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Re-initiation of bottom water formation in the East Sea (Japan Sea) in a
warming world
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OFEN Re-initiation of bottom water
formation in the East Sea (Japan
Sea) ina warming world

Reeived: 2] Jinrell |7 ¢ Seung-Tae Yoon!, Kyung-Il Chang?, SungHyun Nam (3, Tagkeun Rha',
Accepeed || Bnnenry 2008 ¢ Deng-lin Kang®, Tongsup Lee®, Kyung-Ae Park’, Vyacheslay Lobaneav®,
Fublished anfine: 25 January 2018 ¢ Dmitry Kaplune nko', Pavel Tishchenko® & Kyung-Ryul Kim*

© The East Sea (Japan Seal, a small marginal sea in the northwestern Pacific, is ventilated deeply down

: to the bottom and s=naftve to changmg surface conditions. Addressing the response of this rrur\gl.ntl
sea to the hydrological cycle and atmosphenc forcing weould be helpful for better understanding

© presentand future environmental changes m oceans at the global and regionalscales, Hers, we present
an analyss of ohservation: revealing a slowdown of the lomg-term de epening in water boundaries

: asseciated with changes of water fermation rate, Qur results indicate that bottom (central) water

. formation has been enhanced (reduced) with more (less) axygen supply tothe bottom (central} layer

¢ gince the 2000s. This paper presents a new projection that allows a three-layered deep structurs, which

i rotains bottom water, at least until ]ﬂil]l, :t;mtrl:t'rng pravious results. This pmj-ctinrr Considers recent

: increase of slope convections masinly due to the salt supply via air-sea freshwater exchange and sea

. ice formation and decrease of open-ocean convections evidenced by reduced mixed layer depthin the

- morthem East Sea, resulting in more bottem water and less central water formations, Such vigorous

- changes in water formation and ventilation provide certain implications on future climate changes,

i The East 5ea (F5] i a small marginal sea in the norhwestern Pacific enchosed by countries such as Korea, Russia,
¢ wnd Japan (Fig. Eal. s total anea anl average woter deptl are approsimately 1 ko and 1,700 m, sespectively,
- Theis dewp marginal sea, conmected o e Pacific trough narmow and relatively shallow straits, has the highoest
= deep-water dissolved mopgen (00 in the Pacific because it is well ventilated through diverse processes such as
brine rejection, convection, s subdaction’ ", Using highly precise measurements, very oold and oxygen-rich
° eep-water masses in te ES, formerly called Proper Water”, have been subdivaded inte Central Water (CW), Doep
D Water (1), and Bottom Water (BW Y, The deep saliniey minimanm (72531 lies at o depth of arowns) § 500 m, and
elimes the bewer (uppert boundary of CW (WS The DAL s shown in the potentzal temperatire -saliniy (#8-5)
= dllagram in Fig 1e. With raie § meagurements of suffichently high vertical resolution, sotherms of 0013-00155C
: were previously used to determine the boundary between COW and DW_ The upper boandary of CW wis set toa
(k60 deaherm depth’, & benthic homogeneous layer (RHL) with a nearly constant # or TR characterioes BW
©fegg, 85 dingram in Fig Toh A laper of DO naindmiom (EROM] b foand betworen DEM and the upper boundasy of
= RHL (USHLY, within the W regime, pmxu.|'|.1uh|',:|:|.qq' b s relatively “wld” age- The THOM structure indicates I:h..r!.
formations of both CW {via open-ocean deep convection ) and BW {via brine reiection and sbope comvection )=
© g e active than tht of DWW
Structures of deep-water masses indicate that ventilation in the ES has been maintained with significam
changes since the 1950542 e 1o its rapid overturn timescale (= 100 yearsy -, compared to that in the
£ global soean, and strong sensitivity 1o the Remadion of water masses™® well isolated froan all subsurface waters in
: the Pacific, changes in the ventilation system of the ES veoulid prowvide importat i.mpii..'.'lti.nnn o hovwe weosrldd mine
¢ ginal seas and glohal ncean responsd o fnure changes in climate. Ressbis of the moving boundary frve-box model
o applied o the ES saggested a shift In ventilation from the bettom 1o conteal ideep Livers, reserbling the weaken-
: i of deep ventilation in the global ocean™'. Sach shifts provide & chwe 1o fuiure canges in the global eocan™1

1Zeoul Matsanal University, Seoul, Republic of Korea 2Geosy2em Ressarch Corporation, Gunpa, Repuhlic of Korea

TKesea Institite of Ocenn Scignce and Techaology, Ansan, Republic of Karea. “Pusan Bational U reersty, Busan,
t Republic of Korea, "Far Eastern Branch, Russian Acadermy of Scence, Viadivostok, Russa, “Gwangju Institite
£ oof Science and Techaoka gy, Gwangju, Repulbbc of Korea. Correspondends and requests for matedals shouwld be
: addressed be .M. (emnaili nia mahi@Esnu.ackn
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Eigure 1. Deep structural changes n the East Sea Uagan Sea), (a) Geographic Jocatiens of the East Sea (E5)
{browm bo in the upper-keft panct) and sations where the hydrographie data were collected throsgh rescarch
crusses (brown dotsd. The Bapan Basin (15) b deeper than 3000 m (oomour shown in thick Mack live), and the
abata collectedd i contral JB or Station C {cemtred aroiind 1 34°E, 403N, Blue squiees) are mainky msed hire
Marthern ES. where the surface asr-sea fluxes are mlrngﬂlbe:mhhqkmhim]ﬂbﬂﬂuiﬂu im eastern [B
are marked by a purphe box, and Bluc and green cireles, respectively, () Time series of the boandaries between
Central Water (CWH and Deep Water (LYW defined by 00130, 157C mothernss (open” and green lled circdes
o deep salinity minimum (DSM, red triangles), between TP and Botlom Watee {BW | or upper limit of benthic
Tevmiogemeoas layer IUBHL, derived from potential tempersiue: magenta diumonds o dissolved sxygen
o™ and green Alled squarcs), amd depth of dissolved oxygen minbman (DOM, grov osterisk ) for 57 vears
irom §950 4o 2086, lsotherms of 0.6 wsed for the spper boundary of CW are shown with crosses, Data
collected in 1999 (Tune ), 2000, and 2001 using differert Condwctivity- Temperature: Thepth (T instrumenss
are shown with vellow triangles and diamonds (see Table 1 The D85 observed 200 2 s denoded with a blue
trianghe {see text ), Three hlack dashed fines denote the upper boandary of CW fixed at 2080 o, and [inear fits to
the abserved CW-DW and DW-BW boondaries (from top o bottom ), previeushy reported using data from
1950 o P& (nok shaded ), Red solid lines are new fits to the up-to-dated boundaries. (¢} Time series of
BW dissobved oxygen (D0} ohserved from 1977 1o 200 5 in eastern )88 {green open circles in Fug. 121", Station
4 [blue squares in Fig. 1a), and Station E (blue circkes in Fig. 1a), A green dashed line indicates a linear rend

o declinug BW D0 in the wastern [B bebwoeon 1970 and 2020, derived using dala collected from 1977 po 150409,
"D ol abiasbiend {solind§ i shorws For the same Hovar tréod bietvween 19906 amd 2000 but with data colledted s
Station T { Saation €3 from 1946 (o 24 5. A potendial temperature-salinity diagram for data collected ag Station
b June 1999 i shodwn in the bottom-lefl inset. Figures were generated using MATLAB R2006a (hitpoiwww
mailiworks comh.

