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Formation of the Bottom Water in the Abyssal Circulation in the Japan Sea

Kenya SHon", Yutaka Isopa", Kenshi Kuma" and Takafumi ARAMAKI?

Abstract

The abyssal waters in the Japan Sea vertically consist of the homogeneous Bottom Water (BW) and the weak-stratified
Deep Water (DW).  The formation of BW was inferred based on the spatial difference of their recent warming trends in poten-
tial temperature from 2000 to 2007 and the snapshot hydrographic observation in 2007 around a benthic front on the shallower
sill region between the Yamato Basin (YB) and the Japan Basin (JB). It is found that there is no significant change in the thick-
ness of BW, but both BW and DW showed clear warming trends. ~Geothermal heating from the seabed with order of 10° mW
m? is plausible candidate having potential to cause the vertical mixing of BW and its reasonable warming trend with order of 10°
°C yr'. Considering upward advection of such heating from BW, the warming trends of DW at YB and JB are respectively
examined using the one-dimensional advection-diffusive equation. The results suggest the existence of horizontal abyssal den-
sity current between both basins, i.e., on the sill, which was consistent with the snapshot spatial distributions of salinity and dis-

solved oxygen. If this local abyssal circulation may be continuously generated by the horizontal density gradient between both
basins, the thickness of warming and vertical mixed BW will be always restricted by the sill depth.

Key wards : Japan Sea, abyssal circulation, geothermal heating, density current
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Fig. 1. (a) Location of sampling stations of JODC hydrographic data during 2000-2007.  Three box-areas of the named JB, SL and

YB are selected in the present study.

Closed and open circles indicate the stations including 1 db and 500 db interval data

with deeper than 2,500 m (gray color area), respectively. (b) Bottom topography around the sill area between YB and JB,
and the location of hydrographic stations observed during 5-10 November 2007. These stations are constructed by three

observation lines of the named JB-line, SL-line and YB-line.
are selected to make the vertical section across the both basins (Stns. 22, 12, 7, 6, 5 and 18).
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Fig. 2. The time series of the boundary depth between BW and DW during 2000-2007.  Open and closed circles denote those of
YB and JB, respectively.  Vertical bar at the right hand side shows 95 % confidence interval of mean value.
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Fig. 3. Annual-mean vertical profiles of PT in (a) 2000 and 2007 at YB box-area, and in (b) 2002 and 2007 at JB box-area. ~Verti-
cal profiles of annual warming rate dP7/dt at (c) YB and (d) JB box-areas, calculated from the profiles of Figs. 3(a) and (b).
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Fig.4. The schematic illustration for the estimated method of upward velocity w; (suffix of i is any vertical grid number) based on the

observed PT warming rate (see the text in detail).
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Fig. 5. Vertical profiles of the estimated upward velocity w at (a) YB and (c) JB box-areas, assuming the constant vertical eddy diffu-

sivity of Kz=1, 2 and 4 cm?s.  (b) Vertical profiles of horizontal velocity u on the sill area, which is calculated from the

continuity equation with hypothesis of semi-closed YB using the values of Fig. 5(a).

Schematic arrows indicate a local

abyssal circulation pattern around the sill area in the present estimation.
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% L(=500km) & T 57 51E, Aw OFFESA L 1) K
R u (TR TEEAE S NS,

P AVZ]'ZLX ®)
Fig. 5(b) 7% (8) & W CEME S 7z SL FIK Ptk u @
F|E T T 7 ANV THbS, slHINTKTFREDOF — 5
WEHRATH 01ems' FEETHY, 1,250 db LLE O T
T IB A5 YBADHLA, 1,250 db LUEDINHIH TIX YB
MH IBANOTHPIFE S ND, 2D X9 % SL LokF
TGN IB 0 T3S s FRINH & & B 1338
Y, FIELWEREEbDNLS,

L2 L, FRLOFHE D SHEN S 7z SL R (1,500
db~2,000 db) @ YB %5 IB ~NDO KTt 1, Senjyu et al.
(2005) 753EI L 72 SL _E @ benthic front % 15> T IB %> 5
YB ~OKTFFRA L Lt v ADFIAITH b, KEITIE,
AF v Tay MEFBINZ LY, SL EEKIEIZB W
THMOE 7 2 WKFHAEET m OKERE T b - THIEF
WHFELTWA Z L &R,
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2F v T ay MNEFBRRANTIERT 2 REEER

