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ABSTRACT

In this study, we examined future changes in surface ocean pH around the Korean Peninsula using results from five Earth
system models participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6). Analysis of the present-day
period (1995 ~2014) revealed small inter-model deviations, with pH trends closely matching those of observation-based
reconstructions. Projections of future pH under different Shared Socioeconomic Pathway (SSP) scenarios indicated that higher
greenhouse gas emissions lead to more significant pH reductions. In particular, under the SSP5-8.5 scenario, pH is projected
to decrease by approximately 0.47 units by 2100 relative to the historical period. Furthermore, pH is expected to decline more
rapidly in the late 21st century compared to the historical period, with ocean acidification progressing somewhat faster than
the global average. In addition to this pH decline, the seasonal amplitude of pH is projected to decrease by around 43.8%,
with lower values in winter and higher values in summer. We also explored future changes in the seasonality of factors
influencing pH, such as sea surface temperature (SST), dissolved inorganic carbon (DIC), and total alkalinity (TA). While
SST showed no significant changes, DIC exhibited a distinct seasonal amplitude increase of approximately 26.4% compared
to the historical period, with increases in winter and decreases in summer. This change in DIC seasonality appears to be

closely related to the reduced seasonal amplitude of pH.
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S A MRt = w7t Sikd o= o] AZRt A4
2 9l4% 3 Qlth(Doney et al., 2009).

7|5 3tof| whE SFAHIS HFS Tty sl pH
£ ARE St e APAFEo] sPEH Fo A
k0] HEARE B8 pHA A& H R GG
gsie] Ashaln Yok @750l 2HEn gles
(Bindoff et al., 2007; Byrne et al., 2010; Chau et al.,
2024 Dore et al., 2009; Lauvset et al., 2015), X 2D
o]-&3t AL ALY n AT sl FARE A=
£ AANSFL Qth(Calderia and Wickett, 2003; Jiang et
al., 2019; Kwiatkowski et al., 2020; Orr et al., 2005). o
£ 59|, Lauvset et al. (2015)= SOCAT (The Surface
Ocean CO; Atlas) O]ASFEFA(1CO,) TEAt= 7]4He] pH
g BAS B8 AR FZ pH7F 207H1991 ~2011)
OF —0.018 + 0.004 decade9] A7 FFo] YeEPES HIL
5lR 2™, Chau et al. (2024)= HAHY 7|HE =3
1985 ~20214 7]7F9] ARX|F #Z pH= —0.017 + 0.004
decade'9] o] UEFS BHSISIT. Ee 175045
5] 20008714 AP B ph HEHOE o 0.1 &
2% A0 BT Y| (Jiang et al, 2019), o] 3t
A 27k Wzl HEol w8 siasiE Ao
2 HQlth AgRY ArgH|w ZZAE(Coupled Model
Intercomparison Project Phase 6; CMIP6)S] AU Q. =}

E &85 AYA(Kwiatkowski et al., 2020)°A %=
AU Q9] F5ol Atglol W] HAF #F pHe
Aad Zog HAYEow, Ed], 1L AU
(SSP5-8.5)0 4] & A Aol Uehd 2o & AW
tH(Bopp et al., 2013).

ke 2w SfAg BT BAHHYS ojdsiet
A E57F A4S ez & 43 A At Ono et al.
(2019)= SAEHBYEY A& 137°EE w2t oF 35Wzt 5=
AE Adt BESARE o]&sto], d7] F9Y olitstea
s 37PF 7HEstEE AR @A 53] 222008 ~
2017)9] AHg3t £=7F BA7]7H(1983 ~2017)0] H] S °F
30% ebrl A2 Barsteith £33, s (5° ~ 10°N)
oAl —0.0124 + 0.0008 decade-1ZS-, Kuroshio recirculation
319 (26°-30°N)of| A= -0.0193 + 0.0008 decade'9] ZHA
o] Uy 9= R 25 pH A4Eo] A4 Yed
= RISk, d& 7144 EHlol oA Alsste I
T oY 2 EAHES AISARAE 1998 F
E 20234 7]7to] i3l 9F —0.021 decade' 9] W3S A
RSk Slek. SN HE TP A B F Rt
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o] 2015YUFE 2=t =19 8371 Aol Hish AdHra
55 B9l siFAHEE 2AEL Qo) S Bl 9
Sk, SHtE FHEI9 9] £S5 pHe TR AGAHS 7
]2 9Jow 2015 ~2022¢ 7|79 uf 109 T = <F
0.019 ZFA3H= Ao YERFTHWoo et al., 2023). 0]<]
oz, AFAIARRGS o83t 30d7H1980 ~2000)2]
FAAYS B3, Park et al. (2018)2 S EZ pHO 7+
A5 Boshgli, ol ol4lehetac] F4o] ule) E3s:
2o 457 gElEe B9 fUHs SERvlRs
(Dissolved Inorganic Carbon)?] &7}7} Z|uj& o= Z-&
3 Aget skt