S et R PP ol S S L e S L T, T DM Bt 1 T B Ll - S~ S P £ L L s o P S LA o

Previousdy, BW was predicted to completely disappear by 2040 as CW replaces BW . These projectinns were
documented |3 years age, and are reovisited beee with bydeographic data colbected between 1993 apd 206 (19
cruises i total), Temporal changes in the ventilation spsten are demonstrated with the struciures of deep-waler
s, and their asocintion with winter ocean-atmosphiere oomnditons in the porthern ES s discussed. Then,
hture ventilation is qzw!f;lu'pncmd based on-a §-17 advection-ditfusion masdel,

Results

Observations of deep structural changes.  Deep structral changes are clearly observed at o groap of
atadions referred e as Station O, located in the centrid |u.pnh Basti (B, which is the dk::pe:l part of e £S5
{Fig. La). At Station C, the lnear tremd of the deepening of 1,130,153 °C potlwrms as o proxy of the D86 from
1950 o the mid- [199s is approximately 19 m year ! {open cirdles in Fig. 1h)” and it has not significantly changed
afier the miid- 19908 (preen filled circles in Fig. 1h], However, the lovar deepening trenad of sctual DS is less than
T £ moyear! {though insigmificant staistically at the 95% conbdence leved ) after the mid-1990s {red triangles
in Fig 1 sehen saliniey data of high vertical resolutbon o define the TSM becamie avalbable, The S-based DSM
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Table 1. Detals on CHEAMS o EAS -] cruses comdocted from 1993 to 2006, T, 5, and D0 denole waler
temperature, salinity. and dissolved oxvgen. respectively, *Sea-Bird Electronics % CTT amit and Sea-Bird
Electronics 11 deck umit. *Meil Brown [nstroment Systems METTE CT0 anit. “Sen- Bird Electronics % plas CTTH
wiit and Sea-Bisd Electromics 11 ples V2 deck unit 'Data samplieg feequency of SBEYT 1 p is generally 24 He
Thate of calibration of the DO sensor is 'E-ebnn.r}.- 5, 2

canned be estimated Elwpcr.lnd belore 1993 as the salinity data, il any, were collected with discrete wﬂaump]n
only. Theretore, it is not assared whethor or not the decpening rate of the CW-TTW boandary has been slowed
vy o 2000 as compared to Use rafe before 2000s, solely by the 5-based DEM.

The TH-hased UBHIL has continuously deepened since 1950, but its deepening rate has significantly slowed
chawen inthe recent years (open and green falled squares i Fig. 1h). Thie linear d.eql-eni.rig rate of the 10 hased
UBHL waz 27 movear | (open squiacss in Fig. [b) between 196% and 1984, The despening rate, however, reached
dose fo eero between 1994 and 2015 (green Alled squares in Fig, 1b), The f-based UBHL {magenta diamemcds b
Fig. 1) during the same period is 4 (461 m year ', which is insignificant at the 93% confidence lovel. Henoe, the
deepening rate of UBHL since 1950 has bevn significantly decreased afier 1995 in terms of the DO-based esti-
made, an the #-based eatimate supports the recent slowdswn of the UBHL deepening.

Based on these observations, two different Gits were applicd to represent trends of the deepening isotherms
anbior DEM: linear fiting frons 1950 to 1098 xsd Jogarithmie fitting from 1999 e HH 5 extensling ug to 2060 (roed
limwes in Fig, 1h), Hegarding the UBHL based o both &f and DO profiles, ouly wne logarithmic Bl was applisd for
the entire period {1950- 20601 {red lines in Fig b1, The filting functions and perlods were selected fo optimbze
the resuifis of the £-D advection-difusion osded (see the next section for details),

The fintlig lines might be comsplered sufficiently sensitive o contain significant decadal-scale variations
of deep structral changes. The decadal variability in deep-water properties of the ES has previowsly been
reported ™7 and changes of the Tseshima Warm Carrent’” and cold-air outbreaks related with the Arctic
Cracillation were supgested s potential drivers underlying te varialality. Wotanabe of ol suggested a possible
connection between decadal changes of nutrients in the TS deep-water masses and those in the North Pacific
Istermediate Waber', Tt should be noted that the decadal variahility in the previous studies is superimposed on
the linwar increasdng trend for @ and decreasing trond for THO bt without any change in their teemd lnes, This
is plau.dhlu since data wsed for those studies are all acquired befiors 2085, when Il'le linear tremds dominated and
slowdown of their changes cannob be fully accounted for in their sudies, Our irregularly obiained data dhow
significant scatbering due to imlerannual a4 wiell as decadal variatbons, although o hant fer the decadal varability
i recognized, Considering the limitation of the observed data, we focuses] on changes in the lenger-term trends
{multi-decadal imescabel with :iﬁulﬁﬂm changes i denp-m-r properties since thie 1950 The resubts are maore
ridaticd with previoas atlempes 1o project fatuee dhanges, ¢.g., concerning an anoxic condition by 2200, disap-
pearance of BW by 2040, wnd shift i the ventilation made from more BW o meere CW fermations” 2,

The CW- D% boundary s defined as the 1258 and Aeting fo the observed data is optimized agabnst the 1-TF
inoded results (soe Section 2.3 For details). From 1965 v 2020, the CW- 0W boandary was deeper than the lin-
car fit of the boundary prosected by the moving boandary ve-box model”, This ndbcates more acceberated mid

CW-DW boundary deepening befiore and afier the 19905, respectively, than that projected with con-
stamt water formeation (red solid s, back dashaed lines in Fig 1h). Such a sbowdown in the CW-DW boandary
despening rate after the ouid-15908 b owre consistent with the DSM varistions than the continuwously deepening
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(0, 13411550 otherm deprbs. Thus, the fit eptimiged 1o the 1-0 model supports that the DEM definition in deter-
mining the CW-DW boundary would be appropriate for resolving deep stroctural changes in the ES at keast in
recent decades. Such changss in the decpening rafe of the CW-TW bowidary vieldid the M depth shalloswer
by = 270 m in 2040 than that in the previeus projection, o.4., new and obd projections yield 1930 and 2200 m,
renpectiviedy. The Boot-Mean- Squared |EMS) differences of the ofd (Hnear fit]” and new projections against the
observations (DSM] are 25 and 114 m, respectively (dashed line vs red triangles for old projection, wnd solid fine
v ned trkamgles for pew prodection, Fige 1h),

More interestingly, the UBHL, also optimized For the 1-1 model, is madkedby shallower than the previous
provection, &g, 2700 move Y00 o for 2020 (Fig. 1B, showing that BW will o disappear by 2040 as previoashy
suggested’, The RMS differences of the old ilinear f1)' and new projections against the ahservations (UTAHL) are
155 aond 76 m. resgectively, Consistent varations of the DEM and UVBHL were fowmd wsing data collected at other
stations in the T {not shown .