BRI T 2 EAKRICSH 135 PT - Sal - DO DIRE

WrE 57

Fig. 6(a)(b)(c) & Fig. 1(b) |27 L 7= BRARIIAR (0l o A% b
J1al) _E@ PT - Sal - DO OERE W 34 CTH %o KDL
HOFNFHYB Th Do PTIX (Fig. 6(a)) DL\ K5I
WXERTEAEL APTIAZz 78 5% 10°°C m™ LU F DIZIEH—7% PT
fE% 7R BW 2587 LT\ 5, PT DFWIKEFEIL BW
O LEIZH Y, 5%x10°°C m'<4PT/4z<10 % 10°°C m " F£ /&
DFFVI—IK % RT o BW DEET 5 BT O BW &
DW OB % OFITHERL, TOFERAPLMEE TE K
FEHETR LT, TEIZ BW NOSRE 3 PT % 3R L 720
Z O BW & DW OB 2R3 OHIE, Sal - DO X2 b [[]
KRR L T\ b, Sal X (Fig. 6(b)) CTILEFY 7 iR &
SARCIER L, 34.062 psu UL_EOKIEE 0.002 psu B 3 B
RO TFR L (2 > % — IR 0.001 psu %), VK

FEINIE & Sal flEASE W Z & %R, DO X (Fig. 6(c)) T
13 YB fll BW O DO KA TH Y, 46 mLL LL'TF
D& DO K% 0.1 mL L' 4500 3 By ik CTidii L (2 >~
% —B@12 0.02 mL L' %), DO fHAMEN T 7&K 5E
TR,

2007 SEOBIHICIX YB Il BW @ PTiid 0.099°C, B Ml
BW (£ 0.08°C i CTH V), M D PT #1349 0.02°C £ 72 1),
SL DUEEEAFIT 21 benthic front 2SFFFE L T b o KA F
7' ay MREIIZBWT D YB & JB O BW-DW D55k
721389 400 db TH o720 AT, YBHIBW @ L1
® % 0.1°C HiZDFTIE—KAYB 2 5 #EAL T IB Ml (Stn. 7)
A8y FARICHFE L T\ b (Fig. 6(a) DIEIDE)o Sal
UL HIE CaRIE S 7z SL _EARCEE & & #A 87 Sal 434
ERTe Thbh, IBMIOKEG0d & Fl& L7
Sal /KASYB LA L8 F1E IB 205 YB ~ODFTA, YB Ml

(c)

JB JB JB YB YB SL
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Vertical distributions of (a) P7, (b) Sal and (c) DO along the cross-section through the sill area between YB and JB.  Waters

