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ABSTRACT

Sole A A 02 7P whe So] 2shE AdsHs s 5 shha A, 7] S ulstel U7k ke e B okt ooy vl
55 Fe £8 7712 73 Q7] whEe] o] o} 3 Mt Fagk AN T Ao 2 gl gk T e
A% B)50] EA T agto] Wst Thgel ek A7 Sl Ao o] A2 FUshA 248 Sl FA @S L o] Apeld,

7 A 0] B2 EShe 27143 5428 50 2fo] A GATE H(19904 e o] Fyef Aok E2 sk 1 9l o]
S9) 4% dj50] 218 B3 &30 ws} wgo] e 1zke] A7 ARE aotet, FF e WAS AAstnA gt
= R4 AR 02 A% ST A E e topt Bel s S B A5 S8 728 Itk Sa0] 4 m A4 ool
o] W11(<1C) o] A0 H(34.0-34.1)8 S57HLE S| W ol 0 7|7} o] S5 RS A(E LG4 E B
) 542 o174 Shek. 12} 19901 o] F AW o] ol oA m, Sal A5 AL s 47 Aol 370] A= o
4 B4 7R AHEDR, A5, A5 TAHO WA o5 37 s0] Beld 547815 Afo]o] AA] 54
F 1 o] ob ek A 4 1 59§ oI5 4-2.0] WshE Zofgiey. o) 28 5o o] i A<k, sjokri7] Dt
Y, 39 B FFS W RSN 8 AFolFhe) vHol wrek A% s A Ao] st Kol 7 Ay
Solth, PAE A% 4 40 e T 0 B £31 QB B NEE SAA WO 25 8|, ot BA|S
A2 AA th] QB B2 5550, o] 2B A A% LB RSS20} §rh WA A5 B A 4B D A7
0] 2R T 42 A 2oz 0] SIS Sh) el 41 W 70| 48 7] 2 7HA) thoged] vls) B AL 5
52 7 o] Ujo] %8k AR RS 7] HRe] e A% s)40] Bed BT Ao wdte] FA WS o Fetsi & 4
oL 202 7t FHs stk A% U AW 3k Afo]o] AAK, thopt Fale] § 24 s S Hashs ol 4% 22 4
% 8t Aol o] AAME ok 27k2] 2 uHE A7) ghaleh. Bl A% S5 550] ARt A S A sk Tk TS that 54

AFEo] Q@ 7H

The East Sea, one of the regions where the most rapid warming is occurring, is known to have important implications for the response
of the ocean to future climate changes because it not only reacts sensitively to climate change but also has a much shorter turnover time
(hundreds of years) than the ocean (thousands of years). However, the processes underlying changes in seawater characteristics at the
sea’s deep and abyssal layers, and meridional overturning circulation have recently been examined only after international cooperative
observation programs for the entire sea allowed in-situ data in a necessary resolution and accuracy along with recent improvement in
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numerical modeling. In this review, previous studies on the physical characteristics of seawater at deeper parts of the East Sea, and
meridional overturning circulation are summarized to identify any remaining issues. The seawater below a depth of several hundreds of
meters in the East Sea has been identified as the Japan Sea Proper Water (East Sea Proper Water) due to its homogeneous physical
properties of a water temperature below 17C and practical salinity values ranging from 34.0 to 34.1. However, vertically
high-resolution salinity and dissolved oxygen observations since the 1990s enabled us to separate the water into at least three different
water masses (central water, CW; deep water, DW; bottom water, BW). Recent studies have shown that the physical characteristics and
boundaries between the three water masses are not constant over time, but have significantly varied over the last few decades in
association with time-varying water formation processes, such as convection processes (deep slope convection and open-ocean deep
convection) that are linked to the re-circulation of the Tsushima Warm Current, ocean-atmosphere heat and freshwater exchanges, and
sea-ice formation in the northern part of the East Sea. The CW, DW, and BW were found to be transported horizontally from the Japan
Basin to the Ulleung Basin, from the Ulleung Basin to the Yamato Basin, and from the Yamato Basin to the Japan Basin, respectively,
rotating counterclockwise with a shallow depth on the right of its path (consistent with the bottom topographic control of fluid in a
rotating Earth). This horizontal deep circulation is a part of the sea’s meridional overturning circulation that has undergone changes in
the path and intensity. Yet, the linkages between upper and deeper circulation and between the horizontal and meridional overturning
circulation are not well understood. Through this review, the remaining issues to be addressed in the future were identified. These
issues included a connection between the changing properties of CW, DW, and BW, and their horizontal and overturning circulations;
the linkage of deep and abyssal circulations to the upper circulation, including upper water transport from and into the Western Pacific
Ocean; and processes underlying the temporal variability in the path and intensity of CW, DW, and BW.

Keywords: Central water, Deep water, Bottom water, Deep circulation, East Sea
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ol 4~ £=2Khydrological cycle), A Z3F5F4 <=2hbiogeochemical cycle)?t &, ¥, &2 Eol U A2 uljo]] %]
o x| 7|95 285k toFe] 212 HH £=SHmeridional overturning circulation; MOC)2 % A5 sll4=2] 2
PSR warming), 443K (acidification), BF4-Sl(deoxygenation) 2} T4 HISHE 731 Q= A 02 A A th(Stouffer er
al., 2006; Send et al., 2011; Levin and Le Bris, 2015). 55| thA| % 212 H =g Atlantic MOC)-2 A& AS-2] 11237
TE IREE FskL, AR EolA AE A1 H0] AT SirE AR aEet HE H A2 Wkl oghs 55
4, &, =4 2l 9 AEeget 21 7e] 7|9 A A" o] Fa 7t kS TR (Srokosz ef al., 2012). Z12{UF thA 2L
H gk 7| g sle] wet fiEchks 202 SRIEGLoH, thAeF AT sl pEEdelle foltt 0] S HEe] o
AlS7E PR R YERAT Q180] H 1%tk Bryden et al., 2005; Send et al., 2011; Jamet et al., 2020; Worthington et al.,
2021). 71537 Aokl tieke] 2L W gto] F 5] HAER= AIAI9E 3% 1004 52t 21 §55t AF o2
B4 EAo|k 21421 FSHE 71AE A 0 2 Y H K Stouffer et al., 2006).