ojAY HAAF sFH TA FE et FHE G0 =
S|FAHIS7E APE I Ut 53], SHRtE FHo 445t
= O AEE2 AFALoEAY M7 &7 dE
of, 7|F¥sto] wE sjgitdet mlE Ao A E =
F27F 55k Utk & AFoIAE CMIP6 AL 2
A7E o]-gsto] 21417] &<t Syt s sig
4Hdete] wsks A Egtt i £330 pH vl AT
2ol ofyz}l, s 2 (Sea Surface Temperature;
SST), &ZF7|et4(Dissolved Inorganic Carbon; DIC),
213 & U7Te](Total Alkalinity; TA)O| HHfAE O]
AT Zol EAHAT 2= & AFolA AR
g CMIP6 ElTt gHA, mEo] 54 Ao ARESH S
718t A Armoll tisiAl Agstal, 3golA= Syt
2F FHsjol A9 AR 7S 7173 v Alue 2 pH
o] BA Rl Halel AHA E4 HIE SAHoE AuE
At wpxjEtoz goF 9 A|AL 4%l A&stint.
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Fig. 12 & A7olA ARERE SSP AlLte| Qo] e
Hhe FHE pH WP EAFAH2A a2
HojErh B4 ARESE CMIP6 Y e SIS &
S pH, SST, DIC, TA9] 4714 HE W& AlEshes 1
dSE AHEIALL, e FHsig e ghof Higt A=
FEE flste] Faf F79] stA e gho] fle 24
(MIROC-ES2H, MIROC-ES2L)Z A JstAct. sigd 1+
< 9l HFTHCoRE 5719 Bdo] JAFE Ao &
AtH(Table 1). s|FFASFet F7go] HF th=ARt
CMIP6 AR ES2] oA g2 ARG AAIsket
z2dS0]7] miol, & Aol 24 siFHEsE 1
A =244 ®ele A A=de 7ina &
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CMIP6 ZEojlA HojH AA7|E pH x| F5Z
A=3517] Yste] CMEMS-LSCE  (Copernicus  Marine
Environment Monitoring Service - Laboratoire des
Sciences du Climat et de I’Environment; Chau et al.,
2024) A4 At=(reconstructed data)E -2}t f
FEH pH, CO, BEX(PCOy), T LATE(TA), T &<
F71€k4(DIC) 59 He4E2 0.25° +HHF =Y A
TEE AFsta 9o, 1985 e 2021¥7kA] 9] 717t
of izt ¥ =7t AFEHI AUrk pCO= surface
ocean CO; atlas (SOCAT) ZZ2 A EOJA] A|lZ5l= FA}7]
wte] AAT BEUolHE WA F(Feed-Forward
Neural Networks) 2 & JAES o]-&5to] AFASHA L,
sk EAY TAL tFF 43 89 A2 5o} #34
dom, AAIRE FHER AT A= 1o ESAAG o
3t AF AL Chau et al. (2024)°] opens sourceZ A|-&5]
o gk,

AE 2P @A 7]S(1995 ~2014)2F SSP ALz 2
4%(SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5)0] T3t m]
A7152015~2100)9) U EF pH A2E F23H9ct.
pHO| A3t 3|, BT £F A=Y v HStE A
HEAL, A7) FeE IHjE AU 2(SSPS-8.5) AR
A SST, DIC, 1181l TA A7g F71=2 FE519c) o
5 DICSE TAY A9 Aw Y4t Aise 47 md
(CanESM5, CESM2, CMCC-ESM2, NorESM2-LM)2] Z
18 ol sttt £ AL Z42ko mdd] 3 &
MY FE WHE Qs 223t vwel A=

-

CMIP6 B3 ZIIZ 0|83 SKIE ZMislo] pHo| Ofafeist S4d 13

t}. o]E 93}, Kwiatkowski and Orr (2018)7} A|Qt5h |}
Hip UsHA, WA ZF AR A o] Aot AlA FofA
cubic spline 2-83F A (trend)S A4S, o] AA|
AAGoNA AAsEAT. olF, 19 7]7F 5<te] gkt
Hagte] Zpol= AL EZ F sl