The UBHL dewpening bs sccompanied by declining BW DOvan the [B, which abso slowed down in the 2000
{Fig- 1c). The Bnear raie of the decreasing BW 130 was estimated to be — 0076 pmol kg ' vear " duning 1977- 1909
for eastern [B™ (green circles in Fig. 1a and ¢ and green dashed line in Fig, 1c), whereas the trend was significantly
relieved 1o - 0.45pmal kg ' year " and — 038 umel kg ' vear ' during 15496-2015 based on DO observations at
Station C (hlue squares i Fig Toowimd ¢ and solid Line in Fig. [c) and Station E (hlue circles o Fig, Yo and ¢ and
hbue dashed fine in '-_'J,E. le), rl:rpac!wd'}r Thie slowdown of the decline in BW DY i the 200k is consasient with
the slowdiwn of the UBHL decpiening, sugponting thy fornsation of more BW than that in the last dicade,

1:D advection-diffusion model. A steadhy state 1-1 advection -diffusion model™ was used 10 examine
dewp-waler struchire with the simple balance between vertical advection and diifesion/michig. Assiming that
i, & and DO (WY of the ES is horizontally homogencous below 500 m, and the systom is in a quasi-steady state
monde, the 1-Drodvection-difusion model can be applied (o scoomint for clanges in the docp-water steadiuse from
15500 1o 2006,

. d'_:{l dq
’ Klrb: Ierf;" il

Her, q indacates the variables @, 5, dod DO; K owe L dod 2 are idiffusbon or mixing coetficicnt, vertical veloclty,
source (= 0 for & and 5}, and the vertical axis, rl:lpcl:liwh.'. Ratios between & and w (7%= 8w} and between |
anad w () are caloulated for CW and DW fram the observed @ and [0 profiles independently, These ratios rep-
resiend the velative importance of dowioward heat diffusion/mizing (warming) vs. opward advection or i
{coaling], and that of oxypen supplied into the correspopding water mass directly from surface source water
{imcreasing oxygen) vs, upward advection of oxygen plus net binlogical consumption (decreasing oxygen, The
ugmwellang (i == 0] s infersed friom the curvature of & profile (P 2ad), and vhe sigis of 1o | indicates wlietler
the OXYgEn 5 vrnrlur:diwh {iar For any other mechanism) sdded. Vertical pruﬁh.—l of #l and THDY in coch Ilyc-r
abtabied using equastion (1) for £ canging from 0.2 be 20 ko asd by ranging from — 70 o Fhpmol kg ' kme !
are filled to the ehserved profiles (bhae vs. red solid lines in Fig. 2a and b)

The Z* values for CW and DW obained from the #profiles (Fig. 2d) generally increased with time froam 1950
10 201 5 (Fig 3¢}, indicating an enhanced diffusion/mixing and'or weskened upwelling. Hiwever, they remained
breloaw 1A ke, and they were always higher for DW than For CW, Such igh 2% values for DWW b dse Tast decade
is more cansistent with a I.Tp-inll. rnnprrnd'I" in the Morth Pacific (0.81.0 km "™ than before (0,406 km) or for
W Lowe Z% values denete the inmportance of upwelling relstiee o didfushovmiung i delermining the curvatur
af i profiles.

More imporanily, ' w valoes obtamed from the D0 profibes (for given & values) significantly varied in time
anel among water masses (Fig Ze). In the 1990 highly positive IYw vakies [maore than & 25pmel kg Heme ") with
wn e peasing trend were fend for CW, and megatave §w valses (less than — D0 pmel gl =" with o deeneasing,
trend were (oand for AW, 'r.rﬂin:aliu increased {dn:nmd_l comvecEing sl.lpply afl TR 1 W VW, This implic: a
ahift of the ventilation system feom DW (partioulardy below DROM and BW) 0o CW albowe DR b thee 19905, s
previously suggested . Mobe that the DOM had continuously deepened during the 1990k as compared 1o that
towards the end of the 1970 {Figs P and 253, In the 2000, however, w for CW abruptly decreased and its sign
changed from positive 1o pegativg with soro crossing in 2005, indicating redoced CW formation i the 200, On
the olher hand, Jiw for DW deary inereased apgroaching gerc b 2016 {Fig. 2¢) with shoaling of DOM and a less
clear (smeaned ) troctare in the R0 profile (Figs 1h and 260, Another shift in the ventilation system from CW
bk o TV Bl EROIM Canad BW Y accounts for such Jow chamges, amd ihe conseguem slowdown of the BW DO
dechining rates (Fye 1¢]

Convective DO supply.  The DO source term () s decomposed into the comvective supply (1, ) onginating
Iranim the sairface ol northeri ES and balogical consimption (i1, Le, J= 1 — e Then, the | cin be expressed as
n|lovs"

I pmolikgivearf = ©, = WV ]

where i sarface water DY concentration in el kﬂ L Ok walume transpart from the surface to the
deep-water in ke year ", and Vis volume of the deep-water mass in k. Then, the sonrce term [iw

Tw = L — ffw= Ciwe e IV = fylw &)
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Figure 2. Resules of sne-dimensional sdvection-diffuzion model, (a.b) Example of vertics] profiles of potential
terigeratiane and dissolved oxygen from both observatiions (blueh amd 1-0 sdvecton-diffusmn model fies (red)
tos et determime Z* (Ew) and B for OW and W Range of 2% (1w o be tested ia 0,2 to 2.0 kna {70010 70
|Lu':l|.l|'.gl'h':1'l il Tirmee series of £* a1 Station O #* valoes for CW and W are shown with magenta trinngles
and black circles, respectively. (di Vertical profiles of potential temperature for four perlods marked with
vertical dashed lines in (¢ and €. (o) Time seried of Ve at Skaticn O w valises for CW and 1YW are shawn with
miagenta triangles apd black cirdles, respectively, filled with e { posifive ) ansd blue {negative) coloars, v lor
W ad DWW, independently eatimated frovm cquation (3) { Modef [, i3 shown with med and green vertical bars,
respectively, (1] Sarme as () bt for DOL A vertecal DO prodife for 1954 18 also represemnted by viobet triangles
and the line, Changes in vertical DO profile from 1954 10 1979 (no, L) ta 0996 (nas 2 and from 1996 (no. 25t
0005 G, 30t 2015 (m 41 denote "o chue” (green armows) and “another chue” (hiue arrows) B fature changes in
the ghobal ocean. Fugures were plobied wing MATLAB BX0E6a (higpn Pwwowmathworks coan .