tiofat -G ALSHA] 2R 4 91 219 W 48} A| Alo] ZA5H=(Senjyu ef al., 2002; Chang et al., 2004; Han et al., 2020) 5]
2k-2 tiYKminiature ocean)’©]2t 2 FL 2 ot FARHEA]S HITKKim ef al., 2004; Talley et al., 2006). 53
kY- E FePARl Bt 4 1667 mO] 22 As2A] E5, A, EE-5 2120 4 2000 m o o= 712 5 37
QE B7|(Japan Basin), 25 =A|(Ulleung Basin), ©F7FE =2](Yamato Basin) — 2] % 2|7} At 42401 150
mUj Q]2 &1 Zo] H| WA F-24712] P (NSNS, Korea Strait, A7 H; Tsugaru Strait, 2CFlH; Soya Strait, EFEF
Z35[Y; Tatar Strait)e SolATE LJoiel AAxE7] wlZell Folh= ] sfi weto] ui-¢- AlRt2Ql whlah/d s
(semi-enclosed sea)|tHMooers et al., 2006; Gamo et al., 2014). TW2tA A5 7t R 25 EH FUstAU R 2 =
&7] Hrhs, UiRellA] A Ee] oghohs IR 2k H gk 25 HRItk(Fig. 1). o2’ ol & Sdll= T o] 45 oi
o]l Hlof] 0] Wil §E4tA S E 7 =S A sl E A 9IA JIek(Fig. 2).
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Fig. 1. Schematic of (a) upper ocean circulation (red and blue arrows), deep and abyssal circulation (gray arrows), and (b)
meridional overturning circulation (MOC) in the East Sea. In (a), most widely recognized currents and geographical features
are highlighted. Isobaths are indicated by thick solid (3000 m), thin solid (1500 m), and thin broken (150 m) lines. KOR, RUS,
and JPN indicate Korea, Russia, and Japan, respectively. JB, UB, YB, YR, and OS indicate the Japan Basin, Ulleung Basin, Yamato
Basin, Yamato Rise, and Oki Spur, respectively. Surface warm and cold currents are marked by red and blue arrows,
respectively: LCCC, NKCC, EKWC, NB, and SWC indicate Liman Coastal Cool Current, North Korea Cold Current, East Korea
Warm Current, Nearshore Branch, and Soya Warm Current, respectively. Two modes of MOC where thick and thin arrows
indicate circulation cells with strong and weak flows, respectively: (b) double cells with shallow convection (open-ocean
convection) vs single cell with deep convection (deep slope convection). Note that the upper cell still exists even when the
deep slope convection is active although the mid-depth equatorward flow becomes weak and abyssal poleward flow reverses
to equatorward. Here, (a) and (b) are modified from original figures in Senjyu et a/(2005) and Han et a/(2020), respectively.
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Fig. 2. Oxygen concentrations (umol/kg) at 1000 m in the Pacific Ocean and East Sea (upper-left inset with higher horizontal
resolution). High oxygen (purple) indicates more recent ventilation (surface water penetration). The East Sea exhibits
ventilation at depth that is much higher than elsewhere in the Pacific, including the Southern Ocean. This map represents the
specialty of the deep (~3500 m) East Sea. Data are from the World Ocean Circulation Experiment, the National Oceanographic
Data Center, summer 1999 surveys from the R/V Revelleand R/V Professor Khromovin the East Sea, and a 2000 dataset from
the Okhotsk Sea. Modified from Talley et a/(2006).
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Folo] A5 ol 1) BAE iS5 ol H 1t 2) S5 G222 U 2] sl ol A g =] o] AlFellA 48 A 0 2= HEA A
ko 2 Sjsh eelohs 2 0= d# A Itk Fig. 1(a)). &9l SA41F tS-5 all9le] #3 s Aedo] = 7] ¥
7}o g 4=20] Fol2| 11 sl|H(sea ice) VA 1] FEHIE(brine rejection T4 brine injection) 502 FHE0] = =]
L7t 57 k= o2 A7 It Talley et al., 2003; Yoon et al., 2018). ©|2A| AT = 1L 0] 35 A1 AS5E= T

ol E tisAMHS wet dar o] A5 sl Aot Y 2] AshE Al =W, o] IS ASAMHTRF
(deep slope convection)Z F-ECKFig. 1(b)) (Talley et al., 2003). THH, 5o B-5 L B2] 1 2]oF sfjofjal= AHE|
&et Vet e 2ol A4A EdehH A5l open-ocean deep convection) Fi= 55T (shallow or
intermediate convection) Y-S F3l T2 A A 9] A% =5 A H(Fig. 1(b)) (Noh ef al., 1999; Yoshikawa ef al.,
1999; Clayson and Luneva, 2004). 445 A% slla= sl|A] E2] WA, 1811 o2 B2 455 dPof|A] =52 o
2= 50l AAIE FHAA o2 3ok =gt Talley ef al., 2003; Senjyu ef al., 2005; Kim et al., 2022a).