with vertical PT gradient below 5.0 X 10°° °C m'', denoted by black color, are the homogeneous BW.  Weak stratified waters
(5~10%10°°C m™"), denoted by gray color and open arrows, exit at the upper limit of BW, and outflow around 2,000 db
fromYB to JB. The darker gray colors in Figs. 6(b) and (c) indicate relative high-salinity and low-DO waters.
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DIKTZE 1,500 db % HL & L 7215 Sal 7K A% IB LAY B K- B ENBIHICH1F B PT - Sal - DO D=RITHH
IZYB 25 IBNOGILERIET 20 EEZ Do b, AREITIX, BUETCHER L 72 SL _E BB H T A Bk A
Z D Sal 7K 1% Watanabe et al. (2001) TR & Lz RADREIZ L) SRR HHEEE L TWA 2 L 2R
1 7K (High-Salinity Intermediate Water : HSIW) |2 T \» Sal o HOFIROMATT 1L Fig 6 L LT, 3 %% Pr- Sal -
e RFV Y VEEMEZ D> TBY), REUENIE HSIW DO @ JB-SL-YB #_FI2 B % $RIE W 546 X % Fig. 7 (a)
DYBNOBROBT AT bDEEZ L, Z LT, (b)) IZR L7
JB 1> 2,000 db LLEEZ & 5 1 Sal 7K (& Senjyu et al. (2005) PT X @ SLAZWIH 121% BW (FF7E4 3, JB il BW &
PSHEM L 72 X 9 12 SL _E O benthic front (2] 7> CTEE % PTH (0.082°C) |2 U2\ME& PT /K2 HARH B (Jp) B2 AF - T
P> T0D L)AL D, HERITEMITICBT 5 KT AL TNDLZ &N bbb, HIKEEEITRLA PTOLS
/8y — L YBERBAHE &R & § 5K DO K & IB K WIg—IK (K FoR) 13, YB #EIFTTE C BW LV, SLARIT
JE@ff & AR & 9% 5 DO KD A5, X 0 R ICHE RO WEJE T C 2 A1 FE, JB Wi C Stn. 7 @ 2,000 db 1531
W2 EDTE D, JBHEBW O DO Kt PT I A 1278y FIRIZA LT 5, Sal K19 YB - SL #RIFT I % &
572 benthic front & AR5 2R L, JB A5 YB D % &, JKEE 500 db~1,000 db fF3T % JB 25 YB N A L
TMAZRET 5. —J, 7K 2,000 db (YB I BW @ i) T 5 EHEN S 72 Sal KA o KATHE (YR) ML AR
% YB 725 JB NE A {K DO KL, JElcdk7z PTD D, K 1,500 db 3T % YB %5 IB N LT b &
FIWIg—IKIZH &) SRS L, IBHINGEH LTS L9 S N7 Sal KU H A S Op) MR - THAii LT
AR Do ZDEHIZSL EIZBITARMDOIRLSL DD Who TOXI) RAAEIE gy a— N7 A O R
TR £ 306 m O benthic front O _E T2 0 IV THAE #TF L 72 Choi and Yoon (2010) 1B W TIHRIE I T 5 YB
LCWb eSS, NOBRIFFTR D JEERTTIC L VTR SN TWwE EEZ b
YB-line SL-line JB-line
(a)o 1920 21 22 23 24 25 26 2728 290 10 1112 13 1415 16 170 10 9 8 7 6 5 4 32 1
APT
Az
(x10%°C m")
5.0>
5.0
10.0
o o 10.0<
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Fig. 7. The same as Fig. 6 but along YB-line (left), SL-line (middle) and JB-line (right).
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%o DO ED e b VK 442 mL L") (& YB #5 W 1E o
Stn. 27 @ #EJE (1,500 db fF¥0) 12 1, YBHI BW (24 L
DO HDE 445 mL L' TH 5, SL - IB W D1 DO
Kl PT DFFNIG—K (KEBFIR) 1IZIEITHIS L T 5, JB
FRETTLC 1L, PT DG VIE—KE W) EE Ko7z L Bb
N5, b9 —2DMHEDO KA HAFNE (Jp) MO Stn. 3 D&
1,000 db DRIZHIZ L T\ 5, B NIZBIT 2 SFRHR D
PEBRFLOAFEFE D Choi and Yoon (2010) 12 & » TS T
B, YB b L7245 DO /KAS KRR 1) (25T S,
Stn. 3 (2N L 7- W BEEAVRIZ S NS

FEMERFKEET IV EAVWESL EREZEROBR

HARMEO R BI O %R E EIEFE 1259 <, FIREIE
3 F U RY 2= (~107s") L RIEE, PR
3 km A =5 bbb, Thibh, REEERIZME KT
JEE) & SREER) IR E OB A — Ve 2 ), HARE
DOURBEIEBTZIE L < BES 572012103, HEsRIEFK
JEO N "D BERH D, TNz, FRKIELBOR
EET N & 7 HRBOREIGREOMICIIEZ < &
% b OO () 21, Hirose et al., 2005, 2007 ; Yamamoto and
Hirose, 2009 72 &), FEFKIEFIHE TV T XL DS &
NS T REZEEE T ORA Ft m A —2) OREDRP S,
JEFKIE 2 B8 L 2RI O T BRI L 7-F5e i
EQAZQRN

FRIOFHICL Y, KEERRETEHTL 0L LR
FABKEET IV 2 VT, REFER OB S
bDIIYROKERTH B FEMIZER) [l RIEFHKE
ZMEIZB VT, Bl S 4172 benthic front & A Y) 2 B EERAS
ED L) RNNETEE SN L DOITIFROBETDH 5,
ZIT, AW TIEIERFENTIEH S D DD, benthic
front % 3 € T {7 OO 5 B 72 T HIRE) & AL 5 B T % JE M in

(@)

