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Horizontal two-dimensional turbulent mixing of the benthic front in the boundary
region between the Japan Basin and the Yamato Basin

Koshiro Taya” and Yutaka Isopa”

Abstract

The benthic front of the Japan Sea has a distinct temperature difference and is formed at the boundary between the cold,
hyperoxic Japan Basin Bottom Water (JBBW) and the hot, hypoxic Yamato Basin Bottom Water (YBBW).
of Taya et al. (2022) found that the water mass classification of both bottom waters was determined using a dissolved oxygen-
potential temperature diagram, and a remarkable mixing between the two bottom waters was formed near the tip of the JBBW,
which entered the Yamato Basin from the Japan Basin side. In order to investigate the water mass mixing process by the hori-
zontal vortex flow, a numerical model experiment of nonlinear non-hydrostatic pressure in a rotating system was conducted using
a simple jointed bottom front of JBBW and YBBW as the initial condition.
disturbances along the benthic front interact with each other nonlinearly and develop, leading to a two-dimensional horizontal
turbulent flow near the front. From this turbulent state, cold-water horizontal eddy currents (originating from JBBW) cascading
up to 10 km scale were found to have a vortex-pair structure with a pair of positive and negative vorticity. Furthermore, the

The Previous study

The baloclinic instability waves generated by small

Okubo-Weiss parameter is positive only on the positive vorticity side of the vortex pair (the rotational component is dominant

over the strain component), and the uptake of external YBBW into the vortex flow is biased to this one side.

This may be the

reason for the asymmetric water mass distribution observed in the horizontal vortex flow of the seafloor trapping.

Key words :
experiment, Horizontal two-dimensional turbulent mixing

i

[

WEOWEBLIA A 6, HAWEZEIKE 7K (Japan Basin Bot-
tom Water ; LLF, JBBW &Ig97) & RFNGAEKE K (Yamato
Basin Bottom Water ; VLT, YBBW & &) OBEF IR
ENDEREAGRILAR 2 KR TH D Z L 0H S f)\L:
o fz—0, WKL S ORI E (B bniﬂﬁﬁﬂl) Z
5 EMEE 7OV ORISR CHEFIIZ A, 2015) 205
IO 1 5E R Z BT 5 OB DL %L&JJ ?En
N7z HAZA (2022) 13 2 SE B ORAABLII 22 5, &

FEHTHR O SEhi 1 % R A D CTD BRI THR 4 12 L
TWE, IS E %o KSR A\ FEET S 2
ERHL NI LT FOKREAZ B IL A F (Dissolved
Oxygen : DO)y—7K 7 ~ ¥ v JLU 7K (Potentisal Temperature :
PT) ¥ A7 77 5% FHWTiamd 52 LA TE, IBBW I
A AR - TRAREZE R AT 2 R O IE 5%
FEW DKM 2 2 L, R A K O S5 i ifg 38 T 13 JBBW &
YBBW DA (Mixed) KA & 1 (Fig. 1a), Z DiREK

Japan Basin Bottom Water (JBBW), Yamato Basin Bottom Water (YBBW), Benthic front, Numerical model

WA TR ISR S N7, KPERA T — V28 10 km A2
O AR RTRASBEI S 172 (Fig. 1b)e Z AUETRA (Mixed)
KD D%, RGO R Y JFERTIC X 2 i
R O HC, iRk DO 2 L THiE—Fk 7% YBBW &4
B L, Z®YBBW 28 JBBW & H U L TKFHRET 5,
EWVHRMEE R E PS5, 405, IBBW &
YBBW 7% § & K HIHLE S DR G\BIEVERE EE X5
NAD, BUHFERZZITCIE, Z20EA0 2 WHEERE 2
WTIEbHbh bRV, 22T, KW TIX @ﬁ;ﬁ@ﬂfﬁ%
JE & 7K JE ® MITgem (Massachusetts Institute of Technology
general circulation model ; Marshall et al., 1997) & FI\>C, J&
e R & A L 7 BRAR 7 o ey i 8 5 [T EE@ iﬂlﬁ%%ﬁ 24T
W, K 2 IRTEELTE SRR O KR A ICHFS LT 5
TReEZ R %o

ETNEBROBE

FH4*3 % (2022) D Figs. 3 - 4 O (d) DK (PT) $/iE 70

D — RN ARSI S (Japan Weather Association)
2 AbilgE R R B A E R T FE b i BRI 45 B

(Laboratory of Marine Environmental Science, Graduate School of Fisheries Sciences, Hokkaido University)