715t whet ko] A3 gkt s S0 M sk Q= At frAlsHA| Boll A5 et sl S0l = 5

S5 AP U= 21 0 2 A2 A 2tk Tanaka, 2014; Yoon et al., 2018). 53], Fdlh= A AAIH S 2 7P wiE= 420 2
W5}t 218Y F(Belkin, 2009; Lindsey and Dahlman, 2020)Y AE 2 7|53} o9 9iztshA| ¥Eg61= ol 5 sholct.
Helsl= 719 2ol tieF AT sl 5737 egho] o A ’ske Z1Q1%] sty | f1et T A @ (Laboratory of open
ocean)’ 2419] “Fafloll thgh o8] A7t ===t Boll AT o2l =214 443 <=2lof| thgt AE(Kim er al.,
2002; Cui and Senjyu, 2010, 2012; Gamo, 2011; Tanaka, 2014; Yoon et al., 2018; Han et al., 2020, 2021; Kosugi et al.,
2021; Jeong et al., 2022; Senjyu, 2022)-> thFol| H]sl| &55] A2 Fol|2] mgh ARt ko] 56] =3k A% A7E -5
o] FHH B3l A5 =2ke] A|7F R <=8 WE(Min and Warner, 2005; Postlethwaite et al., 2005; Han et al., 2021; Na et

al., 2022).0. 1]%; 1] nfeh o] gk AL RS 24 el 57 Ake] ol S Kol shet, 57 W ool &
A FRE TR el vlel 58] Ak W 5402 81918 4 ol APdolk. oleid HE Tefehd, ma

243} FR1 Fole] A5 2 Hal= nlEe] ik €7 HEtE ARte] qlof mie- et AARE AlS Rttt

WA o] =zoflAl= 7] ste} oA e Sl &5l A5 sl =214 E/d7t gl Hsto] dieh T17ke] it
TE Qofotal e A A& AAIskalA} gt o] =2l A ‘Al olgh 1990 H] -Folf A &5 5ol |z = HY
(B3l) SU=r(East Sea Central Water; CW), (‘5ll)5<r(East Sea Deep Water; DW), 18|11 (-53l)*415+(East Sea
Bottom Water; BW)2] H2|E 20 CW A4 ~4(2F 400 m) 5H7-2] sll-5 5345k= oJn] 2 AFE-JIThKim et dl.,
2004). 27gollX = 53l AF sl 214 E/dx wistol tiet A AE, 37 ollM= Bl A5 ekt AL =gho] |
slof tigt - S sk, 48elM= A ok R At A 71s 3ok

[T

2.1 55 A5 sl B2jx S4

ol AT ool 24 54821932 d+2 SkxbEe] el a3 solf o S AR HFE A 9= $117(Kim and Yi,
2017), ©]%-1990 ] o] }7\] Mz HE7lees = 1932Lq &3l Iﬂ 37 2A1E 2ot AYoA Rt HS
a5 4510 Uda(1934)014= 4] 8 m of2fjo]] BEIrsh= 5= (-2-9, potential temperature) 0—1°C, G- 34.0
—34.1 H9]9] uf-¢ #4345 L[ 5(Japan Sea Proper Water)Z HHHTH 0] 53ll21-7 East Sea Proper
Water=5 F). o|Z7] A5 F[11-F= 1990 AT o] A7kx] @& 717 512t Fall A% st 4 o= 35
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o] Jlth= 2 thelS R Sh= A AR AREE o] fie(Kim and Yi, 2017). Z1e{u GEeialq<-= 1990 AT o7t

A A2t wih A= thg 7|e0 2 AlREE =T, =29] $14] 7147 ](Nitani, 1972), 8EA4A FE9F A4S %4 &(Sudo,
1986; Senjyu and Sudo, 1993, 1994), 4~ =44 12|31 114-2] EH4H(Gamo and Horibe, 1983) 52l A5
(Deep Water), A 2%<=(Upper Bottom Water), SH5- #4155 Lower Bottom Water) 2 725} (Nitani, 1972), 4
-(Upper portion of the Proper Water) (Sudo, 1986; Senjyu and Sudo, 1993, 1994) ¥ Al5<(Deep Water)2} 4|
(Bottom Water) (Gamo and Horibe, 1983)% 4-2%]7] % it

&l AF o] 2t AE-S Ao S = ="FHI(SBE-9, Yoon ef al., 2018) 2} -§F4tA F & Bt Felst
Al Z75k= R (Pai ef al., 1993)°] 1990t E 2A A 0 = SEEHA Fofl 41T oll5-2] =24 EAdo] Aekdol o
2 RN F5Ehe T ol H2H2 FUHCW), AFSHDW), AZBW) 9] 371 ol si2jthe] o 2 W gict. £

21

;

3], Boll A% sll2] EAT <=2t H 2 E 4le]7] Yall 1993E-HE 1999d71A] Faf| A Jof| A =35 Folrlof sl
:r’-(Circulation Research of the East Asian Marginal Seas; CREAMS) ¥= 2 1315 5] 7|50 L& #] 2] 3td 55l

o>
ofM
O]‘
O

o] e Bela S4u AER Tast AEE AR B A5 okl n]h o 45 shre] 422 95

P B I A 2, e SA00] 22 W) 28 A B A 0 4
A2 k(4= oA Zo 9 A4S Hol= X)) 7t 2] 2 HthKim and Kim, 1996; Kim et al., 1996). 9l& &
H, 4 °F 1500 m F10] &7 Zqﬁ\_?._‘:' Bl & = Q= Ao 9= F]AF(Deep Salinity Minimum), 54 ©F2000 m 2]
ST AR G U= A HM %] 4-2(Deep Oxygen Minimum), Z12]37 524 2F 2500 m o}2of|A 4~2, 4
B, J2]7 &AL St ul e LAt FAS0] ZARITHFig. 3) (Kim e al., 1996; Kim et al., 2004). T H]3] ol
CREAMS968
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Fig. 3. Vertical profiles of potential temperature, practical salinity, and dissolved oxygen concentration at a station in the
western Japan Basin during the summer of 1996. DSM and DOM denote the deep salinity minimum and dissolved oxygen
minimum, respectively. Modified from Kim and Kim(1996).
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S