Depth contour

2100 m 2700 m

2400 m 3000 m

480km

REKEET IV TR T 2 HEERZ 1T o720 T OFER
D HMIZL, benthic front D HHHE/NT > A% g5 LT, K
BEEINET 2 BERIFIET UL, WiEEICB 5
BW-DW OH B B FKEE % E LS4, #RFAY 720 dEIK
BRSS9 L b BW OJE S SHERF S LA TTREME &R
TZEICH D,

ETFIVOETEES

RIS 7255 £ 7OV IS K. POM (Princeton
Ocean Model : Blumberg and Mellor, 1987) T & V), Fig. 8(a)
WRT LI ITKEDHE L L IB - SL - YB 2 L 724 €
T EANERL L 720 BTNV O—J8 HIZ7KEE 500 m % PIEEEE
B & L7-meE AR L, SREHICIE 21 oY 7
YEEREE L7z PO EE T3 psu—EL L, K
IXITAED DW SO BINE % 2512 L C, Fig 8(b) 127
SRR BN 2 KIRSRIE 70 7 7 A )V F RHE SR AR 12
5.2 BW IZFEH L %2 o 7= (Fig. 8(a) D A-A" Wi TFIR)o
SRR (RED FREL, AIEIOER TR YLt —F L
HWrs N7z Kz=2em’s! ZfEH L720 £72, K% 500m (—
JEH) & LA-NEERmEOKEMEEY 0.6°C IZEEL, L
PO OB OB Y FH L7, ETIVIGIE LT, i
JEA 5 250 mW m® OHIER R (RIFZEOMEAE) % FHEE
WARICG 26560, T2 0 OmmEic X Bkl (72
V&, B (AT & ) BRI SRIETR A S 7z,
COEHITKRETIVIE, EFH - THELLAL BIMEE
NBZFORMEE R, FERErBEIRAINS, £
2T, B3 BW 25 L 2 RIS 2 5 BW A5
IHET S 40 FTE L, Fig 8(a) D A-A’ WiIIZBLS
% 40 FFEH QKIS DA% TR bo MOEHHE ST XA =%
12 Table2 I2F & D TRT,

ETNVEBRIIKD 3 77— A1T -5 725 benthic front % ]
LEER A EBT 57200 EMERR (T A1) 8F A—F

(b)
A A

500 0.6 ==
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1250}
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Fig. 8. (a) Model topography for two basins (JB and YB) and one sill (SL). (b) Vertical distribution of initial PT value and the bot-

tom topography across the A-A’ line in Fig. 8(a).
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Table 2. Parameters used in the POM model

external mode time step 4z, (s) 150
internal mode time step 4z (s) 1,350
grid spacing 4x (m) 5,000
grid spacing 4y (m) 5,000
horizontal kinematic viscosity 4, (m’*s') 1,000
horizontal heat diffusivity 4, (m’s ') 200
vertical kinematic viscosity K, (m’s ™) 0.02
vertical diffusivity Kj; (m’s™) 0.02
surface reduce gravity (m’s™) 0.001
bottom friction coeffcient 0.0025
f=0) DEERTIX, SLHMBOFEEZTRL 2012, —K

#3250m % — A 1, Fig 8@a) ODMIEEr—A2 & L7z,
or— A 3R R FHKIEE TV TH Y, benthic front % K
YD BERD AR TELRVOIRT 2D, 7—A2
WZAEEDRDE: (= 10" Z A 7-51HE %2175 720

EFIETERER

IRE—ED T — A 1 OF5R (Fig. 9(a)) (&, MEEAIEAIC X
DR SEEARAE L, ThH2hb0Z Y LA
YAV ML o TLEHOREK OW) I AEh, $hE
¥—7 BW 2SREBIZFEE L, 40 £ BW-DW DOEEFUK
HEIE2000mICEFTETLIEERT, ZDT—ATIEK
PSR BAETE L 2\ T, KPR ERIE 4 e &
Nz,

F—A 1 EH UBEMESEMETS, 7 — R 2 (Fig 9b)
TIESLBHFEST 5 2 LX), KEEDEZ B R O
IKFE TR R AIRE 5 (2 2 Tl id
RO ET, AR KA TR A ER). 77— A1 &1k
KESELY, FRE)SNKFERERICE T, HDHK

