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ABSTRACT

ol S22 7] 0] ebabr ZITEIE 1999, 2014, 2017, 2018 & 5|9F ZAMS Tall -1 F pH, &7 71€4(DIC), 2Y4Z 2=
(TA) A2E5 o]-8-5to] AlLtstAATt. 1999 of] H] 8l 2010 tholl A =4l of| 4] At oMl fofsh ZHAst3ATt. 20181 AAY
Hrof A wt A4 0] EEPH 442 ZF2E oF 500 met 200 mE /55Tt S IISHE Aok T8 3ekEQl gHatol 22
g ASONA 2 BEE Bk Aol AE 2 175 gmol kg' & H] WA #11, HFol| 4= 50 £mol kg O]5H= o} WA Lt
Efuteh T8y gHtol 2 B o] hA A2 ASHETH SOl FEHF =, o= 2000 thol th7]ol| 4] o] itstetAo] HMETL
FE2AAZA doju= Aol Rt AvE s Hct.

The calcium carbonate saturation state in the Ulleung Basin of East Sea was calculated using bottle data set of pH, dissolved inorganic
carbon and total alkalinity obtained from the year 1999, 2014, 2017, and 2018 cruise. In the 2010s calcium carbonate saturation state
was significantly lowered at all depth compared to the 1999 reference state. Accordingly calcite saturation horizon and aragonite
saturation horizon shoaled to 500 m and 200 m, respectively. A key chemical species for the calcium carbonate saturation state,
carbonate ion showed distinctive profile between upper and deep waters: it is moderately high (~ 175 xmol kg™") in upper waters and
very low (<50 zmol kg) in the deep waters. However the decreasing trend of carbonate ion concentration was pronounced in the
upper water than deep waters, suggesting atmospheric CO, penetration is largely confined to the upper waters in the 2000s.
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AT 71 2 AAHS B AR oS el o] F A7) AR IR WEE CO,0l o 25%E 840t
(Le Quéré et al, 2018) CO, 719 ThE 217-2xk5}E @istAl7kdl Z1ofaliiet. di71] Co,7t ool Sofishe Aol
sfspilg-2 sffe] Aoz oy

CO, + H,0 +CO2™ « 2HCO, (1)

of714 k] CO, F= S aligelk] A71d %] EATel(COs™) o] 425 FHIRITE o] HEG-0] Aifz sfi= P2,
S A detke sigAEA bt S 45 71 o= Sl A A 2L 7k detA e 2 AR v A R
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Ca2* + CO2™ — CaCO, @-1)

Ehito] 28] A7 = Tt A SFelEo] AlZHE 4.o7]=H| LR 2] pH H oA - she afelE4l SEtol2o]

Ttol2S B = o] BelA ojielgtart eIt
2HCO; — CO;~+CO, + H,0 (2-2)
9] 7RSS aofRt sfoha] o 2 veh i thaat L.
Ca’* + 2HCO,; — CaCO,+CO, +H,0 (2-3)

ti71ell St olitetetart sl S (s AVdeh SEtel2 o) st St E(4] (1) A2lebt 541E 4
U= IR VS F71 ek shR|9H A 2 A7ol| A o] A 9]9) jE-g-2 Bhitol 29 Firof ofsf| =W (4] (2-1)) wht
© . A 3]8} T8 RETIEH(DIC) 2t EUZE H(TA)YS 1 : 29 HIE R ARsHH
A ti719llA sl Elsi CO2t 82tz Sa 87 1ehalt AR o] S7HE ASIAA dlig-9] sfetA P d=
AX71= 527t TS skl ik

S A d3lef| mhE A 2)et AE0] mofl H=E Theolet] 5a37t A B SHE FE 0 A4 8ol E A7k 23}
AYel|(saturation state)2A] A4 Q2 H7|5hH TS 410 & ALKt
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Ao A [ = Aol Bl 9] ek F( umol kg!)O)AL K iz % 230} Fzoll A Bt FE0] spolge
Q1 27| gell=go|ct K = ZoPded o) Zol2 wet Bhitol2 sk o] 1ol sfigict.

o] Q9] Ftol 1 o w g==of| thiof Yfarsto]w 1 Kt 2o ¥ E3xr ot | = gkl tio] #4182 ol 3=
O] g7} Lofidtt. sfefell A thaA Q) A7 eibs BE== Woll A (calcite) 2t A4 (aragonite) F+ 7FA] 38=0] U=
tll, &2 sfotAd2 CaCOs 2 ot AAF27 thar), JsiAl2 A4 of v fota] o g Pt 3014 HisfiA o]
o} ehtol 2 FrE A E o e 11 A= sfofellA] A149] Bl ol A Ht o2 AlollA] Pojdtt.