2 HglZo| 02 HustE7o] 87 M5 1990t o] Hofh=2Igd 4= §IIAITE, 4241 1500 m F--o] Al AE#] 45t
A12500 m FS 7|50 & S6)] A= s-S CW, DW, 12|11 BW S 371 sii5e& 25 Axf, CW= 4 400 — 1500 mo]]
A2 0.12-0.60°C B I2F G 34.067 o1, DWE 44 1500 —2500 moflA] FAH~20.12°C v]9ht G5 34.067 -
070 §1<], 18] 31 BW-=44] 2500 molel s H7k] 3o alig=2-0.073C v[et} & 34.070 Wie]e] 2214 E4
= ZE= o= AT 4= A Kim e al., 2004). T2 4T Slroll e S WA= Ao 8EAA- 2450 DW HioflA

AL g pw7l5a A= s 5 A4 2] 71 0#fiE siaka & 4= Itk(Kim ef al., 2001; Yoon et al., 2018).

4

x4

w
=

2.2 %Ell-l EA-|0| ﬁil.

= ='o—

&l A5 s(CW, DW, BW) 9] &4 542 A= b2 A5 sl A 712 (dSArE R B AS2l s o A4
o] mHt frofet Hieks A2 Aoz s, ASAIHt = Edl 55 s Gell A ¥t oA o 948 Al E2dE
=

7ol x| S, FA ] )29t EE HiA|TH(Peter the Great Bay) & -4 0] €2 Hl&-5 s oA Bt 5717t A
2319 EAJ Q] 25 dla7T tEARAS w441 2000 m oV 37ds1e] BWS AJAISIEZ BW7EA]51H= 44 2500 m o}
ol 22 WA, AR -8EA A Fhes v A = A1 4 UTHFig. 4(a)) (Kim er al., 2002; Senjyu et al., 2002;
Talley et al., 2003; Tanaka, 2014; Kim e al., 2022a). 3FH, ALY HF(E= S5 THOl A2 G A U 2
ol EAgsk=d], Aed 7Rt faEH @2t 280l whet tiFrt Adstetal 2ghso] ZlojA]H, A4 Fel= At
AT WS | wli2ofl cw AjAd o] ehiFshA] LFeRd Tt Marshall and Schott, 1999; Clayson and Luneva, 2004). 4~2-0] &
1 FEIEEA FEt 2 ST A AR EI AT AR AR FEEHA o 54 2] A S Slla(CW) G0 A

=

A O PO W W T I B O

200 54

iy

0 A 300

290

500 -500

280

1000 A
270

1500 1500 260

Deep open ocean i
Convection .|_250
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/
/
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Fig. 4. Cross-section of dissolved oxygen (DO) concentrations (umol/kg) along 131.30°E during (a) February 24-27, 2001 (deep
slope convection occurred) and (b) March 3-7, 2000 (open-ocean deep convection dominant). Deep slope convection
occurred along the continental slope north of 41.5°N, resulting in deep water (DW) and bottom water (BW) formation,
whereas open-ocean deep convection occurred south of Vladivostok, resulting in central water (CW) formation. Modified
from Talley et a/(2003).



o2 9|/ 7|5 Hsle] whE Fo AT il =Eld 5 3 &g e - AR Y - 7

3l FEI} -84 A H SIS (Fig. 4(b)) (Talley et al., 2003). ths5- 319 W sjEH Wztat GRHEo] SH51A]
2ot BW A do] Etshx] Qe Wi, A2t WhAle] CW A EalE 1990 H] FHtells, 844 57 A

HPEH AT Aol = S7Fo, sHfolAe Hashe =59 A2 20 HStE HtKKim ef al., 1996; Gamo et al.,
2001). FslioflA] HRFA 1 ASAPATHFO] ook 1965\3-5E 1995A7F2] ofatE #2]9] DWEFBW 4 ' floflA] di
WEEMLE TS 1]#31% TAAZII(Kwon et al., 2004), 71 AV} Ao GEAAZ] A5 412 19601 T F5F 1000 m
ool Al 1990t FHT 2F2000 mZ 2F 1000 m 1 o ZojZ]A| E AT Gamo et al., 1986; Kim and Kim, 1996; Kim et
al.,2004). 1242000 A= tHA] HSAPHTI R F A2/ = HAl CW A/ H ot BW A do] eAlsl=] 12, 71 At 5]