Is estimated from tme-varving Qand YV obtained from the thme rate of chagges in CW and PPW voluiies assuim-
Lt thiat Cy'we amad fpf'w are constant in tme, ‘The magndtude and tesnporal struciure of Fw valees mosdelled wsing
equation {3) for the period 19503kl { Model /w) are consistent with these directly derived from ohserved ver-
theal Db structures vertical bars va, symboks in Fig. 2ol Mote that the O aod V tkine-sedbes are caleulated using
hinear and J|.1ﬁ.:|.ri1|1mi|: frts oo the CW-D%W and DW-TW boundaries to observed vertical Fﬂ:ﬁ!u #n nFrLimi.?: the
obsyrvational resulis, Sec the Methods section for details o calonlation of Moddl Lw ivertical baes in Fig 2e)
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The two independent approachivs (one from masle] equation 13 amnd the other directly from observatbos )
commanly sheow the highly positive (negative) I'w in mid- 1990 and abrupt decrease (increase) in mid- 2000 for
CW (DWW The conslstency in absolute magnitede aind temporal structure of [w, in tuen, indicates that ouar
optimized fits with lear amd logarithmic functises for seleciid periosds te the ehservatinms peovide reasonable
estimates and projectons within the RMS difference - 100 mi between ftted and observed deptha of DaM and
UBHL, The successful reconstruction of [w with temparal changes in the deep-water boundary and volume
suggests that Ifw variations are primacily controlled by the fate of deep-waler formation rather Uean biological
consumption {appropriate assumptien of time-varving /- and censtant 5, Thus, the slowdown of CW forma-
Hon and re-initketion of ventilation lnto BW (and DWW below EHOME accounm for the obsérved chamges in the
doep-water struchure.

Swurface atmospheric and oceanic conditions.  The CW-DW (DW-BW) boumsdary fils optimized with
the 1-10 model (red sobid lines in Fig. 1] aosd the DO searee term modeled using eguation (37 ¢ Maodel w, ver-
tical bars in Fig. 2e) were extended to 2edh for CW {DW), which provides a new projection of ventilation. The
W propedtion suggests contbnueus volume reduction of deep-waker masses but with changed rates foe different
wabers. Rate of W {EPW and BW) reduction increass (decrease) because of the decreasing {increasimg) CW (DWW
arvd BV Fow mation. BW s kw10 be formad By the dops convection of highly dense sarface water along tl'u:
nmlrm‘nul slop in the northern coast, ¢, off Peter the Great Ray'= as -.I!wq'r\'ed alvring winier in 2000- 20| =

=, whercas CW b consaderad 10 be formed by the open-icean convection” of surface water with selatively lower
d.l:n:n::r Thus, more BEW inrmation implics that winter sea surface density (551%) in the northern 5 {a ;rlu'plr
g in Flg, Ta) beecame higher in the recent decades, coused by factors such as more severe cooling, more brine
refection, less freshwater, and less heat fluxes. A previous box model study sugpested that increas=d salt flux by
the transport +f the Teashima Warm Current {TWC) enhancod S50 over noribern ES from ihe 19905 o 2000k,
whereas this paper discusses changes in S50 by adr-aea fluxes and the effect of brine rejection in the last decades,
which can reasonably explabn the sheerved faunes,

A pnl.il'n'eli.rlea.r relativnship (correlation coefficient: 0.86) exists between anemalics of net heat and fresh
wnber fumes {hoat flux i posttove when ocean loses heat; fresh water flux is posstive wheen evaposation excesds pre-
cipitation) at the sea surface, which reinforced o contral 850 during 1980- 2006 (Fig. Ja). Positive net heat flux
{cwoling) and positive fresh water lhux [salinization ), which increase 350, were more common ebther belose 1990
oF after J0 than during the 1990s {Fig. Ja), Time-integrated fluxes show such contrasting conditions between
e 19906 aivd 2000k [Blue v red sguares in Fige 3a). During the weinter bétween 2000 and 2000, when the deep
slope convection was ehaerved™ =, both heat and fresh water flux anomalics were strongly positive (red star in
Fig. 3], Seasurface termporabure 1557 ) aoml sea sairface sahinity (555 Haveraged over the same area estimatid by the
winter serface lhux anomalies (see Methads) cleardy demonstrate cold and saline (high 550 surface conditions
in the 2000s and before 19940 compared to the 19940s {red trimgles and blue circles in Fag, 3b). Sweface buoyancy
ilus anomabies infe the erthern TS (bars in Fig, b were quantified by combining the net heat and freshwaser
Tluxes fisllowing the methisd previously suggested™. These anomalies showed more posiive values (incressing
K817} in the Last decades than the 1990z and II'I.ElI-.B,I! af its F-ypear running mean time series shifted from negative
A positive in thie late 1990 and cary 2000 (thick Black lise in Fig 3h),

Because the 5500 i more affected by the time-integrated freshwater Bus (61%) than heat flux {30%) in the
200K, contrasting other periods (red square in Fig. 3a), the increased 555% primarily {and decreased 55T sec-
omdly | enhance slope convectians in northern ES. The pasitive 555 anomaly averaged dreer the 20005 i two times
atronger than the previoasly reported increase in horizoatal salt fue dwe o the TWO efect™ Farthermore.
changes in brine rejection with sz ice formation in the northern ES could also contribule t the increased 535,
anid thus 5500 since the late 19908, Winter sea e concentration in the Tartarsky Strait (aeea shown with black
dots in Fig. 3¢k, which had a significant deceeasing trend (—0.75 4 0.49% year ') before 1995 (green line in
Fig. 3c). showed no signibeont decrease gnce the late 199k The sea ice concentration in the Tartareky Strail was
o varied with that in frend of the Visdivostok due to strong conmection between the fwo regions via the Liman
Ciarrent alomg the Primorve coant sech that ils seriation is sssoclatied with deep amd bisttom water formatbons off
Wiadivostole. Thus, we believe the hi.;h 5500 condition is cansed Flr.irrnril.!.'h' increased 55% via enhanced air-sea
freshwater flux {more evaparation)in norhern ES, more brine rejeckin in the anLarﬂ:r Strait, andfor nmre hori-
womtal sabt flux throwsgh the TWOY, and then seconshartly by deceasad 55T via severs conling b northem ES. All
these factors are responsible for more active BW formation throagh the sbope convection in the recent deocaides,