25°N
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Fig. 1. Study area (black boxed region) and bottom
topography. The Yellow Sea (YS), South Sea
of Korea (SS), and East Sea are delineated
by thin dotted lines. Major currents are
schematically shown: Taiwan Warm Current
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Table 1. Summary of CMIP6 models used in this study

(TWC), TC (Tsushima Current), Yellow Sea
Warm Current (YSWC) and the Kuroshio

Model and reference Ocean and sea ice Marine biogeo-chemistry Ensemble
CanESM5 .
NEMOv3.4.1-LIM2 CMOC rlilp2fl
(Swart et al., 2019)
CESM2 .
POP-CICES MARBL-BEC rdilplfl
(Danabasoglu et al., 2020)
CMCC-ESM2 )
NEMOV3.6-CICE BFMv5.2 rlilp1fl
(Lovato et al., 2022)
NorESM2-LM . .
BLOM-CICE iHANOCC rlilplfl
(Seland et al., 2020)
UKESMI1-0-LL .
NEMOV3.6-CICE MEDUSA-2 rlilplf2
(Sellar et al., 2019)
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3. 21t { E9
3.1. #1715 7IZt] CMIP6 29| pH 2SN

£ HojA= CcMIP6 ZEojA molH dA7]F9] pH
54< Tty Yot BAEEZ 2 W3t AHFS
CMEMS-LSCE A}&2} H| w3l ch HA], CMIP6 ZEoj
A vehd AA71$9] AAF B pH A= —0.017 +
0.0005 decade’& UEFEI, o]= CMEMS-LSCE A& (-
0.017 decade™) & Lauvset et al. (2015)0] A|AIEt 1991 ~
201148 7]7+9] ZH-0.018 + 0.004 decade)T S-A}SH 7
Fdolth. T3t AP AtollA AAE HAAF s FE EA
(Jiang et al., 2019)7} EAEfHEF FA(0° ~ 60°N; 100° ~
160°E)9] 29| AgF/do] thigt 9= H¥(Ono et al., 2019)
T FAHA 2ojEE gRlstitt. o3t AaES v
o7, e ¥ 9 FHOE EF pHO| BT
Hol AFS AWETE CMIP6 YAE B
CMEMS-LSCE &9 gt 9 pHO| H#2 74zt
8.117} 8.120|H, 5= AQlsta F 0.005 FELO] Z}o]
£ Ho|7] fjZof|, CMIP6 HEoA HOJH Tt
S 9] pHEZ7} A¥tE o2 2 KO 9SS IRl 5=
UTH(Fig. 2). Htdof| &of AtoA = Aoz F Ajo]
(9F 0.025)7} YER=T|, o] Chau et al. (2024)°] AF
gt Hl2 CMEMS-LSCE A&7 %2 AQtHolA =2 &
AL 7= Aol 1 9o g whEr. Figs. 2b%t
2¢co] Hog HAE AAE= CMEMS-LSCE #g59] &3}
Aol w2 d9S 9Ju]ol=d|(>0.03; Fig. S1), £3] &

rE

st

3 AQtelA =A Y= AS A 4= itk
ot A pH At= o] B0l &2 AT =Sk, pH
o] F40f AMgE= pCO, YA 7O ESHA
oA w2 AL AR AT 4 QUrh(Fig. 1b in
Chau et al.,, 2024). o] g YHAEE PYAsl=d Z
3 #ASAR] Y7t AAY AlZ7E WEe] & B9l
AT 4 Qlokh o]Ad, o] % CMEMS-LSCEQ]
A7t 7 & BSAH0E Qs 2d A3E FF
Ao HlwsH7]o= thh oj#FZo]