0 L L L L L
.. ﬁf e
] ~+
500 . — +J:F
L 4
1000+ a0 -
5 Cw
; el ,},._.. T 1500
330 il ZFV T 7 - 2
[§6°E1 20°E132°E135°E1 38°E141°E 2
c 3
© [Gamo, 2014) 2000
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[<] i, (. »
E 220 i i . B L
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Fig. 5. Deep structural changes in the East Sea (Japan Sea). (a) Locations of the East Sea (brown box in upper-left panel) and
hydrographic stations where data were collected during research cruises (brown dots). The Japan Basin (JB) is deeper than
3,000 m (thick black contour), and data collected in the central JB (centered around 41.3°N, 134°E, blue squares) were mainly
used. (b) Time series of the boundaries between central water (CW) and deep water (DW) masses defined by 0.13-0.15°C
isotherms (open and filled green circles) or deep salinity minimum (DSM, red triangles), and between the DW and bottom
water (BW) masses by upper limit of the benthic homogeneous layer (UBHL, derived from potential temperature: magenta
diamonds or dissolved oxygen: open and filled green squares), and depth of dissolved oxygen minimum (DOM, gray asterisk)
for 67 years (1950-2016). Isotherms of 0.6°C used for the upper CW boundary are shown with crosses. Data collected in 1999,
2000, and 2001 using different conductivity-temperature-depth (CTD) instruments are shown with yellow triangles and
diamonds. The DSM observed in 2012 is denoted by a blue triangle. Three black dashed lines denote the upper CW boundary
fixed at 200 m, and linear fits to the observed CW-DW and DW-BW boundaries from top to bottom, which were previously
reported using data from 1950 to 1996 (not shaded). Red solid lines indicate new fits to the updated boundaries. (c) Time
series of BW DO observed from 1977 to 2015 in the eastern JB (green open circles in Fig. 5a) at Stations C (blue squares in Fig.
5a) and E (blue circles in Fig. 5a). Green dashed line indicates the linear declining BW DO in the eastern JB between 1970 and
2020, which was obtained using data collected from 1977 to 1999. Blue dashed (solid) line indicates the same linear trend
between 1996 and 2020, but using data collected from Station E (Station C) from 1996 to 2015. A potential temperature-salinity
diagram of data collected from Station C in June 1999 is shown in the bottom-left inset. Modified from Yoon et a/(2018).
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FEX AT sHoAET JRoA o & For §F4kA Frt AAgTh(Figs. 4(a), 5(b), 5(c)) (Senjyu ef al., 2002;
Talley et al., 2003; Yoon et al., 2018).

HSAFHT = 1932878 S AR BW A7 71210 &2 2R83la Aolet S E| 2|9k, s A5 E 4F s
o|2717k2] ZA9FAR] Fol W sll=2] 2 At §A 1 A3 ] T2 S RISEE A0 Qs A0 = A EI: 19501
B 1990t SH7EA] ASAIAHRE 53 BW g2 2454 0 =2 ofslE|o] 11, HSQlSH{E &

2] o 2 7}stE|o] ghet. olef it 424 3000 mof| A ] S A S X|&5H 0 2 7EASI AL, o] A A 25 E 3l A
9] §FAAE 180 -530E 22300 oJujof] 9FAS] 1% o] Foll AlFo] FAtA 2Hd 0 = ¥iskE Aolek= o] A
A%]7] % FITKChen et al., 1999; Gamo, 1999; Minami ef al., 1999). 12t} o574 AVIA 2 (Moving Boundary Box
Model)= o851, 1980 S5t 1990 AT FHF Alo]of| Falf 415 slilg-2] =8 A4 B4l o] ASAPAt ROl A HE-<] Y
= WslohH At BWREE CW7TH B Eo] A3/ =|o] A 8, A5 sl A& R 5029l 4ha 332 HFA
L1 2|455]0] 204017 BWE= 2HA5] Al AR CWe DW= thA| =™ F3]] A50] FA14 3174 0 2 WA= ok A o]
2t AREA| A= Ak (Kang e al., 2003, 2004). 1256l 415 sli=2] 474 ®4122000/2001'd A& HSAFANRE &
St BW AAJo] AgAdshHA] TthA] HS1E 217 HokFig. 4(a)) (Kim ef al., 2002; Senjyu et al., 2002; Talley et al., 2003;
Tanaka, 2014; Kim e al., 2022a). BW #3/do] A7H=HA] 5L= E2]||A BW -§E4H4-0] H4-E-21977-19994 7|XF
0.76 pumol/kg/yrollA] 1996 —2015' 7171 0.38 umol/kg/yr= 50% == !, THARE FEoHA Zoj2= S HAd
BW AH-0] DW-BW A 4418 2174(1995 —20154) 7 2] YA G2 =11 9l&o] AfEAl <1 2lck(Fig. 5) (Yoon et
al., 2018). WEbA A8l A1ES -5oll AAE B0l S0 FAitd 8 AU BWo A8(HE 43 dlrE tiA) A2 o

