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ABSTRACT
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S Apo] 9] AT QI 7o ot HOE Aokt 4= QAT FF Ao A FESNoF T A =ET S )9l

The monthly inventory of dissolved inorganic carbon (Cr) and its fluxes were simulated using a box-model for the southeastern Yellow
Sea, bordering the northern East China Sea. The monthly Cr data was constructed by combining the observed data representing four
seasons with the data adopted from the recent publications. A 2-box-model of the surface and deep layers was used, assuming that the
annual Cr inventory was at the steady state and its fluctuations due to the advection in the surface box were negligible. Results of the
simulation point out that the monthly Cr inventory variation between the surface and deep box was driven primarily by the mixing flux
due to the variation of the mixed layer depth, on the scale of -40~35 mol C m™ month™. The air to sea CO, flux was about 2 mol C m™ yr
and was lower than 1/100 of the mixing flux. The biological pump flux estimated magnitude, in the range of 4-5 mol C m? yr', is about
half the in situ measurement value reported. The Cr inventory of the water column was maximum in April, when mixing by cooling
ceases, and decreases slightly throughout the stratified period. Therefore, the total Cr inventory is larger in the stratified period than that
of the mixing period. In order to maintain a steady state, 18 mol C m? yr! (=216 g C m? yr), the difference between the maximum and
minimum monthly Cr inventory, should be transported out to the East China Sea. Extrapolating this flux over the entire southern Yellow
Sea boundary yields 4 x 10° g C yr”'. Conceptually this flux is equivalent to the proposed continental shelf pump. Since this flux must go
through the vast shelf area of the East China Sea before it joins the open Pacific waters the actual contribution as a continental shelf pump
would be significantly lower than reported value. Although errors accompanied the simple box model simulation imposed by the paucity
of data and assumptions are considerably large, nevertheless it was possible to constrain the relative contribution among the major fluxes
and their range that caused the Cr inventory variations, and was able to suggest recommendations for the future studies.
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Fig. 1. Map of the study area showing (a) the four carbonate system cruises of February 2017, April 2018, August 2020, and
November 2021, (b) a depth profile of the transect drawn in (a).
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Fig. 2. Monthly mixed layer depth (MLD) based on observation (black asteroids) and interpolated from the mean temperature
trend from Wang and Zhai (2021) (black open circles). Temperature data for surface ocean were obtained from the monthly
Marine Weather and Climate Info of the Korea Meteorological Agency (green open circles) and from the leodo and Gageo Reef
Ocean Research Station of KHOA (green filled circles). Observed mean surface temperatures of four cruises are shown as grey
asteroids.

Table 1. Composite monthly data of dissolved inorganic carbon (Cy) concentration and inventory used for the 2-box model
simulation

. Cr (mmol m™) Inventory (mol C m?)
month Surface Salinity MLD (m)
Surface Deep Surface Deep Total
1 32.72 2140 2151 47.8 100 60 160
2" 33.10 2142 2140 484 104 57 161
3 3345 2120 2136 30.0 64 104 168
4 33.55 2100 2132 13.8 29 147 176
5 33.20 2060 2130 12.8 26 148 174
6 32.60 2011 2122 12.0 24 148 172
7 31.20 1966 2119 11.5 22 147 169
8 30.06 1952 2117 11 21 144 166
9 30.40 1979 2125 12.8 25 137 162
10 31.20 2031 2145 15.0 30 130 160
1 32.00 2111 2162 20.5 43 115 158
12 32.40 2134 2158 35.0 75 84 159

"Data from this study, other data excerpted from the references (see text).
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MCTﬁsurf(t) = MCTisurf(t'l) + (fatm + fmix - fBP + fr(-:sidual) X At (1)

Aol M2 mol m? 2 WERH 2|30 2 = 98, At=17]€o] sF5H, £=mol m™? month™ TS 717 S A2 A
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Fig. 3. A schema of 2-box C; inventory model. The size of box is allowed to change according the monthly MLD variation.
Arrows represent the corresponding flux.
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Fig. 4. Temperature-salinity diagram with Ci/Ar ratio shown in grey scale, (a) Feb. 2017, (b) Apr. 2018, (c) Aug 2020, and (d) Nov. 2021.
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(a) Cr (pmol kg™") Cr (umol kg™) Cr (pmol kg™) Cr (nmol kg™)

19"0 2000 2050 2100 2150 2200 2250 10950 2000 2050 2100 2150 2200 2250 10700 1800 1900 2000 2100 2200 2300 1950 2000 2050 2100 2150 2200 2250
P @ ¢ [6575)
° # L < oo
@ P o MLD
! & : 8
1 # 0.0 090 @ -
50 Y 50 W ) 50 50 o )
['f ] &
€ »/ = wil el 7 e \ ™,
E o/ = g S >
= ] / g |‘ 8 o < =
= 8 i ‘ ® = = )
L ] 5] 5]
[=] a ‘ (=] (=]
100 100 : 100 100
°
150 150 150 150
(b) At (pmol kg ") At (umol kg ") At (nmol kg ") At (nmol kg )
2200 2250 2300 2350 2200 2250 2300 2350 2000 2100 2200 2300 2400 2200 2250 2300 2350
0 o 0 [i] 0 oY5755)
® — c©®
: @ - e
L MLD
®,
! / /
50 50 50 ‘ 50 8 o
S~
= L] = =) - @
E L = £ = @, o
g ‘ h e g = o
& . g 5 [ -
a a (=] (=]
100 100 P 100 ‘ 100
o
2017.02 2018.04 2020.08 2021.11
150 150 150 150