1



Fig. 1.
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(a) Horizontal distribution of four water-masses at the sea bottom, i.e., JBBW (blue), Mixed water (green), YBBW (red) and
Others (black). (b) Vertical distribution of Potential Temperature (PT : contour lines) and Dissolved Oxygen (DO : high
red to low blue) along one section of Obs.C within the Mixed water region. All figures were quoted from Figs. 5 (a) and 8 by

Taya et al. (2022, in Jpanaese).
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(b) Vertical distribution

of initial temerature across a-a’ line in (a). (c) Model results of bottom temperature for each 50 T; intervals, drawn on the
bottom topography, assuming the model domain advected by a counter-clockwaise circulation in the Yamato Basin.
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Fig. 3.
vertical 2D model experiment.
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(a) Time — space diagram of bottom temperature along y = 0 km in the 3D model experiment.
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(b) Same as (a) except for
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Fig.4. (a) Time series of four kinetic energies, i.e.,
U? =[[Ju*/2dV (red), V?=[[Jv?/2dV (blue),
UV (green) and W = [[[w? /2dV (black). (b) Time
series of four enstrophies, i.e., positive Cy:” (solid red) and
negative (.- (solid blue) at the sea bottom, positive (.
(dotted red) and negative ¢,-* (dotted blue) at the top
surface. The following analysis shows the spatial distri-
bution of 8 times indicated by vertical dashed lines. (c)
Time series of Mixed water expressed by area of the bot-
tom temperature ranges with 0.002°C intervals. Details
for water mixing at the selected 10 times indicated by
vertical solid lines will be described using Figs. 11 and
12.

Eho ClEZDRBAMED A EWINE MY KL %255
b GHE AT 78 T, & 113 Ty A M I H b,
UV? H3—Efl & 72 B B4 125 Ty DA IG 12/ & 7l &
5o

YBBW & JBBW DRAKIZEOEET 1L, KK %
VW C 0.002°C P FRAEIC ZRFE S - 72 %Ki L ~ VTR O
25 B & L C Fig. 4 @ (c) 1278 L 720 JBBW fll DK
L v VRO S23LK (0.097 ~ 0.099°C 13 30 T; & 5, 0.099
~0.101°C (X 115 T, 2 ) &, W0 fESILEic £ 5
K EAZEREE LR v Y OlEEr ERT 5, —
F, KL Y (0.111 ~ 0.113°C & 0.113 ~ 0.115°C) &



H4

SRIEX— 7 IERE O YBBW 2 2 728, A7 KR
RELASHERF S, HREZEILIZIZE AL ALV, X5 T
RAKEREOREEZ/LIEWEO R M IZH 5 0.101 ~
0.111°C L ¥ VIcA b, SEEREENING ¢ 2 Kiix
L o724 T R G2 MHOAMEE & > 72 113 T, Hith
12 %,

BRERIRREESEZICEDL 3 ZERMEEZEED
KIEE 7 BERE

RETTIE, BRSNS BIT B HE A2 OIS X —
5 O - SRIEWTHI A, EE) T AL F — DY A RS
MU%7RL, YBBW & JBBW DA HI K NRABEICHE
B 22 IS ZALDO KB g2 A THB o EAL
W% Fig 4 OFRSRYNHERAR CFR L 72k D 8 Fi%IT
Hbo 9Teld W HBUINEE, 17 T 1d W2 SRS, 21 Tp (30540
D C MR, 40 Tp 12 C i KR, 78 Tp & 113 Ty 1 UMHV?
FRECH D 20 HO AR, 157 T XU & V2D
KRESHANEDLD L&D C RN, Z L RIS T
D20T; THhb, &b, KF2WITHEIFTIKEICE S £ T
DERBFEOFEM & KT 2 WITHLIEY 12 BT B KBLR A
WO O W T, TS OB R g o R b
AR L, T, WEIIZBW TR T %,

CHEH  RBHTRORT 2 KITELRIR A

EBKEDKFERT EKE - FERHDINERE S h

Fig. 5 @ (a) 13 8 FEZZ BT 5 G AKI T(x,y,0,t) DK
A TH Y, JEIR L7 Fig 3(a) (& 2 ORI OHY (y=0
km) 1251 B AEREKIRZ AL L72b D TH B, Fig5 D (b) &
© 13, HBL L 72RO 52 b 5 V2 BT 5720,
BT ZE RT3 L 72 KIR T (x,2,1) = [ T(x,y,2,t)dy &
FALFE R v (x,2,t) = Tv(x, y, 2, t) dy O % $3TE Wi [ %
8 BEZI4EIZ7R LT\ B o Fig 5(c) ILBIZRT L 912, b
& R &) 2 7RG, miM & @HETFdim ) &
FEIBRTIR LT,