ol s om, 20601871 teke] Hlel =& 84t TS FAISHH BW7FEA 2l o= e 4 qlrh

3. S4ll S =2k} 2t =2

[ ==

5ol A tE-S- st S5 2] sl ol AE S sk
B 7A oA 2 22 BAlske F 22 Aol Fof AAIE '
Yoon, 2010). ©[24¢1 A|Fa¥}o] wh2m SHoM = AT st 4o
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oIt Faf HWAA 02t Falo] 371 E2] ZHt Wjof| A e thA| 2 BEA|A| Wake] =8to] -Ael7| wjZolct, Y Ex]of| A AY
A AT sli7t FIAA ko g eRlet HER o R pEEE oA S8Rt Fe A9 &F oA (Ulleung
Interplain Gap) A5 =25 S5l &5 A2 F-UEtHTeague ef al., 2005). &5 2| oA BEA A ®IeFo 2 =5
T STNAT 55 FEE Tl 25 BAERE REEE, Ut EEol A5 sERET TS TR T 2
£.0 2 W=7 $IRIK Chang ef al., 2002). Z1o]| Gt & Fox 7= A5 F29] HokRol vlel 55 4= 53R+
tH oz Fo| ¥ Fil 7}t T3k #EE7] wlZe] o] EFRE 55 4S ol (Dokdo Abyssal Current)= 83Tt
(Fig. 6) (Chang et al., 2009; Shin et al., 2020). &5 EAE WAL 415 sl 44 0] -2 @ 7] SKOki spur) ¥} oFat
E oflg(Yamato Risey& QLEZC & £ AIA HYofo = 31 & oA @& 0 2 -5 k|o] oftE £2|= F-YHr,. oftE
A YoM HHAA] Jek o = ool & ojutE F2] TR0 tiSANH-S wet H/4doto] oftE X 25 E fEE 0] dE &
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Fig. 6. Mean velocity field obtained using Hybrid Coordinate Ocean Model re-analysis data and mooring observational data
collected at sites EC1, U5, and UB2 (blue, red, and purple arrows, respectively). UIG, DAC, Ul, and DI denote the Ulleung
Inter-plain Gap, Dokdo Abyssal Current, Ulleung Island, and Dokdo Island, respectively. Modified from Shin et a/(2020).

2|2 F-JH K Senjyu et al., 2005).

TR AT B52 5ol wehd A 750 ARE Bat2 & emy/s2A T AR S-S 4 eny/sell HIs 2kem, 5 A

% 23 94 QA AR o] olle 1% RS BeH A% sl A4 T 5.0 istel gl g ofe 40] s}
2 Zct Bl 4% S A TR S Bl B AN B slodu B elak shelo] 35 s W whalo] wlziet dake
0B BZ o4 W WS FOBHE ofef 3714 RS} eisle] 45 eke] M-S sl 4 lr

1) 5ol 55 all<of|A thuptR(Tsushima Warm Current) @] A<=2Hrecirculation) v} T EAH of|o 0 2 o] At
% FF(Park, 2007; Han et al., 2020),

2) &5l 57 sfiellA] siedth7] @ wek(dzh 7Hd) 9 g W 73)(Noh er al., 1999; Yoon e al.,2018;
Han et al., 2020; Kim et al., 2022a), Z1&]11

3) EEtESd, Soll B eAlor At BAR REE AT 5ol F/4d%= s F8E =(Talley er al., 2003;

Yoon et al., 2018)
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R e cwoﬂ S BATHKim ef al., 2022a). WA, 20001 o] HSAIANFE EBW Y

Johs Sl B oo o slaw W7k Z7k, 44eg ie] Zlege] 27} B sjeollA] B 7hslel mhE A
SebuF 271 BH §odo] o] B 7EA8-0] 51 So] BglA o 2 21851 At sjAlgHSE glon
G

SF= op7|ttal & 4= 1th(Yoon e al., 2018; Han et al., 2020).

g2} AR S 0 2 QIof] <2k T o] et Eefi= 5o0] A2 ¥ =8H(East Sea MOC, ESMOC)°]| tgt 1= Bl
2 HTNA| & o] F0)2]7] of g fl ot it A5 55l 27H4] FEIS] ESMOC =8t 7527} EAI6h= 2 02 dej At
(Han et al., 2020, 2021) E5f) Ao & g Fel = 215 5 5] A% digro] Ea)2] EAJo] A7)t A
A & E0 =2 Halto] Yo, oz = 5ol o2t Haprt A3 sl A4 17 o] wsteh W s] wei
Zo& A5 1 glon, of7]of Hed ESMOC <=¢h 39 H2le] tisfiAl= @7l 717 ZARE]A] 2ottt
5ol 55 2 Ao et 25 A o= noJsy| 9ijt A RE o] HO] 58 HAR Y oA A @ Y %Z}EA
AlE7HARl Zﬂohﬂ EAf617] wiizoloh. 1euh 2| HO] 52 o /it oA A= 53l 7e o HE B TS Avtet JiE

ol 50 & = Ut AR AAaEe] Aitsd, 2ol @Al 2A 7l ESMOC =gk 157} iﬂ}ﬂ

L= }4 %’— ﬁﬂh AR Sl 7o] Al %*ﬂ o] w2l BW A4do] eAlske] 44 2000 m
ol o] 22 th7E Foll 55 s oA B4 ASshr7Haolx 85 1*&%011*1 Aot T 2 Acell) X
eFCw Aol eAlste] 44 ©F 1000 mE 710 = Ao} 51 7*7*4 SHAll 325 7H)= o] F 2k FE|9 2717
ESMOC =3t 1371 w2 vebaS- B3l th(Figs. 7(a), 7(b)) (Han ef al., 2020, 2021; Kim ef al., 2022a). A &8 Ao
&= ASAFAU R AR A9 550 JoF a5o] ofelelal, Ao 53 82 ko= 11 ko] Hio] ShE
=2 Ao Hglel o7 ESMOC 8t -5 WREH (Figs. 1(b), 7(a), 7(b), 7(c), 7(d)). %1714 &8t A& wh} 5 2= sfj4=C]
&8 7] tiF MOC] Bl €55] A2 oF 100 WQl2 A H T Han ef al., 2020, 2021). 53] $2| 2@ A% 0

ZHE 3 S5 280 S 481 7)== 7171 8.68 —45.441951 26.41 —37.28Y, F|d] £:8FF7]71 58,59 0 2 ZALE
O(Figs. 7(c), 7(d)), T=H A5 ol W 3Feh =4 2}5(C-14, chlorofluorocarbon, tritium) 2] Fie FIEZHE 4 H 7]
& 3] Ao 28t 7] 2F 30 —300W(Tsunogai ef al., 1993; Kumamoto ef al., 1998; Gamo et al., 2014)°]| 8|3} T &S

