaged stratification on spring tides and
semidiurnal angular frequency, (b) averaged stratification on spring tides and diurnal angular frequency, (c)
averaged stratification on neap tides and semidiurnal angular frequency, and (d) averaged stratification on

neap tides and diurnal angular frequency.
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7/28-29 (Neap)

8/6 (Spring)
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Fig. 17. Temporal variations of (a), (b) squared buoyancy frequency N*[s %], (c), (d) squared vertical shear
S%[s7?], (e), (f) turbulent dissipation rate per unit mass ¢ [Wkg '] and (g), (h) turbulent dissipation rate
integrated vertically from roughness length zo to the sea surface H (blue solid line), to the top of bottom
boundary layer (BBL) % (green dashed line), to 1m above the bed done by bed friction W (red solid line)
[Wm 2] during 28—29 July (left panels) and 6 August 2009 (right panels). Light lines on color shadings show
seawater density at the intervals of 1 kgm ® and thick dashed lines on color shadings of ¢ show the BBL

height % [m].
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a.)

10

|+ Neap(Jul.28-29)

o Spring(Aug.6) ‘

Fig. 18. Scatter plots of turbulent dissipation rate versus (a) squared vertical shear, (b) buoyancy frequency
and (c) gradient Richardson number R; at mid-column on neap (filled circle) and spring (open circle) tides. In
fig. (c), the least-square fits of the dissipation rates on during neap and spring tides to ¢ = €o&" ( €0 and «
are both constant) are shown by black and gray solid lines with the 95% bootstrap confidence intervals

indicated by dark and light gray shadings, respectively.
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DIFHREBBOMEOR & W MIic B 287 — 2
TH 2D, HUHEO S CHEIEHEZOER S 1 5 RUE
BEDREIZEAZ D, ZhICHE- TGS X O8HE
REOFED Rz LEZ 505, FICHNE#YIco»
TIIMHTIC & o T2 DA, M B X OSnEREE
BRECEVE LR, RADETHE ., Lizhio Tl
FOBLMT — & % BN L RAIICEE T 5 2 LT, B
20 B 2 R O SRIE RS $hEIR & O 22V % SRR
T3 L, BUEOMRENSE HILT 2 8E € 7 IVRGE
THZEDOHEBEE DA E LN D L IARET
%, BHWEZIZL O L LIRS OMERGERICIE
RAMGIR T 3% w93, Kiansz oo —B & s nid
FENTHD,
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fiE A

VRS M o fEHT 1 % Soulsby (1990) D FEELITHE > T
RO T %, AREES @ CEET 2RO WD % u,
AL E v EBL &, ThbidZnF Nt ORI
LLT,

u=aycos(wt) + bysin(wt)
(Al A2)
v=a,cos(wt)+ b,sin(wt)
ERIND, TIT, au, bu, av, by FZNTNEED
IRIECH 2, ok, HEIEBECTRLZWMRu+iv (i =
(— DY?) % KEFEFE D 55 Ry L BEEHEL D B4 Ro12 %)
fEs 5L,

R+:4%{Qm+bQ+iQu—b0kXprﬂ
| (A3, A4)
R_ =7{(au—bv)+z‘(av+bu)}eXp(—iwt)

L%, TR, WREHOER U, L 8E U IZHT
DESicRIND,

Us=R+|+[R-|

(A5, A6)
Uy= ‘R+ ‘ - |R—|

ZIT, MEHoRRBRICN T 28ED N U,/U, %16
IR LIPS, HMROIE (&) OEZEIRARH L &b
I RsEE (RFRE) BRI IcliR g 5 2 L2 RT, 72, K
ReatEl b Bl & REEt ] b Ry ST S 2 MBI 5 E o |5
S 0.3, NERERE K, 2V A ARAEE S, W
WA w & v T

(A7)

EAT—=V v rEhd, AT, HU Ky f, wDgk
froEcix, 6Bk (F >0) <&, KeatlE b o R-
OB IEEREOE 1%, KEEFHEI D K9 R Db D
WWHARTEL 225 LE2RT,

& B SMERIERY K, DREDY

Yoshikawa ez al. (2010) (%, FRE SN E CTHIE L
T ACERED TR D %2 v, BEEREICE T 5860

EIREMEREO 7 7 7 4 LERE L RED 2 5%
R L7z, AW TIE, 185 0FEE TR BT
w3, Wio KRR D (+) « KegtEl b (=) &g
B DEFIRIE Re (& U O SREHEENC 0 2T - 72 H)
R 5 £ § % (Cushman-Roisin and Beckers
2011);

| 11 o om
l(fiwz')R:— O Vip+ H? (90( " a0

) (BI)
22T, f(=793X107° s71) da v AU MAKE w
IR O AW, Vip = 0p/0x + idp/0y 1 XSRS
12 & BAKFEIEAARL, K, Z8hER R TH B,
CTREERBOMBIIK, 2B LTOAERL, EH
GBI EZ 50, (Bl) RoBEREMELE LT,