In comtrast to the enhanced slope convection, spen-ocean convection forming CW, represemted by thick
well-mlued lavers’, devreased with seduced minel |.'|!.-L|.‘ epth (MLDY). MLDF wias found b be deeper than 50 m,
which is conmidered to be snitahle for W formation”, in 37 {amng 1545 in dotald 8 probles during 19952000 in
northwestern 16, and the maximom ML reached deeper than 1200 m {coloared symbols in Fig. 3c). However,
such s dieop (=500 m) MLD was found o only 2 (665 in total) # profiles deoring JO0-2004 (afier the winger of
194992000 when the Labest open-ocean convection was observed ')

In ahort, surfoce sfmmpheric and oceanic conditions show significant decasdal changes, which may affect the
clanges in water formalion rates and long-tero trends of deepening water boundaries | Figs 1y 2e, 3b and ¢
Havwover, the long-term trends of decreasing BW DO and deepening witer boundarses have not been reversed
despite the decodal variations (Fig. 1h and c), suggesting only slowdiwn of the long-term deepening [not shal-
lowihgl vetalned over malti-decadis

Discussion and Conclusion
L ks stusdy, we analysed previous ohservatlons of 4 slowdown of long-term deepening by waier boundaries
anso iled with changes of water formation rates in the E% Our findings constently support the three-Liyenad

LIEW T REPORTS | (M08} 81578 | DOEI0. 10364159601 B-19957 & &

_12_



woowr mature  comfscientificreports/

{a) ih)

I

m
'* - =y =
- .
.

N san

R o
B e b | Ty
-
-—TE

L
®

e L L LETS T ER— ]
L]
-
-
",
iz 8
ARG

m”““""""""m""r‘"' bl Tmm pm omm oms omm omm omm wuw me L o . "l
T R W

Figure 3. Winter stmwspheric and oceanic conditions associated with deep water formations in the northem
East Sea. (u) Winter { December io February) fresh water fux anomaly [evaparation minus precipitation;
pusitive when ocean boses freshiwaser) ve. Teat M anomaly {positive when ocean loses heat) during 1980- 200 6
Thie integrated anomalses of fresh water and heat uges for Hi-year- segnsents sturting fram 1980 are shown
wiith coloured squares {19805, |990s, 2000, and 20004 are marked with grey, Blue, red, and orange colours),

Thie red star denotes the case of 200020101 whnter when the dope convection wis ehserved with sufficientty
high sea aurface demsity (8500, (bl Changes in sen surace salimity (555, blue corcley and sen surfice tenperaiure
(55T, rexd triangle), both averaged over the area marked with thee purple box in Fig. Ia, regresses from the e
anvinales (see Methods) The surfsce buoyancy fux ancmaly it | owt of) the area bs sepresentied by vertical sky
blue (orange) bars with the 5-vear running mean (thick black line}. The y-axes are for the changes of 555 (blie),
SEV upaisbe down, re b, and ssrface buovancy fuax (ack ), (o) Locations where the mixed lover depih (ML)
deeper than 500 m was ehserved For e poriod 19952000, witls a colowr scale show in the right. The wp-lefi
it show L serbes of sed e ooneentralion [%] (cases exceeding 15% only ) averaged over the Tartarsky
Strait region (marked with black dota) from November 1o February betwoen 1979 and 2015 iblack linel, and its
lirvear trends femm 1979 to 1995 {green e and fron 1995 go 2005 (Bue liee), VL doootes Yiadivossok, Russia,
Figures were plotted wang MATLAR R200 6a (heips/ v mathoorks. com.

structure of desp-water masses in the F5 without the disappearance of BW at Least il 2040, The slowdown of e
long-term deepening in water boundaries is supported by structural changes observed in the deep-water masses
over past decades and pesulis of the -0 model applied to the centeal TR According te previous studies' ™7, the
change in physical properties of deeg-water masses in the eastern |B are comparable to Ut in the Yamato Basin
(YT located in the southeastern part of the S altheogh the absolate value of T80 in the YR is lower Thigher)
thean that b e castern |B by 5 gumal kg V00105505, 108 difficult b disectly conspare the rates observied in e
two different basins because simubtapemsly observed datn are not available, However, we infer that the Andings
in the central [H, quile represenlative for the entire B, are not totally ilhiepe:ru.leut from the events llki'.ngpla:e
lthe Y1,

‘The resules an vigorous chamges mothe 5 ventilaton system provide signafzcant global implicataons. The mark-
edly weakened ventilation From BW fa CW s the mid- 1090% iz analogaus to the ceasing of deep-water fermation
In e Southern Oewmin ovar d couse of a few hundred vears projected undes the global wasining scenatle, Thise
resuldis can b artributed to global warmdng, which eestrcts the formsation of susfeoe dense water by the deep-water
fwremation areas. Thues, the past changes observed in the ES would provide a clue 1o futare changes. The weakenad
ventilation is represemted by changes in PO profiles from 1954 8 1979 fo 1906 & more DO wias supplied inte W
with open-ocean conyectbon and the CW volume was i

Mloresver, the re-initiation of BW formation during the last decagdes, accompanied by changes in 0 profiles
Fruims 19896 1o 2005 to 2005 daie 1o pmore D0 sippdy bt DWW and BW and conditions fasouralde for the enhagoed
hoepe convedtion, vield the dowdown in declining TR in BW. This most secent change un the ventilatson system
is analogous 1o the enhanced deep ventilation, which was recently observed in the Labrador Sea where winter
comvective overburndng 1o ferm the Labrador Sea Water has been observed shnce 1994 aml reached b the decpest
depthoin 2005 due Lo g strong winter conling event™. The stability of the Atlantie mendional everturning clreula-
tion i known to be quite sensitive 10 the bydmodogical opcle™" ae well as the rate of €O, increase' =%, Thas, the
recent change in the ESventilation system may provide another clue to future changes and support the need Far
long and contimseus manitos ing in the ES.