7FsA = A7 = EHan ef al., 2021). A o8] 54 471 9gd " art Qo

AT ool gk 719t FsHA ESMOC <t -5 2R et o] 5 egho & Wdtsh= AR 2= oF 104
U9]2 A= =d](Han ef al., 2020, 2021; Kim ef al., 2022a), QoA AE5H A= sl AAdoll G n)A]= Q2159
HEe Faget o] Gk 55], 20009 A= UEhd 55 9 4S5 ko] ot Histol| F=otH, ASAARE
SFBW A3/ AHEd-22000d ol S-AIRE T <=8 FEI 2.0 ESMOC 1% HatE 2
2 7545 8 em/s o) A5 Rt 371D o A=W ESMOCE Z38HlE 7132 S gtth(Fig. 7(b)) (Senjyu
et al.,2002; Yoon et al., 2018; Han ef al., 2020, 2021; Kim ef al., 2022a). ]2} t]Z2] 0 & 1990t S5k} 2010F ) 24t
o= AZUNFE 53 CW o] ASATAYIRE 55 BW AR o A5 o]F 238t FEf9] ESMOC 125
Hol|i(Fig. 7(a)) (Han et al., 2020), S5(- 700 m)°llA] AMtS T} Holsl= E1FFR(North Korean Cold Current;
NKCC)2F 554 2000 m)ol|A] BA o= 25 E2]9] DACH ofuteE B2]9] FolE A S5l Eastern Yamato Basin
Abyssal Current; EYBAC)7} 73akd EAE H X tHFigs. 7(e), 7(H), 7(g), 7(h)).
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Fig. 7. Schematics of East Sea meridional overturning circulation in the (a) shallow convection period (Period |; dual cell years,
late 1990s and early 2010s) and (b) deep slope convection period (Period lI; single cell years, 2000s). (c) Streamlines of 0.2 Sv
(@ solid line) and -0.3 Sv (2 dashed line) for the shallow convection case of the MOC stream function. Turnover times are (1)
868y, @ 36.76 y, and MDH+® 45.44 y. (d) Streamlines of 0.3 Sv (@ solid line) and 0.13 Sv (2 dashed line) for the deep
convection case of the meridional overturning stream function. Individual turnover times are D 26.41 y and @ 37.28 y.
Horizontal currents at (e, f) intermediate layer (700 m) and (g, h) deep abyssal layer (2000 m), averaged over (left) Period | and
(right) Period |I.In (e, f), three sequential small blue and red dotted boxes represent the boundary current regions, and large
blue and red boxes are UB and YB. Blue dotted boxes represent JB, UB, and YB anticlockwise from the top, and small red boxes
are deep abyssal currents such as DAC (left box) and East Yamato Basin Abyssal Current (right box) in (g, h). (a, b) and (e-h) are
modified from Han et a/(2020), and (c, d) are modified from Han et a/(2021).
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5ol AT sl = ol HSAPEHR B AT AR SS9l A=, S5 s o] sEte 25| v
tebd 7 A, shd-ti7] x4 we, s g/del whet 21 A4 dd a2 Bl 224 540 Hiolks At |
elM A5 st g0l 7k 2=t Riulal g siel sl ASolMe A2l 0-1C, Fi2e] 34.0-34.1 = 1
AR s AR ER o 7t olE dEsial i (E sl i) 2 s e, 1990 ol % A stal At 4
2, G, S 72 S0 s sl wet 1wl s A2 AT A S-St F ol EAIGI T s
T/3Eo] A ol AR 12 E = F9) AT sie Al EaaS el HAlske FYT(CW), HslEezaT
S]] Yfz]sto] A8t AR aT-5 Eedsh siAd Fo] S ATl fAIshs HS(DW), 12l AsheEqt
&F| AT She] R[St siiAH Fte] WSl sigshe AT BW) 2 FHHE, Aol 371 odel A= thE sire=
TdE]0] AlFo] d=F Tt

rid

0.

o

o,

O

o

o15 37k2] A% SIHCW, DW, BW) Afe]9] 7] 5418 a4 9 Zlo] ohleh, A 441 | 5t 144 9l 43
ol njet gofgt 4-50] WskE ZGHat, 1 AT A yslel 3 1028 HE] 20153710 TEH 415 Sf50]
=]

AR 22 714 S 2 71 e m, ARt St ae 714 S = Aagint. T2y 19903t Sl A
A7 oFelstal Sl g Hdo] “detstol BW A E e CW Aol ¢Ast Hsh 5w 27 2lE
1, 2000/2001F A-Zll= thA] ASAPITRZHATE 35t CW A/ et BW A/do] ¢4 &l Bl it 53] 2000
i o] BW A/ o) A/ eh= 5ol As A7 -8E4ta A AE 0] =8K(1977-1999' 7131 H]4l} 1995-2015'8 71%F &<
°F 50% E3h et 1A 717 2101213 AAE BW /-2l DW-BW 7] 424 0] #7(1995-2015) A 0] L oA 4] =]

T 2 0 2 JigtslA U BW7EHHE sl tiAl = A= o2 A o= AEA AT

2 ol
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SIS Fh, 223 Folo) ARe =
H AL 5ol SR sollM APt RS St BW A /do] E-doke & A

o] § P= A AR EE A=A 195095 2016W7H] TEH 415 Si5-E(CW, DW, BW)2] A 4] Hs}
= 1990 tHjef] oFet= 91| 415 2 2t0] 2000 ] o] F HhA AdSkE|9lS 7hs g e el 5ol 2k = 2HESMOC)
°] 1990t §F o]F: =2k T30l 4] 20001 o T o2k 3=, T18] 31 20101 T 2] ThA]