Sl FolA Q= A3et el gt Haret el lH| vhefl AsfollA= Exst e = v wA ehbds 3=
o] o). S0l mhE Q A0 FURNL ATl f71= Eololl et AYeH tiAd €Oyl 23t A d2te |t Gruber
and Sarmiento, 2002). K = 92 A6t 2 7hao] ot S7ksk=d] thA| 2 o5 42419 S]]yt

S A9 Folhe ST E AR 0 =2 sk LA, silro] AlFAlcte] A HE Q1 tidel Hlsh 1/10 7F<1 1001
T 2R gEe 71 0 2 A Q)= |t Watanabe ef al., 1991; Tsunogai ef al., 1993), thHET-F3| 4] A& AiAdo] =
7] wZel(Kwak et al., 2013) 915 719 CO.7F J Tl ol Fojt 2708 21501 Qle}. wheha] QO] Hsle} o|ef v s

ol
JOll
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FFS Aop]oll ARelt. Falhe SHUEES] thEFRso|x]e W= T H 5=3H £4J(Yoon ef al., 2018)°]] H]F=0]
S ISP SR olell ZR1A wEA 4 7Fs/do] Sl

2 A= Q1R 719 CO7L5all0] R5RAIE AFEohs Aol theh k-2 Harz; v of W ghalde 2ol
(saturation horizon) 5~} F|Z AJHIE H| W ol=t] 52-& £k T A= 78 o] 271 1992 &= 0] 55 9] HofAl
T} A4 0] TSPH 4=40] ZH2E 1,300 m2} 300 mat EEE HE Q1.9 H(Chen ef al., Chen), Kim et al.(2010)< 215 71 CO,
SR el 1800E ~ 1999 ALl 500 ~ 600 mE 7% RIE 414 ok 4=4]o] oF 50 ~ 250 m J5SFATAL H A1513]
t}. SRR S5 IRl EEA] SIFE A7 s o] $iar Lol Eof oibstetA: S At of Eidet

o
o
UV

i

<

o/ W7} RIGIBHe ohdrhd AR T Rhill B Tl Hsla B0 2. sefolct.

o] =R H 0] @A FALR 15 RHAIAA] A pHy, FULE(TA)S} 5857 ]5HA(DIC) AES
Abg31e] SBEA 0] Bl EaleES AL o o] el Sao] gtk vlawsta Hte] vish Fago] AUz ofn]
of sl st

2, Al=e} '$H

ERAEZHE SR Akt 225 2] o] st 19994 79 ONR-JES X2 138 F2F ZA} 2129420149 49 S Ao}t
S EZA AR 112137 20179 59 Sl 20001} 2018 39 LS FA Af=E AFESIITH(Fig. 1). A&+ 25 CTD-rosette
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Fig. 1. Amap showing the stations of four cruises in the Ulleung Basin: 1999 ONR-JES; 2014 K-R; 2017 HY2000; 2018 NARA. DICand TA were
analyzed except for ONR-JES 1999 cruise when TA and pHr were measured. Bottom topography is also shown as background shading.
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A2 ofal] S 23 G2 12|l A A AlmollA] AR e i S-S ARSI AR el mhE
LS ZHe] s 2o 9] Faka HiAIAZ 1A 401 2,000 m oV} S| A=ST ARSI

A7 ZA51A] L g A uilHSE-2 CO2SYS (Lewis and Wallace, 1998)0]l DIC2} TA A 22 01238}01 Alrtst
Act 71 E w2l 1999 E & 0] A9 = of|Q] 2 TAQFpH 7T 18] ka2 ATt CO2SYSE o]-&3af|A] Akt L
Ak A4 0] gk SPIEl(ZE2 Q.9F Q.)LHCOs™ oIk BhAH] sl K, Ko 0] 4ho &= 7F d 2] 20l:=Dickson
and Millero(1987)7} <=3+ Mehrbach et al.(1973)2] %= AH8-01Th