(a) Case 1
500

(b) Case 2

EULEDBW OFENIIZ 5N TWEZ ENbrb, C
DFTERE LB S L7z PT WA X (Fig. 6(a)) & b E MY
WIEESBITB D, 0.01~0.03°C DKIRABLE B - 72 SL
1~ benthic front X% CTKEFED L2 5 BW-DW O
MA2FHH SN T D, IBIBW @ Ligid 1B 25 YB
DOAKFFHRADTHE, YB M BW @ Lt YB 225 IB D
AR O TEIAE L, SNSTMORLR LK FHE
TEAHER 2 BT 5 BW-DW OB FKEZE S £ L 84T
Who ZTOL) BIKIBILOTENGATN Y — %, HEEN
BEREIA D IR HEFF SN D, TAUL SL_EOKFHEE
DM D BW KiEASHE EHT 5 & & THEFF SN, ben-
thic front % 18] % EH A2 ACEEERDFE L TH, Kl
A A HFER & LT benthic front 23 (2 FTE LIS A 72
D Th Do 72721, BHIHERICWL SBTWTY, JEH
HRET IV (7 — A 2) OFPHEFRABIFEN L T2 2
ERERTH L, HL T T, MM 0% E I ZERE)
ENTKFEERPGEAET H 2 L ZRIHRIC LTIV
BThHb,

FEE, bakodr— 2 2 \ZAERRIAR & N2 72 — A 3 (Fig.
9(c) TiE, $REI—7 BW DE ST — A 1 L RFEIC
FCRELTL T, SL_ETIZFHERER & 42 KEA T
BEEASR & < 7 5 5E[E 7 benthic front 2SS LD, I
1% SL | @ benthic front % Lol OB EE (E ) 28
W/ NT 2 A L C L E Vv, benthic front (ZiF-> 72 501D
TANHDSER L, 77— A 2 TIIES RS S 7z front % 4%
) 2 B ASR I E N2 720 TH B,

s b )

KD T e LT, HARMBOPREIZB TS PTE

(c) Case 3

0.6

750 1 PT (OC)
1000 -

I-PT (C)

0.6

1250 -
1790 "————

£

%iZOOO-
8 2250 -
2500 -
2750 -
3000 -
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3500 -

Fig. 9. Vertical distributions of calculated PT across the A-A' line at time of 40 years in the Cases of (a) a flat bottom with no-rotation
system (Casel), (b) SL-topography with no-rotation system (Case2) and (c) SL-topography with rotation system (Case 3).
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BHEHT - PT L ASICET HE00E 1 IRICET IV OELE - A
T T ay MEEBIH - FEERR O BUEE TV FEER D
SHER S NCFEBEEROBERIX % Fig. 10 1IR3, HA
WAL C RIS ENC X ) BW F CIRRE L 2K D
fit %4 & (Gamo and Horibe, 1983) (X, YB & IB D12 %
SL _F @ benthic front Z 18] > T IB 205 YB NG S5
i (Senjyu et al.,, 2005) & AFETH B, Tz, YBIZ
BUZHMELMERIZIB XYL 14— KEL, Kifge
OMBEMEE LT 10*ems' BREED b7z, $72, BWOD

JB
%

Northern area

pw ¥

- 105cm s
e ~ 2500 m--
\ BW

~ 1.3%10% km3yr'
Senjyu et al.(2005)

~ 1.3%10% km3yr'
Gamo & Horibe (1983)
~ 3000 m

S” Cold
( ) 3500 m <
Geothermal heating ”‘

~10?mWm-2 U

Fig. 10. Schematic illustration for a local abyssal circulation

around the sill area in our summary as for the formation
of BW.

@Ac
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Dh

Dh > Ac
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FREE— RO D PT EAEIL, B0 5 OBILE D A
TREFHICHHT L Z EIEATETHY, 100mWm?
T — OB EDE S EE L 2T IUTHHTE v,
ZOWMBTLEOFG & HE L 8E LM X 0SBt E
L, W#EZEO DWW PT LAEOMHEL H 5 28
IZBWT, 1,250 db LLETIB 205 YB DA, 1,250 db
PIETYB 25 IB Dt & 72 A SL _EOKTFEER D
FAEDHEM ENTe T X D) RKFEERDOFIIL,
2007 SEVWCFERE L 72 AF v T3 v MEFEENO Sal - DO
FATNS ST RSN, 22T, ANEERET
JVikTE GEMEERHKIT) TIEH B D DD, HEGEH 7 HELE
mEkGERl O b L, SL A A L Cliia M OREETE
PR SN LK FEEER A RH L -7 VEREIT-
720 ZOFER, SL FIZIERL E 1172 benthic front & Al 5 7K
RIS L) BW OFESHIZ 6, PT EA L5