Methods

Hydrographic measurements.  The hydrographic data used bese were collected using Conductiviry-
Temperature: Depth [CTTY instruments via 19 research craises between 1993 and 2076 (Tabde 11 conducted
through CREAMS (Circulotion Resvarch of the East Aslan Marginal Seas) and EAST {East Asfan Seas Time-
series |-T programs, The CTI stations cover rl'u'rrtp:rl.ln!’ the E5, parl.'il:nl.lrt'p ﬂtdﬂpﬂ.‘.pu‘t hlnepcr than 3000
m ) osr Station C in central JB {centred around [347E, 41378 blue square in Fag. 1a), which was covered by nearly
all eruises simce the 199 During the cruises: Tull-depth ar shallow CTD casts were conducted af each station,
and scawater samples were often collecied ot multiple discrete depths o analyse DO and other variables. Details

ERTIFIC REPDETS | [AT6 B1576 [ DO:10.1 0384 1538-018-15952 -4

_13_



Wi nature comscientific reports/

L1 T

Figared, Schematics of changes in the ES ventilation since the 1950s, Vertical water houndaries ane shown

fur represeniing poriods (1950s, 1980, 1990s, 20005, and 2010, with significant chamges in 199 and 20005
following the volunmes of desp-water masses (CW, Central Water, DW, Deep Water, and BW, Bottom Water).
Here, the CW-DW boundary ks based on 0,03-01 5% istherm depth for the 19505 amd 80s but S8 for 19910,
200k, and 200 Comvective sugplies of water volume (e, transpore) and DY (e i) Sronn the surface

e marked with theck fillled arrows where the ormation of CW {DW and BW ) vis open-occan conveciben
{slope comvection ) is hlﬁlliﬂ'l!.nﬂ. Sipnificant increasing and Li.u.:rrui.n:gm volummes are showm with vertical
arrows [ikcreasing o arrew heading both sides, decreasang: twa atrows hieading opposite directions)

Recent sbowdowns of reduction in DW and BW are marked by bloe byphens in 2000 and 200105, Figures wene

o the hydrographic measurements are summarized i Table 1, Iy addinsen o these observations, vertical @ and
1O profiles in the T before 1994 were digitized using plots in previobs works™"™"" and were incorporated in the
1-13 advection-diffusion nwede] {Fig. 1)

Ancillary data. To caloulate net heat and Fresh water fluaes al the sea surfvee, and changes in 35T and 555
assaciated with the air-sea fluxes, monthly dafa (heat fluxes, air temperature, evapertion, and precipitation
fromn the bodem- Ere Retrospective analysts foe Research and Applications, Vessbon 2 IMERRA L) for 1980-2016
with a horizontal resodution of 05" « 0,625, and monthly 55T data from the optimally-interpolated (version 2}
Advanced Very High Ressdution Radiometer {AVHER] for 1981-201 1 with a resolistion of (L25° « 0,25 were
used. A highly correlated linear relationship {r .88 ) was fownd between the MERRAZ flux and the 5 observed
ab the sppernost depth during the 1% crupses in porthern B3 (parple box o Pig, Ta): Using the lneer relatiombip
ar a lag of one month (e leads), 855 change in winter (hlue circles in Fig. 3h) was estimated from sorface fresh
el flux anomalies during 1980-2006. Sinalarly, 35T change In winter (red triangles in Fig, ) was estinatod
froum thee met harat Thor anomaly for the same period osing the one-month-lag linear relationship between the flux
and AVHER 55T for the aeea {r = — 0,82, flax leasds ), The methosl above was wsed to determine changes in 855
uned S5T associated with surface air-ses Huxes only, The linesr regression of net heat flux o 55T explains 62% of
variance in the ANVHRE S5 indscsting & significant role of air-sea heal exchange in determining 5510

Monthly sea ice concentration data with a grid size of 25 « 25 km from Nimbus-7 SMMR, DMSP
SSMUT-SSMIS passive mlorewave data provided by the Mational Snovw aml Tee Diata Center [NSTOHC) were usod
to indur the 555 change relevant to brine rejection in the vicunity of (he Tartarsky Strait, Winter sea ice concentra-
taon was calowlated by averaging Jdata from MNoevember 1o February for cases when the concentration exceeded
1 5% anly ™, The ML was determined using hydrpraphic data collected in the northern £S5 via CTT) casts, pro
filing floats, eXpendable Bathy Thermaogeaph, aad the Word Ocean Database 2005 during 1995- 2004, For this
purpose, a threshold of wmperature difference AT = 0.2 " and a reference degth of 10m were ses following
previous wirke™, A ol of 2200 MLDs b winber (November o Murdh ) was wsed in this study.

Data processing,  AlLCTD data were processed and carefully calibrated with eaw data except, for data from
1999 Jaine aiyd 2000 February crutses, foe which only preliminarly processed data are avadlable, They were han-
dled using standard data processing programimes. such as those of Sea-Bird Flectronics {SBE), except for the
AUTOSAL calibestion and pre- amd post-crubse sensor calibrations o correct the absobits bias additionally™
The absolute value of the CTTY data were foand o be potentially brased (withibs 0.001 *T b temperatee and 0002
im valinity ) compared with the final processed dado™ ", Most CTD data collected after 2002 were processsd with
both pre: ansl post-cruise calibrations. fllowing bypical SBE data processing sequences™, Although the cifects
of thermal mass™ - on data quality Is generally important, sensilivity tests witls virbouws comldnations of mpul
parameters indicate that the final Frmu:ﬂt.hl!ia.rui 5 helosr 504 m are nearly insensigive 1o the CellTH process,
vielding an RME diference of less than the sensor accoracy (0,001 " in temperature and 0001 in salinity),

Far cases where post-cruise calibration was unavailable, sensor deift calibration and pre-cruise calibration
were applied o cormect absolite values of @ and 8 The TR sensor data were calibrated wsing DO titrated from
hattle samples by the Winkler method for cryises condscted in 1999, 30 2, HH4, and 2015, For cases without
bty sarngtbes, T profiles were calilraged by a dreifiomg eate of DO st 3000 dbar assuming that BW DO Linearly
devreased between the periods’”,

Data analysis. The DM is defined as 2 depth where salinily reaches its Jocal minimuan in the range of 60—
00 1, as considered previomly?, The DM in 2002 was much deeper than that in other yvears, which |s partly
hecause CTT) data were not obeained at a suificientby high sampling rate during that particular cruise (Table 1}

ERTIFIL REPOATS | @OIRIE1576 | DOILO, LN /s41 508 010159524
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The URHL as a DW-TW boundary seas estimated at a vertical i gradiemt of less than 6,000 "C (emperature acou-
racy) per 100-m range, The UBHL was also estimaded Trom calibrased semsor DO peofiles following a method
pm'inmlrmﬂi‘,whid'i shiowed no marked difference from the UBHL derived wsing 6 profiles {Fig. 1.