DICS} TA 24 Alg= Aol A Y271 Zfj5=rollA] 500 ml B4 Hof| siis=5 Wieddtot oF 5 m1 2] A 7R E7] 1
A= G5o]| o5t WAL Hx]617] $J5te] 200 119 TSR A3KS(HeCl)S A7 3 WiEslo] A= ulslo]
B89} Al=2] DIC2F TAE= VINDTA 3CE2 S5t Alg= 25°CollA] sliof olitsteta B4 2] A (Dickson et
al., 20070l w2415t

TAE= G4 AFEsH] AR A2 W (potentiometric titration) 2.2 Z4SI3ATE DICE A|RE Q14Ho 2 APSHA|A ©
Frof| ZoRIE -BEF7HAE olhteleta: 714 HhA A WEH F3S W73 (coulometer) = S5

TAS} DIC =4 9] A& 2]+ Dickson (S10)9] Q15 HEEZ(CRM)S 3 A5k 4~3f53ict. ‘?_]'E'T 5

oF

=
CRMs £4 @2F=2F 1.5 ymol kg'o|11, A|m o] HHE =2 BX Q2= 2F2 ymol kg Frt. webA] & B4 0} 52
2.5 umol kg™ oJ5}o|ct,

Ao} E9j

19991 ]| Hlf 2010 Ao -2-5-FA] Tl A ®rofldxt A4l o] Iapde(Q.2F Q)7 25 2F0.5 Fke Wopslom Q=
191 Z8PH 44 E3 PolATHFig. 2). 1999 oJE3dof| 228704 Q, = 10] =& W4 ZSPH(CSH: calcite

saturation horizon) <4-2 2F 1,400 mo| 1.2, A4 ISPHA(ASH:  aragonite saturation horizon) <42 2F 300 m©] 31t
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Fig. 2. Carbonate saturation state of the Ulleung Basin in 1999, 2014, 2017, and 2018. Left panel for calcite saturation state (%)
and right panel for aragonite (%,). The dashed lines designate the saturation (2 = 1) line.
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Table 1. Reported depth (m) of the saturation horizon for calcite and aragonite in the East Sea including the Ulleung Basin

year calcite aragonite site' data’ source
1960s ~ 1990s - 300 - 600" ES DIC, TA Kim et al. (2010)

1992 400 - 600 ES DIC, TA Kim ez al. (2010)
1300 300 ES DIC, TA Chen et al. (1995)
1000 400 ES TA, pHsws Park et al. (2006)

1999 900 - 1100 100 - 500 ES TA, pH® Tishchenko et al. (2012)
1400 300 UB TA, pHr this study

2007 300 - 500 ES DIC, TA Kim et al. (2010)

2010s 500 - 700 200 - 300 UB DIC, TA this study

"ES: East Sea; UB: Ulleung Basin

2 DIC: dissolved inorganic carbon; TA: total alkalinity

# predicted using temperature, pressure, and O, concentration
® scale of pH is not specified
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Fig. 3. Depth variation of ASH (closed circles) and CSH (open circles) by time in Chen et al, 1995 (blue), Park et al, 2006
(purple), Kim et al, 2010 (red), Tishchenko et al, 2012 (yellow), and this study (green). CSH: calcite saturation horizon, ASH:
aragonite saturation horizon.