Fig. 32 T4 10 HT(1985 ~ 1994) tjd] A 7| &
9] sf¥ pH W2} B HolEt CMIP6 HEof mhE
pH 39 Aol= 22 Ao= Yeyton, e 19
oA pHE A&ZF o7 A4dt= 4TS EAUth. CMIP6
FAENA £4E TRt FH 99 pH FAE&S <F
—0.021 decade’o]™, o]= CMEMS-LSCE Z}&o] 4] Uet
i Pt S pH A8 (2 —0.019 decade)i} A}
St Axtolct. ool A Bl FhA FA4(-0.021 decade™)
7} CMEMS-LSCE A+£(-0.017 decade™)o] H]5) Ayt o
2 HEA  YeEEoy, HiAHE  2d9  pHe
CMEMS-LSCE #A=el fARE W3t A2 7M1 Qe
Ao WHEh ojggt EAAN=, A 77t E £
sl W7t vE& rEstHetE, FypAtstdl]
= pH AIAD(2015 ~20224) A& 7]¥Ho] ok 1Y of
H] -2 35}9] pH 7} s A% Fe] Budat
9} §AKSE Aol th(Woo et al., 2023). 3717t -2utet
TR pH #AAe2 HAAF B FARE oF -0.0019
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Fig. 2. Spatial distribution of annual mean surface pH averaged over 20 years (1995 ~ 2014).
(a) ensemble mean of CMIP6 models, (b) observation-based reconstructed data
(CMEMS-LSCV), and (c) their differences. Black dots in the middle and right panels
indicate regions where pH uncertainty exceeds 0.03 (Chau et al., 2024)
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Fig. 3. Time series of pH anomalies in (a) the sea around Korean Peninsula (Kor),
(b) Yellow Sea (YS), (c) South Sea of Korea (SS), and (d) East Sea (ES) during
1994-2014. Black solid lines indicate observation—based reconstructed data,

and red solid lines show multi model mean. The areas of YS, SS, and ES is

referenced in Fig. 1
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3.2. it FHSHHO| Dj2f pH M3}

Fig. 4= SSP AU 450 W& AA7|F thH] 214
719] A2 FHE 3 ShelolAlo) pH WSS ek
AN A DGolct, & HojlA Mdrgdt FA7| oA 2] CMIP6 =
W pH mojAzte] §A43} o), Alueleo] T o]
aﬁxqm BAATAE CMIP6 Relo] w2 BIpAAC

o= ekt WA, WA T} g Fusele)
Pl 7}7]}& uj7) 74 #A7F Bl5sh, 20304 of
T e = SioA AHdet H wiEA 28E= A
o APt o)t |29 HYATEL Bo e L
Q= dlel Zro], sHlE WO FIL AF o7 H)
84 B4o] 9l7] whgol, slekol F43 Ot M)

|

L.

At

ﬁ%i
9 3

20 tﬂr— pHS| WH3}= F
I, 2040 o] HE] SSP1-2.6 AU oS xﬂsqi _\1%

L] Q0fA4 214]7] E7HA] pHE F3I6H Haste 43
o] Uehyttt o]t A2 2AVIA HiEo] w2 AU
LASE ¢ T35t UEHth 59], 21417] F8K2081
~2100)9= L&A AU 2(SSP5-8.5)901419] A4
(2F —0.059 decade™)o] T 7F&3lE|0] A7 S ofju] <F
3l o] #gkgo] Uehd Ao E HAYEm, AFALYY
ZYHSung et al., 2020)9} FARE HAgAToltt, At o
2 210090= AA7]E ] F -047 @] = A A
T2 B9l HFH, SSP1-2.6 AU 20)Al= 2060 o]
Fol= pH7E AAS] IEE= AFE EUTh o=
SSP1-2.6 AU = 21417] E7HA] CO9l HiES A&
ASAA AAF 298} £33 AFFEY oA tiH] 2=
o2 JAst= HHALEE UE = AluE|o]7] of
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2o, SSP1-2.6 Alupe].of me wzl 7] Ao A= o
Foll FA== CO7F AL, ST TAE wRdt
FEOE §A7F HAA, DIC a7t FEFHo] pH
Ago] AR, 214)7] golls th FEEE 0

ojd Wst UEts oz siAT 4 ItK(Table SI).

0.04
o1l R
T -0.2 1
=%
<
-0.31
— hist
—_— 55p126
047 ssp245
— 55p370
— 55p585
-0.5

2000 2OI20 20‘40 2OI60 20‘80 2100
Year

Fig. 4. pH projections for the sea around Korean
Peninsula (solid lines) and global mean
(dotted lines). CMIP6 mean anomalies for
the historical and SSP simulations are shown
as solid lines, with shading representing
inter-model standard deviation