‘The upper boundary of CW, defined as an isotherm depth of 06" (plos symbols in Fig. 1h) was fitted m
asecond order polynomial for the period Erom 1994 (o 2005 and a lisear line for 206015- 206, Changes in water
valwme were then estinased asing tee G (o the bowsdary depth (red Line i Fig. 119 and the Enear eelationshig
Isetween depth and area in the ESY (cone shapes in Fig, 4). J; S CW (W) was estimated to be 1,73 (0,75) jumol
kgt year-! by the sminimiom < ooplexity wates muass imodel with chemical tracer data observed in the ES*.
was sot b 30 pmol kg !, as wsed previowsly', vielding fyfw of 7.3 (140 jomol kg Ve ¥ for CW (DW) with the
constant Cy'w af 1350,2 (616.6) jumiol kg 'km " vear.

References
L Kim. K. &t wi’ ‘Warming and struciomal changes in the Last fapam} See & clue o foure changes in global oceansf Geophys. Rea Letr.
I3 N1%3-32%0 (1N ]
R, KR R Kimy, K What b happening inthe East Ses § apas Sea bt soent chemion] dbeervalions during CREAMS 95-96 | K

Sor Cremnagr 51, Hvk=172 {1998)

Taliey, B 2ot al Dleep oomvectiom and brine rejection m the fapan Sea. Geopies. e Lent 30, 115Y (D063

Kim: K ol @t Waler masses and deoadal wariability in (be Fsst Sea{Seaof lapan ), Prog Oveamoge: 61, 137 - 174 LHAHD

Tallrp L. T et ad. fapandEant Sea water mmassrsand their relation 1 the s stroalibion, Oesmigrapiny |9, 32-89 [ 2006)

Uik, B, Thee pestads of semuhsnnogs oceanograghical smivtigaiions b the s e dnd e sdjacent wale s b May o Buie 1913,

L Imp Flaki Ei 8. 5, 57190 [ 1934),

Kamg, D-1, Parks &, Kim, Y-, Kin K & Kim. BB A moving-bounstery b modsl (MBIM) for oorans in chamge: An

application b the Fawl] S oot B Lastr, B 30 -3 24§ DONTS)

T, T, ek al. fiptuirlad mwdwlml:mldmfbmﬁﬂaummnhwhﬁ L Mir, Res, 34, 731 -793 [ 1984},

Kim, K. L'hmr,ﬁ -1, Kang, 12| K, ¥ H. & Lee, 1 Ilmﬂwém&duﬂmwwmmmdmuhlmhﬂt!m

!-ul"_fﬂ.l.ﬂ'lqun'l I Cloruinegr, #el, T211-T5( 200081

1 Kang. DL K, |- Lee, T & Ko, K- B Wil the Eaaflapan S hecome an andic ses o e next cemmury? Uar Chem, 91, 77 -84

(2004 ),
. Kamameti, -1 et o, Dizeq observation of the rapld turaover of the lepan Sea babton water by means of AMS radioscarban
measuremenl. Geopliys e Lt 25 B30 -a54 [ 1554).

LL Manmabe, & & Souffer, B [ Cemary -soale effects of increased atmeapheric CO) on bhe ccean-aimosphere system. Sature o4,
TE5-21T (1993)

|5 Stockar, T e Schimitiner. &, Tnfleroe of £ emmsion: tades e dabilivg of the the rrookaline ceoulation, Scetum 384, 361865
{1997)

£ WWatansbe, ¥. W, Wk, 3., Moeda. W, Onn, T & tamo T Ssmchommous: hidecadal periodic chamges of oxypen, phosphale. snil
frmperanine Between thi Tapan Sea deep water anil the Borth Pacific imermedise watrr, Geepfve. Ren, Lert, W1, 2273 (7003)

15 Tk, o4 The eifiects of Thendvina Warm Cusrent on e lsstabecstal variabilicy of the Fast/Tapan Ses ibwrincbuline deculstion,
Geaphys R Letl, M, LDse08 (23007,

Lo Cul, ¥ B Senyu, 1 Interdecadad osclBlalaes (s the [apuan Ses proper water related Lo the arctic oactllation. [ Ceamuoge, 66, 137348

{20185,

Cal, ¥, & Senjyn, T Has the wpgeer grartlony M1hrh|'-nﬁcnﬁqﬂw1nhum-hmnrﬂph:nmh.ﬂmi’1 (lipanangr. bH, 593~ 59

12013,

1B diher £ T A Bpchiooy, A, Wang. 5: L & Yu Paviove, G, Ananoxke Sea of Japaa by ihe vear 22000 Mar, Chesr, 417, 245285 | 1999)

19 Gamo, T Ihssclved caygen in the botlomr water of the Sea of Japan a & sensiiree alasm for ghobal chimate dhange. Vieads Smilvf.
Claem. M, 130R-130% {1111}

20 Game, T ol af, The Sea ol lapan amd ils wnique dhermistry fevenlod by Gime-sorion oharratioo o e last 30 years. Morogr.
Finwiron, Farth Panefe 1, 1-27 {7014)

21. Craig, H. Aywaal carhon asid radiocarbon in the Pacdic. | Geopive, Bex 74, 5491 5506 { 1909,

22 "Tanaka. ¥, Formateon of hattorm wates and | vamiahility = e rorhwessern part of the Sen of lapan, L Gropls Bes 119, 2080 - 2094
120141,

2B Rim, KB eral A saddes bottor-weaes fuemation dering vhe sevens-wises 20002000 The case of the FeaTapan Sea. Grophs
s Lol 3%, 75.1-T5-4 (7).

26 Senjyu 1 ab Renewad ofthe bottom water afier the winter 2(HH)- 3001 miay spinup the thesmohadine arcolson i che Japan Sex
Gonphrs: Res. ford 29, 83 1534 {20012 )

25 'Bmmyl.s..ﬂh-d.r. W Watanmbe, 5 S Aramali T CFCE inali oot i renewl of the Japan Sea Deep Witer i winier 2000- 2001 |
Uermugy. 59, BH5S-641 {2003).