2010ddje]l 0] CSH= FA| A5510] 2F600 + 100 mO]™, ASH= Z3 ozl 2F250 + 50 mATH(Table 1). ESFH 4]
O] @ 2h=DICSFTA 24 24} 2.5 pmol kg'& 54 2.2 SRIjt 4-5-0] A o]tk

CSH7}E220d FFof 800 mi o] 212 AR 7o At g5 S = BRIt oRx|9-&-342] 500 m HE T 212
A7 A9 B2 23} Hia Hole wdRt sliroiA] Q7 Aol whet ehbsHA| ashs 5443 24 @217} 7]0]
Eo] g7k At Qlck 1999322010 THE] S 4241 Alitol| ARSE T g A 9] Zo] E}E gt sl
F5=0] A FollA] BlRE Rpo] 2|01 A @AFE 7oA AA CHS 9] -2 841 22 4= qlolA] [ &l sifAde] 1
B g ot g gsioiel Eo] x).

o] W 2= of B Wk P o] ofR| A Qli= FAl= SIS (Fig. 3, Table 1). CSHRFASHE "l 217] of
28 me}oF 6 mA oFx| AL Gt o] FAI7F o]ojXIEHA ASH= 2060 ol 5ol s et IPCC2 1892a 1L

ut
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-CO, HiE AU 2 ool A ASHS] 4F13} o A1719] 24 2]+ o] 1,090 mellA] 2100E(HH7] CO, = 788 ppmv)©ll
280 m= Yopd HolthOrr, 2011). 0|2 Hot-25E 2ol Bl 3ot A4 A58 7 2] B2 37 =t}

Park et al.(2006) ESHE A2} 7+o] 199910 ONR-JES AF&E AFE5IE O, CSHRFASH 54-2 212} 1,000 m&} 400
m= A 2 A7) 1,400 me} 300 meF AR 21o| S BT Park e al.(2006)- A (3)& AF&sto] ZMATE)E AlLts)

=Tl pHrE pHsws = 1801 ARSSITE. Zhgol sl P dwH]2] =5 of-8ote] el et4la, [COos™ =

TA@r pHsws = ANIET DICSFTAS 08510 ATt Ky, 0] 12 3524 2 2 Mussi(1983) & AH§-st1. o1t e of
2t B3-S Millero(1995) 0]l whet 4=afigh BFHo| 2 Atof| A ARESECO2SYS L2 158-2- 15] A4 0] 74-9-0fli=Ingle(1975)2,
A1 0] 73 Qo= Millero(1979)& W21 Utk Orr ef al.(2018)0] W2 H 78 2tg & A et AR Af= At ARE
T -Bof| egol] wheh 2pol 7} i 4 Q. o] 2i_t Aoli= oFo 2 Fofl SR A Q] Aol A mEtE|olE A/do] WA el
A A5kl Sk

4] 199914 ONR-JES AF=-2 AF8-3F Tishchenko er al.(2012)& CSHE] 7-2-900 ~ 1,600 m, ASH $~4-2 100 ~ 600 m
olet Hsiet. A5 TRt pHRF TA R ALFSI O U, pHO| Tl SIgokA] gighkom &7 2o tigh B4 o 75
TokA] A9teh 181 BE S AARE ARSOIA At AAErt 2 ojA 410 'L \iA A= Ao

2010t A= Aol Lo f4lo] Z&H 02 QFox| 1l Q= RS 1% 4 ITH(Fig. 2). 2014 ] H]f
2018°] CSH2 2F 700 mollA] 400 mZ 2F 300 m . 2™, ASHE 100 m 7 oA A] 200 m F2o] et 459
ERERE ISR A 2010 Tl Yol o, Q= 0.99014 0.52 2F 0.4, Q.= 0.69014 0.42 2F0.2 A& HobxLt &
ShH o] Yol A BFHE| A7 AN o & AsPIH|7F garsto] WS Autz Bl o]= 7] CO7H57F
Shof| w2} s HHE] pCO, 7t o tAA| E]aL 454 /37 <= 2toll whe} sli4=2] pHe}[CO,™ |7} fAsgh A Foll A sl
Ej7} olx| 11 ISHA S=A4lo] Fobzl Z(Feely et al., 2004; Orr et al., 2005)3 FATE SHH 1191 of] QJ%|3h ofo| &3]
o A= 1985 - 20083 Atojofl ASHZ} ol d 2F 4 m o] &5 2 w2 7] AR535193=t|(Olafsson ef al., 2009) -S| o A=A}
o] o|Er} o W=7 LrElsith