Fig. 5% SSP5-8.5 A|UE] QofA] Atel @A7]5 thH]
21A417] (2081 ~2100%)9] pH, SST, DIC, TA2] 3}
gt FHEEE HolEr pHE e T o)A
gt o g Fadchs A0E Yehuy, -5.1%9] B W
shgo] Ayt E3), SSTEF DICE ZHzt dA|71% iy
OF 26.0%9} 4.8% Z7}5t1l TAE 9F —2.7% 74T Ao
= Ageh. APA(Jiang et al., 2019)014 L2 Hf
oF o], SST7t 453l whet s Co, 8ai=7t @
715 ofe] RZopA AT, gk AU Q9] mlfr]E
o]7] wjZof 7] Foll= A&HH & wjg- & ¢ CO,
7F A5k, SST 5ol whet 7H&3ke sy wAkst
Hhgo] 2obzl ¢ COo, T TS 4ot &
HOZE= pH HAE 7HE3SE ok AR 4T ¢
AUtk EZL, 21417] FHto= DICY] F7H&°] tha &0
EAAT, TAZ}F o] A]7] o] 28] o]} F5otHA] gt
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W FH S99 pH H49] 7hEstof| 7]ofd
X = th(Table S2).
3, pHE VIEE 7t AAFEe] BRRuS Avuy,
W02 JE|(EE £ HR)0lA Sa2 oloj]
SfAollA HSE 27]19] HIMES Hol= Aol 9l
AR Felle del-ssiote o FREW BRE
Jol7} U WElg melh ojzlat W} Age
SSE AE TP B T
2 Holth sht=
*1‘511”;‘0*—4 S W=dl(Lyu and
Kim, 2005), Jeong et al. (2021)2 CMIP6 HE 9] A4S
o 28t Arrt At AU edeE EAHE G
A FofE 5ol FlE FAEe eEFo] Sk B
o] Ll 3}t ESE, Park et al. (2018)2 HA7|7F &
8 SHol|A HOJH pH F4a7t BEAHBFNA A==
DICS| 57}9hE Beto] 9lgg Bl v qick. olefet 2
o] H|F=o] & uf, F5f-53f4 9] DIC F7h= b=
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| o2 Al7jo] AL ZelAE RAHe g
oAET w27 AIY 4 At (Kwiatkowski and
Orr, 2018). Htdjo] F-9-ol= AHdste] 3ol tha A4
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CMIP6 2 ZitS 0[E¢t o

(a) ApH

N 4
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7] pHO| Dfafitat £A9 17
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Fig. 5. Projected changes in (a) pH, (b) SST (C), (c) DIC (umol/kg), and (d) TA (umol/kg)
for the future period (2081 ~2100) compared to the historical period (1995 ~2014)
under the SSP5-8.5 scenario. Values in the upper right corner of each panel indicate

the rate of change as a percentage and dotted grids represent 95% confidence level
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pHO| AE¥EA2 DIC, TA, 1811 SST 5 &89
o] W& ZZof JFE W=t & 0], Takahashi et
al. (2014)2 2] (1)} 7o) SST, TA, 181 Jro] =
# md2 A g JIAHES] pHO it YR =S
o|85to] pH AEH T A7|E AXletAEd, 233
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Fig. 6. Projections of pH seasonal amplitude for the
sea around Korean Peninsula. CMIP6 mean
anomalies for the historical and SSP
simulations are shown as solid lines, with
shading representing inter-model standard
deviation
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Table 2. Amplitudes of ocean surface pH, SST (sea surface temperature), DIC (dissolved inorganic carbon),
and TA (Total Alkalinity) around the Korean Peninsula for the period of 1995 ~ 2014 and 2081 ~ 2100.
Values in parentheses indicate 20—-year mean for each variable

pH SST (°C) DIC (gmol kg TA (pmol kg™
Historical 0.16 15.42 123.9 106.2
(1995-2014) (8.10) (18.55) (1858.08) (2100.07)
SSP5-8.5 0.09 15.88 156.6 121.8
(2081-2100) (7.69) (23.46) (1943.96) (2041.12)
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Table S1. Changes in pH, SST, DIC, and TA around the Korean Peninsula from SSP1-2.6
scenario. Values indicate difference of each 20-year mean for each variable

SSP1-2.6 (%) ApH ASST ADIC ATA
[2021-2040]-[1995-2014] - 0.8 +54 + 1.0 - 03
[2041-2060]-[2021-2040] - 04 +3.0 +03 - 03
[2061-2080]-[2041-2060] 0.0 +18 - 0.1 - 0.1
[2081-2100]-[2061-2080] +0.1 +02 - 06 - 03

Table S2. Same as Table S1 except for SSP5-8.5 scenario

SSP5-8.5 (%) ApH ASST ADIC ATA
[2021-2040]-[1995-2014] - 09 +5.7 +12 0.3
[2041-2060]-[2021-2040] 12 + 6.6 +13 0.6
[2061-2080]-[2041-2060] 1.4 + 62 +15 0.6
[2081-2100]-[2061-2080] 1.6 +75 + 08 12
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