D MHEEIZ BT S BW-DW OB FUKEZEZE L S50
REMEAVURIE S N7ze D& &, JBHI BW @ Ll IB 20
5 YB NOKFGRADTES, YB 1l BW & _Liild YB 75
IBNOKFFHO FHICALE L THB Y, G Sz BW
DESFBHFER L BTV 5,

LREDHEFRIL, benthic front % Y] 5 K R AYVE 12
e S5 2 & ARSI T M TH D, LA LA
W5, O &) BACFEEE R R KT E TV Tl
HETE v, HREBERBEO X 5 2 IEF 25 EEIR

(only Dh)

—> Ah=Ac

Ac

Ah: Advective heating
Dh: Diffusive heating
Ac: Advective cooling

Fig. Al. The classification from (D to (5 for the estimated upward velocity w; due to the vertical difference of PT warming rate dur-

ing n year to n+4t, year (see the text in detail).
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REIZ BT B N RIEFFKIE O S E & 7
%728, benthic front % Bt % K PEEEFROIE LW 2E1C
DOWCIIFHRET OV D 5,

8% A : $RE LR Z 2B & I0E TR & 2RO
KEEEICHT 2FS

Fig. 4(b) IZMICR L7/ PT 7’07 7 4 Vi, n
SEATKTT B ntde, SFEO PTEALDE NI L T, AAEd 5
1% Ah + Ac - Dh D K/NARRD 7% %o Fig. Al IZEAEY
% BI7RTdH 525, Ah- Ac - Dh D A/NEBROE N E D~

(@)

G OEEFTTE L TR 5, Dh=dc DIRFEIZB VT,
Ah & Ac DR/PNERIC X 2 FETLHE w OEVE R L 72D
HORQB Thb, 2D &I HIRMEIE PT OSELI A
BHRE 2EEICHNS {, EEMICIZ R E 4c & T
X Dh LI & 7% 1), PTSRIEA R OB RIAE - TEiE
T w AT B0 HARUERRE OB, Ah>Ac DIKEEE
BW 128 W FEMCHNS e n FITH LT ntde, O
PTSRE/AECAGGL 72 B & EIL Dh<de L 720, KEREE
TR w T Ah DR S N D (D—=>@D)o I, nFIT0F LT
n+dt, 50 PTEYEABCAE S 72 5 & E1E Dh>Ac L 72 ),
Dh SR TH 2 720 ETEw 1T/ E {7 b (D—®)s

Fig. 5(a)(c) Tl S L7z $RiEHE w (Kz =2 cm’s ' D7 —

(b)

J0° 107 A00 00 TUaed 109 102 101 108
YB 250 |Kz=2 cm?s™ 250 | Kz=2 cm2s;'1
500 | YTV ) S o>
750 - 750 :
1000 | 1000
S 1250 ; 1250-
2 1500 - 1500
g 1750 | 1750 e
a 2000 | 2000 =Dh/At,
2250 - 2250 .
2500 - 2500- ™ dPT/dt
2750 - 2750 i (°cyr)
3000 3000 A
0 [ EERETT] B AR ATIT] B SRR TIT o ERRTTT R RETIT B AR RTTIT MR R T
J B 250 | Kz=2 cm2s-1 250. Kz=2 cm?2s!
500 | 500 f------+--- S
7501 750 e
1000 - 1000
§ 1250 - 1250-
2 1500 - 1500/
§ 1750 | ph 1750 AR ASAL
& 2000{ 2000 DAL,
2250 | 2250
2500 - 2500- ™ dPT/dt
2750 2750 (°cyr)
3000 3000

Fig. A2.

(a) Vertical profiles of Ac (&), Dh (O) and 4/ (@) components, which are used of the estimated w; of Fig. 5(a) at YB and

Fig. 5(c) at JB with Kz =2 cm’s”. (b) Comparison the observed warming rate dPT/dt with two contribution rates of

advection : A and diffusion : D terms.
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