oA ZEPSEIZT st A Splo] o]l Sl A2 QIR 719 COL7H AlslA Tt AutE siAlE
o}, e ePH| o] M= 4] (3)0llA] [COs™ [7F okt AA| 2 1999 e] 5l 20101 d thell 2 S=4lellA] [cOs* )7}
oF15~30 umol kg! AE 7Hastlom, Zhat F2o)|A o ES1gitkFig. 4). 1999]l= [CO,> 1= FZ0A] €208 4
mol kg™ 0117, Hf2F200 ~ 300 m7HA] 5= 7t 54 5] Aokl Bt 712 Alolk= GAsA AEollide= k60 1mol kg
Aot 2010 tholli= TZollA] €F 175 pmol kg'0]aL, AFollAl= 2F44 ymol kg' 2 ZFASFTE 500 m 424 oFfol|A]
[COs" = 719 YPoiA] A Al7tol| w2 -5 O ZHA: TS5k 2he) oA [COs 9] A2 2F 1.8 umol kg yr' ©]H, ©]
oA 2F0.5~1 pmol kg yr' Q] ZES H 21 Z1o| H|SH #5THOrr, 2011 and Table 3.1 therein). TH=FA] 2F 500 mE T &
2, 55| H301A [CO™ 7t A A A2 th7]-siF 7He] 71| weto] ghdsie] QI 719 CO 7oA S4-5] 1L
° St} 1995 ~ 2009 5925124 |4 pH7} 2454 © 2 YFolx| 11 Q1= A o|(Kim et al., 2014) O[5 A]A]

{‘.:

o rlo rIr
K

CE@‘

d
il

X
10
g

ol
i

o

r
o i

GO BZF[CO = FE Y] B 105 pmol kg ' E Az 7PHA] 28240 rmol kg 712 50FAA 237t o] 2
A& BT Orr e al., 2005). &-522] 9] 720 [COs™ |-= 430 HZ300 m7HA] 7%}»4474]&2 0.91)8 Eeltt
(Fig. 5). 3571711 5701 300 m 4 771 l7R2] W= 212 A 15 ol 30 Jado] nlAl= HeE R
o]

oz
r
o.
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Fig. 4. The vertical profiles of carbonate ion concentration (umol kg'1) in the Ulleung Basin in 1999, 2014, 2017, and 2018.
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Fig. 5. Plot of carbonate ion concentration (ICO5%D) against temperature in the Ulleng Basin. Data (depth < 300 m) show very
strong correlation between temperature and [CO5”].
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thoFo] Aol A [COs = EEHTF 280 ~ 125 #mol kg 555 Ho| 1 tjA|d| A o =7 LERdTtH Broecker and
Sutherland, 2000; Goodwin and Lauderdale, 2013). &552] 2] AZol 4= [C05*17150 #mol kg Ho] HF2 HAE H
o] =H|(Fig. 4) ©l= tFe] FAgHTHE B W2 solt}. o= 45577 CO,2] 5ol tisl pH €% 53 o] vl %
o9 olajzr)

STEA AZolA [COs 7 SR T 2 22 AR 552 450l S gt ol weto] B Eo] Ql=54S
o off gHito|2-0] o] Ark= AS deleth 33500 Aok A2let EdaEe] ot
Sadolet Hol=t] }7ix} 28] Ao mh2H ek S A7 Al Rt 212 glth(Kim e
tl7] CO, 9 FFe} Hlofet ehibda gl 71:137\%1%"1 ILSPH S0 HE=A| o] A| k= A 0 &2 SiA .

2] WA (ventilation) ®419] B9} 3t Qof] Gk vl 4= Qlrtk. sfig-2] A7 oFek|H ol Alo] 9] Eoto|ut wel
o] Zol&0] E715 oA f71E2] Eol7t Aofd Algte] ¥ @ Fof2] 4l oo 53] 5ol ek =715 0lA €O,
Z7} ok 7] E Aolah= Fg0] A|7|=| At Chen e al., 2017). 34 W] CO,2] 22 [COs* 18 HAAIA Q e W
o}, wEhA] Z5EAofA [COs™ 12 Q7F 7HAst 22 Q1R 71 CO,2 et a4 wA| o/d<] Hstet okl Yoon et al.,
2018)7H EA 0 &2 2Rg5to] ot Al SHEo| =of Helrt.