%) 9 T; CLEBAL A D IR FERIAR I > T/ S 2 T
(EEAZEW) BSHBL, W17 T, TIEZ N5 OIRIEA
EHICREL STV D, BRGOMEWTHNZ A5 &,
ACEF AN EE km DINOFEFH CHIFRASFIOIME X, Ai#RIC
TP S N T QR TR e CAbi & i, RECR
] Z0) A DN, O X9 RGO TR L M 7 R
MIED S b BfFEC X 20 WK 21 Te \ZIRW D CARKRE 2 D
T, KR OFEDHIE S, IEREHEN % AR B 2
HRE TN ML Z 2 LIGO T 5, K40 T;
X ORI DT, KPFRLOEZR L5 (bAMFE NS
bOO, HELRAKOEHKILE CHRTE R, JKE
KIBORHEICRA &, B3 ~ 6km F THIE L 725K

(*C) A (°C . 1)
(a) Bottom 0101 0105 0111 0.115 (b) Vertical o101 0105 0111 0115) (c) Vertical m.n@ 0.4 0.4 ®[CT:<
temp. mm .. temp. EEETENT S V-comp. e |
. (km) X X
time -25-20-15-10-5 0 5 10 15 20 25 252045105 0 5 10 15 20 95 2520 15-10-5 0 5 10 15 2058
- 500 . — "
2007, yo SN 2=~ NN
-5 0 -
(km) L . X (m) (m)
o C I
N @Y . i AN
1a, WY
)
i
40T, ‘
21T, ]
17T, ‘
0.115°C 0.095°C PR
T
ey YBBW JBBW JBBW |
Fig. 5. Sequential distributions at the selected 8 times. (a) Horizontal view of bottom temperature T (X,y,0,t). To show the back-
g q p

ground fields surrounding the vortex disturbance, vertical sectional views spatially averaged in the north-south direction of (b)
temerature T(x,z,t) =] T(x,y,zt)dy and (c) north — south velocity component Vv(x,7,t)= [v(x,y,z,t)dy. Three
vortex pairs detected after time 78 Trare dispayed as the symbols of f =, &€+ and u * in (a).
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surface, respectively.  (b) Horizontal views of vertical velocity W at the mid-depth (z =250 m). The contour lines shown

in each figure are the bottom temperature.
exand u=.

Three vortex pairs detected after time 78 Trare dispayed as the symbols of f =,
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Fig.7.  Sequential distributions calculated using the bottom data at the selected 8 times.
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tral analysis in Fig. 8.  Three vortex pairs detected after time 78 Trare dispayed as the symbols of f+, ¢ = and u*.
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Fig. 8. Ensemble averaged wavenumber spectrums E, for each of three divisions shown in Fig. 7, i.e., (a) warm YBBW side, (b)
benthic front area and (c) cold JBBW side.  Upper pannel is the first half period of 9 T¢(blue), 17 T¢(green), 21 T¢(yellow)
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Time — space (y direction) diagrams of the maximum ¢ /f at (a) warm YBBW side with x <0 and (b) cold JBBW side with x
> () at the period from 0 to 40 T  Both diagrams are displayed in two cycles of y direction. Details for the transition pro-
cesses until becoming the horizontal 2 — demensional turblant state at the selected 8 times indicated by vertical solid lines will
be described using Fig. 10. The serial numbers of 1~8 and 1'~8 are the chracteriestic displacements associated with
baroclinic unstable wave shown in Fig. 10.
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Fig. 10. Sequential distributions of vorticity { /fand temerature at the sea bottom at the selected 8 times of 15, 17, 19, 21, 25, 30, 35

and 40 T;. The serial numbers of 1 ~8 and 1’ ~8 are eight displacements associated with baroclinic unstable wave at time 15
T The strong intrusion parts of 5, 3" and 7" are dispalyed by A, B and C, and water temperature fronts, i.e., filament parts,
connecting each intrusions by Fa, Fb and Fc, respectively.
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Fig. 11. Sequential distributions calculated using the bottom data at the selected 5 times of 44, 50, 56, 62 and 68 T;. Horizontal views
of (a) bottom temperature, (b) vorticity { /f and (c) Okubo—Weiss parameter OW/f* and (d) density of tracer with a high
value on YBBW side. a* and S+ are vortex pairs. A, B, C and D are strong intrusion parts. 1, 5, 3", 5 and 7' are the
same serial numbers attached to those at time 40 T; in Fig. 10.
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Fig. 12. Same as Fig. 11 except for the selected 5 times of 90, 100, 110, 120 and 130 T.. y = is a vortex pair. D, E and F are strong
intrusion or mixing parts. ¢ is a densely populated area of speckled vortices.
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