3h Speer. B & Toperman, £ Rates of wister fnrmatios (s the Nerth Alantic Oeeas. | Mg Oveanoge 22 95104 (1983},

27 Manami, H., Kano, Y. & Ogawa. K. Long-term variations. of potentisl seenperatare and dissobeed ngvgen ol the lapsn Sen proper
waker. [\ Ueamngr 35, 197005 | | 999,

IR Gamo, T ﬂhTﬂrnmg bt whoregd dowen the dhorpr conveioe bndt of @ margimal sea ol the nonbwestern Pagilic Tapas S
Ureuphys, fes, Lemd, 26, 3537 - 34| 1992,

20, Yashayaev, | & Loder | W, Recorrent replenishment of Labrador Sen Water andd sssociiled decaidad-scale varighibey, | Genplrs. Res
O 120 RS- 114 {20161,

. Srockes, T F & Winght, TG Raphd iranailicrin o the eceans deeps ciilation baducad by chaeges i sat lacy waler B Naluee
350, TI9-TET L1910,

31 Hefimenn M & Rabmstard, 8 Ch the aabilay of ibe Atlantic neridional cvemimisg croulatn. FRAS i, 20580 3589 |81

32 Yamamoba, A. ef al Global deep ocean oxygenatian by enbanced vemilation in the Southern Ocean under lnng tenm global
warEing kot Ricgpeentim. Cywlea 2%, 180118150201 53

3% Lhrm.l.und.rll.rgmn! milabioe Chifice (0% Mu:r.mu:mm_mghmmmymm.mwnngbm
assimilation, oceen surface diagrostics Y5, 12 4, Gresnbelt. MIL USA- Goddard Earth Sciences Data sed Information Services
Cmter (GES IS, beipe i dotonghivpa/tdotoegy 10, 567 ALLASTIDLENES (4115)

3. Hewnoldy, Boeral Duaily high-resalation-blended snalvees for sea surfasce lempermture, [ Gl 20, 587 3-3<0%0 {2007,

35 Coraliord, [1 [} ef & Sra ko Conorntratiores o mbwe-T S5 E and DMSP 5500055515 Passive Misromwess Diata, Vervion |1
Mersabiditr, Carbombin, LISA: MAKA Mationad S amd Tos Phata Cember Tiairibute] Active Archiger Conter bipoda dolsigTntpaadd,
ong L ST URLAUYLOVL (201 3],

3o Cavaluerd, Iy Lol ad MASA wem o validatson program for the DSF S55UE Findd ropoart. NASA Technical hbemomndum 4555
Wanhingfon, [ C., USA Natlimal Aerommstios and Spmoe Aafosinsinrtion. 136 pages 1194931

A7 Ve S Bangg, © 1 O, T 5 B Park, | Clissatidigy o et laver degeh in the Eav/ s Sea [ Maring St $6-97. 1-14 2017},

i o g

CHTIFIC RTFLETS | (2076 & 1576 | COL1o 1030 541 538-000-15352 4 E]

_15_



W naturd comfscientifcreports)

30 Tallew L L et @l Ak of fepan (Cast | Sea hydrographic properties in summen 1559 Prog. Ocamwoge. S0, 277548 (29},

3% Sea-Bind Elecimmies. Inc: Seassf V2 38F Dala Provessing { Sea-RintElectronies. Ine. 20141

40 Mominom, 1, Apsherwens, B Larson, Bl Do, Fo& By, T The corrrstion Bor thermmul-lagg effects an Sga-ird TTTala, [ ddmes,
Choeanite Technad |0, FIST-0Ipd {198d) s

41 Kim, ¥-Go Bhm K Chaoy Y-B B, HoCTD dastas processing for CREAMS expeditsoms Thermal-lag cormecition of Sea-Bied CTI.
I Kirr: S, (hceamog A5, 1921950 (200N},

47 Merisaki, V. Mok M. L & Morel, ¥ Thermal Mass coreoction for 15 evalustion ol salizity, | Abmos. Dvrimis Trcml 36, 865672
12,

A% Klm, &R ot af. The changes in the Ea/fepan Sen foemd by CREAMS Ocasaopr. n 11, 405-429 (2002}

AL |enkin, W, L The biogeochemical comequences of dhanging vetilazion in the |opanlest Sea. A Cliew 108, 137 147 ( 2oos),

45 Gamn, T8 Hordhe, Y Abssal cipiulilicssin t1'l'|ﬂ‘\ﬂ|-h i Choramuege 5o i 39, TH0-250 (| 963)

Acknowledgements

Authars would like 10 thank anonymous reviewers for valuable commants to improve this paper, This work
wwas a part of e prroject ttbed "Dheep Water Clrculation and Material Cycling in the East Sea’ funded by the
Ministry of Ciceans and Fsheries (MOF], Republic of Rorea. 5 HN. received funding from the Mational Ressarch
Foundation [NRF) of the Ministry of Education, Rﬂ.-puhﬁ: of Korea under the Basic Science Rescarch Program
(NRF-2015R1D I ATAN2062E52) and MOF through KIOST. VL, was supporied by Russian Prioriny Program
Far Eastern Seas {yrants and 10-111-0-07-034, 12-110- D-07-028, 13-10-D-07 042, 14-11-D-07-046, and 15-1-
| A7), amal Rissian Fund of Pusdamental Rescarch (grants 16-55- 50071 and 16-05-0089%), We specially thank
thie captaing and cruive metitbers of R Alaademdk M. AL Laveentyey, Akademik Oparin, Professor Gagarinsky,
Profiessor Klromaov, and Favel Gosdienko, who joksed past CREAMS and EAST-1 cruises.

Author Contributions

All muthory contribuled 1o the paper in osaltiple ways, Promary writing: 5- 1Y, and 5. HM. Synhesin and overall
coondination: K- L. SHE, KR K, and 5-TY. Hydrographic (incloiding D) measurements/data correction
amd processingfanalysis: S-TY, VL, UK PTL TEHR, B-LCS and S.HM, Ancillary data processdngdanalysis:
SCTY K-LC, and K-AP MBBM designiapplicatbon/anabysis: 5.-1 Y, D-LE., TL, and E-RE, 1-D advection-
diffusion maslel :pp|ir_:ti|:u1|: S-TY, K-LE, S HN, DALK, and K_-B K. Discussions/revisions: 5-1.Y, k.-1LC.,
SHMN. TER, DCLES E-AF and K-REC

Additional Information
Canimgpeetiing Inbervstss The authors declare that thiy have me competing intenests,

Publisher's note: Springer Mature remains neutral with regard to jurisdictional claims in poblished maps and
kpstitutioasl affiliatomn

= & Open Acess This article s hoensed under o Crealive Commons Avributben 4.0 Iniermational

" License, which permits use; sharing, adapiation, distribotion and reproduction in any mediem or
frrmmat, os long as you give appropriale credit to the uriEiu.l.I awthor{s) and the source, pm»\'i.r]r a link o the Cre-
ative Conimons loense, and indicate if changes were made, The mages or other third party material in this
artiche are included in the article’s Creative Commess license, wnless indicated otherwise in a credit line to the
meaterial. [F material i not incloded in the articke’s Creative Commons license and your intended use is not per-
mitted by statutory negialation or exceeds the pesmatbed wie, you will need to oblaim permissbon direcily from the
copyright holder. To view a copy of this license, visit httpyfereativecommons vrg/licenses /4 .

& The Authoe(sp 2008

ERTINE REFORTS | 0IE)ET1576 | DOLLO. 1030 /s41 §38-008-1 59524 o

_16_