0

S| o] AR Z I EAJof v5Fo] RHeF AT Aol 2dete] Jde s ofsl=Ird ol ASeld Z5 oo &
Zee 3o ER ol Sttt I @584 2 [CO T CO,9 AR/ AIEE & ke A== Bl A &7
FAEIAL et ol S ol9le] dEElE FEYe] Shae AMRRITE 7ol 2 FEEE T REe A Asian
dust)E & = el BAl ot 2 e T2 oFA W7 hd vt ot S Bt S s E R Y e 5 s e
O] YL = TA- A2 WAR f5-5l & wi(Fig. 6) ©F 1,400 xmol kg™ ol 0] 2+= SHAg de = Fa-do|ch &5-824]
S Ao Wials Tt viEH A=l ofsh A dekd %%‘5514 5= HItKChang and Isobe, 2003). ©1&

2320
y =26.115x + 1384.6
2310 | RZ =0.1993
2300 |
;m 2290
3 8
£
= 2280 | @
< s ) (o)
-
2270 | O
2260 |
2250 1 1 1
34.0 34.2 34.4 34.6 34.8
Salinity (psu)

Fig. 6. Plot of total alkalinity (TA) against salinity in the surface of Ulleng Basin. Linear regression shows zero salinity intercept
at 1385 umol kg™
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A 2|7 fjoke] Aol thsf] S5+ A2 A 176630114 20073 Afo]of ©hAEA<s ISP e} oF 2007} 4510 H,
2100 9]| o]2H 40%7HA] A= 2 0 2 AAFETH Gattuso and Hansson, 2011). 274 © & BRAEAE 3L SPH 42412 117
T4 ebA D 312 -5 o] e} GLODAP 7|52l % ¢1 1994 0] & AFd3H A H TH80 ~ 200 m LoF&ltH(Feely e al., 2004).
F| o] Eof AA 0] A Bxsh= 19k 290 I ool 7 FEe 7 et HE| QL) oS B o= A
| Ylof) AA 0] BRI FHIKOrr ef al., 2005)1} E-=5l(Steinacher ef al., 2009)014] ZHHL5HA Uehd Aolat 2|25}
A}, B2 Wedof| A &522]9] ASH o] FF7HA] A5 o= Hoh M-S W AS5pet 23] o]foj2 = A&
Aol AIZH gFE o] =11, S 5-RA 4] &71- A A5 85 oA =AM diol BRelE A4 BE O R SUhe
B2 71 o|2A| oo E BhE A 0 2 o). whEhA] e s Elol theh B3 niel2 A A|E TS50 2 43 ]ojof

st 53] A Ak=7} fle ASE -85 A=t Aol

Ehabae] 2 Adae w2 —r7lE’filE FaastE e sl 5 [COLlE S7HIRITHA (2)-(3)). B o2
S oA B2 AtsiA Hslz ke 7/\% 7191 CO,E T7MI7IE 8%l At A 2lot A calcifiers)
o] At 7ol @714 e 2= tf7] CO, = Oﬂ et At 20] EH Qo] DAY w= /82l 2Pt 2det B3 Sief
AT I (carbonate pump)i= B4 AR HG A7 2ol Hsl el DICeF TAS] A2 Fazof HehE doXitk=
M F-goltt. o] g2 sief T o] sfeka WMol 7]l 574 H9tE A oA siof AAIE HehA 711 ~1,000 oV
Of AR AR 7] COE HAA7IEH T8E 4 AHAL LA QAR E7HAAL Tl Hsl &2 &-52AlolMe

1009 oA 755t

e FE2 YAHE 771 ®A(POC)E HdlZ ol5Al7 =t 2A] 7]1o{sk=tll(Armstrong ef al., 2002) ©|+= &
o] POCOl| 7141 FAE F7HAAA 27 58 WA of7| wiZo|h. whha] ebilzs A4t 4= Poce] o
Al B 15 HAAA AT ZolE X712 POCE T & HololA o=l & Zoloh 0|2 lsf) dx4] £
(soft-tissue pump) 2] Z¥FAQ1 F-go] ZHAste] Th7] COLoll 9] == Y] 0 &2 289t Zlo|th. o]i= A3]8} Fhaof b2 2-9]
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