K, OR: Ths

I o0 = s at 0=0
P (B2)
T 90 =90 at 0=1

5.2 %, 2Tt ZBIKERIEORKEEHE D - B
FHE D TH B, KETHOEAAIZSHE R TH
556, (Bl) R Eilofi Rt HwC,

i+ 0)(Re— (Ru))= 2= 4 L9 ( IR

ool T HE 90 K75 ) (B3)

aﬁwﬁnaotﬁbauﬁikimféaora@ﬁ
D D ICIFShEFERE O el 2 w7z

Tbi:pon|<Rt>|<R¢> (B4)

T 2T Cr FERESFERICRIE T 2 iR R E T,
Z % Tsutsumi and Matsuno (2012) TRED 517z
Cr=22Tx10" 2 vi, &0 HAY (w=
141x107* s7 1), HAM (w;=729x10"°s ") oz h
ZhoRREE - REEHE D g & & PR (wi = 0) @
u, v O 10 %AW T, #Za{bL7z (B3) &
ZRAONCERNICEE, K, DSHESMEZFHE L7, T
I LTRED 57 K, 1315 BT O 72 8k
EikitE2 %9 52 515 (Yoshikawa et al. 2010),



& C

NERIE M I D SRTE R w1k, JERGH: - FEIEME O
T3 AR T,

a%w

0z°

2
;tz(waJr

, 0%w

0z°

) +N2Viw+f =0 (Cl)
TERINDLETE, COoRDEDIE LT,
w = woexplilkux+ky+mz—wt)} 2% 2, Cl A

LB fR

mZ B NZ_wZ

T ‘2

282, EELE=k'h'TH2, CITw<f<N
(sub-inertial) Td» 2 ZH%E 2z 5 &, EEOWH K,
m 1% C2 A&7z &7\, % T T Albrecht et al. (2006)
ERBRICBE D AKTFEBAENE L, ke, kye EBE L
T he=ike ky=ike, EH<E, BLRUE

(C3)

w = wy exp(—keex —kyey)exp{i(mz— w)}

L0, ACPTIANC IR IRE T 2 WEREEE Ik %
R, O EZARETEANE u, v &EETEw OBIfR
i,

Nziwz lf‘(Nzin)

T_ﬁw,v:mw (C4)

‘= —
Td b (Gill 1982), AFHEMEHOEMEIZ—w/fT
b5, (B4), (B5) K&k b, H2EZICEWTHELED
PAHAERE LT (T ) WWiBd 2358, 405 m >0
(m < 0) O, KPEFHEIZHFE D 5 ORHEEE &b ISR
FHED (RERHRID ) ICRE S 2, F7z, WK 2 LX—
(BEHEE) DA T 2 EM05 1 o 1%

a=|w AN —w?) V" TchzbNn5,

- IR

KB —F B DTN RERLEGER B TN RS
VEBREE O 2 7 L A BB LR R I AERE R O PR 2R
ZHICHE S NI, 2010 FFOLRERIC K 2 P B 1
WT HRASH ORI 2 %2 Z T Tirb iz, 2009
FEDOREROFEE X CELT I © I3 R IR A KE
PE AR AL O MR FAEME (BLRSAEHE A RIR ),
bR S oE L (BREHE M RIEAL) 23
b LT AEMEFEK, B X OCHYSHAR—E L2 6%
Ktz T, AR L CRFEARSH B2
i+, FESREE )L B L IR FE+
BB RE2HEHC, £ AN0EZRED S ZATFROK
FIICBR L CH K OB EREZTH G 72, RiffFEO—E
VR 21 4R ETENNTRFEH B R O #8252 1 Tiibh
Tzo BREIEHBAREEIC X 2 KEBHT — 2 13U BB
R bRt &2 7o, ARWMETIE, KRHICE T 2 HI0E
7 — 213K RTD Web 94 + (http//www.jma.go.jp)
FEob D%, WEHMET—2 L LTHAKKREHT
D HARENEI0H 7Y v FKET—% (JTOPO30) % H
v, X O 1R R I BUE RS 8 MATLAB M 1R R
SN Web LTS TwEwy BV 7Y =%y
r — ¥ M_Map (http://www.eos.ubc.ca/~rich/) % H
Wiz, T RO A S CICERE ICER L B o
BEHL RT3,
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Observations of external, internal tidal currents and associated
turbulent mixing around the Isahaya bay mouth, Ariake Sea

Eisuke Tsutsumi '* and Takeshi Matsuno 2

Abstract

In this paper, we investigated the spatio-temporal characteristics and dynamics of verti-
cal structure (vertical shear) of tidal currents, and discussed their relation to vertical mix-
ing, performing measurements of current field and turbulence at the mouth of the Isahaya
Bay, Ariake Sea during stratified season in 2009 and 2010. We found intense vertical shear
at ocean interior above the bottom boundary layer (BBL) when the water column was high-
ly stratified. Such vertical shear at mid-column is caused mainly due to semi-diurnal exter-
nal tide on spring tides and diurnal internal tide on neap tides. Results of the turbulence
measurements exhibit mid-column vertical mixing obtained on neap tide is stronger than
that on spring tide, and the fact indicates diurnal internal tide plays an important role in
promoting vertical mixing in the stratified region above BBL.

Key words : internal tides, external tides, vertical mixing, turbulent energy dissipation rate,
Isahaya Bay
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