SJ AR FEE 7HA AL o HE-S K elo] 22 A e A AV e Bei AL, HS ool 28 7= X 58.59
do = ofebd] 2455 Fof 710l F8H - E L0 Bt AR A FRe 7 s Rl ASAME RO &
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Table 1. Categorization of previous studies on the hydrography, deep (abyssal) circulation, and meridional overturning
circulation in the East Sea (Japan Sea)

Category Reference

Gamo et al.(2014)

Kim et al.(1996), (2004)
Hydrography (physical properties) Kim and Kim(1996)

Talley et al.(2006)

Uda(1934)

Chen et al.(1999)
Cui and Senjyu(2010)
Gamo et al.(1986), (2014)
Gamo(2011)
Jeong et al.(2022)
Changes of physical properties Kang et al.(2003), (2004)
Kim et al.(2001), (2004), (2022b)
Kim and Kim(1996)
Kwon et al.(2004)
Minami et al.(1999)
Yoon et al.(2018)

Chang et al.(2002), (2004), (2009)
Cui and Senjyu(2012)
Gamo et al.(2014)

Kim et al.(2002), (2022a)
Min and Warner(2005)
Noh et al.(1999)
Postlethwaite et al.(2005)
Senjyu et al.(2005)

Talley et al. (2003), (2006)
Tanaka(2014)

Teague et al.(2005)

Yoon et al.(2018)

Deep (abyssal) circulation

Gamo et al.(2001)

Han et al.(2020), (2021)
Meridional Overturning Circulation Kang et al.(2003), (2004)

Park(2007)

Senjyu et al.(2002)

o
3) &9l =5 S99 T W HEo] WE () $FEET, 5, D) 8 A=t A= HEA, (b) A5 sh(Cw,
]

DW, BW)9] E2]2] EAJx} B EAJo] B2]¥(JB, UB, YB) H154], (¢) AL H £ ESMOC) 2] 158} 7% HEA
1A]
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215291 2 2172 2dstet tf ko] A5 ol A4 2 2 A 254 2k ¢fHMOC) ] Hstet -FAKsHA Falo] 4
Z A 27 9 2o S3HESMOC) = of =] @91 oJaf 24529l

| A& AT ROl T2 A5 ol A o] A AT ot dohs 3 55| A S 75 d o] it 2], 5i
-7 & Weh(7tEvs @2t TrlolA Eoll B 59| BAlot ERtH HAE T AL 712-9] (1870-2000) 7+
AM|(Kim et al., 2002; Talley et al., 2003)2} Sl 3H 5=22] 2]71(1982-2018) 57 54ll(Lee and Park, 2019), 18] 17 43
1} EH D(heat flux) 7] HEFE-Fol Foll S5 ol 9] v 17 A 217} sl -7 ] 2 zh-8o] o A HEed A
E AR 7t Ak &, Sast o 2P 8 22090 ol W= ol B gt ofu et ol 3 Rl widte
A =22 sk t)7] g weEvs 74 BE0NA] 1990/2010 T E T 1980/2000 A tofl 744 tiH] ©f 2hdheh =4t
= 5ol siEH =g 77 = H5/d(Yoon et al., 2018)°] 10 2] AlRE HRLE A[&2Q1 F-5 H YU 2] o7 A 3
St AL tdo] Eojof shlltt. &4, BfEtE s ol A2 o A4 2detel ©74 1980-20154 717t &t &2 4
a1 7o) ke Fi S-S AlRRE 71 do] o, BletE sl ol A o] s Ad el F-31et M55 Ko 1980-1995d
H]5}] 1995-2015 7|71l B 25| s A/do] o] FoH © B =(Yoon ef al., 2018) S F-5o] ot s H HE

S 2 = Z1Q1x] o] thet At7F B g skt A, Foll= f-loh= T
F 50 S A dinhd R Ak 53 B Y 0 29] i T ELH ASAMHT R A sl o] sfaEw
5 Aok= 527 94=® 28 5 Qlo(Park, 2007), ©]of tiRt 4 A o]

TS Bl AR H 2o X591 ’slof] FHtE] o] Fof] 45 sflro] = A B4 TR AEARI HStE A los A
e 4= Qlt, 53] @A L] FAIZE ASE T s a2 45 sllo] HAll-2-2 ANEA 0 = 7S (Yoon e al.,
2018; Lee and Park, 2019), G} -8F44 H = AT Z1-& oiked 4= Ith(Dickson et al., 2002; Kwon et al., 2004).
AT oflo] A R] BEA A F Sao| AlRtEHA F-33ellA it 7 1=d o] A
7ol k2 2ol a7 0 2 QIal] 2|4 7hAE A 0 2 YT X|THKim e al., 2022b), 2000/2001'H A&7} Zro] ASAPAF
7} A/ dshA, AF ool 8EAA B A FAlE T 3L @513 S7FE e Sl ol A" A sio] =1
2 5/d n]ef Aot Heka Hishr] ofgle- 7 2 801 Sall B sl ] o vy WA 2 at skt 7| e ARg HE
dol digt B ol B2 9] 1) FA|9] £ 7t ot A4 02 9 gt o = itk th 2ol wheE ml 415 of
G0 A S A 4 A =W S ek AR W et byt EREE ZlolH 92), 3) FAES] £4 A9EE
FAPFolgold 4 it wuiA|eto & Follo] 4 ekt AEe W ook B E> WA 0 = ARkt f-ght A H A Hsk=
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