Fig. 5. Vertical profiles of (a) dissolved inorganic carbon (Cr; upper panels) and (b) titration alkalinity (Ar; lower panels) of four
cruises. Dotted black lines with gray bars represent the mixed layer depth and range.
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ATk Al g2 47191 = A7]0) AL 2507 S75R= 7] CO, 3 2(Table 2)& 2734

o|2fet Zh2 Folf B, T, A of] vlehAl = ko] E}(o.s mol Cm™ yr'! (Xu et al.,2016); 1 mol C m?yr”' (Choi et al.,
2019); 0.5 mol C m™ yr'' (Wang and Zhai, 2021). SEA|9t 55=3lof| 4 A7 o] =Fak= vl 53t gho|th &5 2.2 mol
Cm”yr' (Kim et al., 2013); Z<: 1.8 mol C m™ yr' (Tseng et al., 2014); 2.5 mol C m™ yr”' (Guo et al., 2015); 1.5 mol C
m? yr' (Song et al., 2018).

ESAM A7 et4 FHIR A5 07 Hoh= SHAE A (net community production: NCP)Z F4 3Tt o] =
FHT} 7o) o3t RS A AL WA 11 ghe] A EellA] R ditoll 2%t
AetE S 9 Wt 15 B B = Y= QRS HEC 2 Kim ef al.(2020), Xiong et al.(2020), Wang and Zhai(2021)
e Farste] gkl ol Hi-2 4 Dol oF 33.6, F|A Hi-2 8 Sl 30Tk
3

-1.3 mol C m™ month™ H{|Z AF=E|THFig. 6(b)). 1| F2 445711

Table 2. Air to sea CO; flux based on Wanninkhof (2014) algorithm

2017.02 2018.04 2020.08 2021.11

Uy (wind speed) (ms™) 8.1+0.7 6.4+0.5 6.7+0.6 72+0.5
Air to sea CO, Flux (mmol m™ d™) 33+7.1 7.7+£2.6 5.7+6.5 44+14
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7-119 Afeleli= B Bkt 23 Cr7t 57HAIE HolA 9] 4k Hol7] izl ARSE ARA e 2= ghS A
4= itk whEbA] o] Al7lell= 69 2 gro] fA1d Zlol=t 7Pkl A7t AE HAEE 4.7 mol Cm” yr' 2 F7g5190r
FARF R Fet e O & @*é—%ﬁ 134} Fig. 6(b)oll = A= A2 S oA AXIGCE M4 9 A 5=
= F5=rol| 50 a4 2}z o] 3(Tan and Shi, 2006), A2 5 9] 4Y(Lee et al., 2021)7} 8 H 2] <= F
d Atmoti(o]Q13], ] A=), B850l W U4 34 mol C m™yr' 2A] o FAZE2 0] 9] oF 15%¢]| &l
Rk = YAPBAEO] 15% 7o) 1 0= ol s 3ithH Byt 2 S s At TR 493 840 S A== 7t
711.052}0.63 mol C m™ month™ 2] g2} B o] Attt SoHA| 74 A& HI7H A 2= o 2 4= 332 AAKI
O A A= 4~5 mol C m™yr' 2 A=Y H3E2 10 mol C m™? yr'! 50 77k 4= QL

L

3.2.4 o EH~

S Cr Aar=geli= o] megoflA defgt EAz Argo] &|7] ob=Xtof2o] EARIH(Fig. 6(a), Appendix Table 1).
o] dllish| QlsiMe B5 A4S Afel9] Zho] EeA 0] kejo] E7husit). Zto] E= A0 H7]= AR 0.02004 1
mol C m” month™ HY= UeR A Ak 11 F7]= HSAHA 2t 457191 4 DellA] 8 D7HA]= A2 oF2] 3hs HofA|
3o Wioksks E8A7HRAY BHAE 7 QLSS A AR A7]op ko 2 HokS w 7Y A e SR = AE
Hro] wpasgztolet, A Gof f}dol] ot 314 et vl avkE Zefid 4= QIR A|7]7F AERE slopA Zhe A W

o} molct,

B0] B A1 FA0] Bel2r} 0] ghe ol H5 O AL T B2 a0ty §4 S olof 712l
#1% 1+1H°‘71~ 2 U AR=E] 127172 Aol MLD] B o] 415 ekt el QAlsA MLD 4] v
FEI942 7F A Gk T RE 7Rs AL sl Baolck, shild Wi 3o St 2] GAlo]
@%&a@ AHAA AISHT, o) AREIOL WHRE Cp7

lo

lo
:Iru m

N,

jutal

ol

k-3

o)

B

ol

0

OO\I

)

u

ESH AT ] E9 2 ool SN 9FE Whs F7H/] S8 27 HastH, ol 2 71eoll S01de Crél d
Ao R ﬁ]ﬂ %%’D&%%%ﬁa & Stk 2715 Cro A 1180l ©F 158 mol C m™2] Z|#{oflA] 48] 2F 176 mol
7, Table 1). $17+ H50] 44T o] Ikl 7151 212o] S5l 18 mol C m™20] 444

B 10 Aol 1 H ‘%}_f‘t SEE[CIOF T (Fig. 6(a)). ©] 7IRF2 AdS0] AJehd Al71 24 o] 717t BT E R
She A& d2iA lH(ang er al., 2011). 1095 497 = FE0] flet] ol Ad &8 Fdo= vl =t &
S R H=dshEA FefiAsdaro] Wilo] A =7] wiZol2t AR, Eot o] 7| 27152 Cr a2 Sk
gl o= t7] 54719 S30] SEEA @Al S A= siAEn) S0 ot S71eh S-S ofdt g g

ﬁ

P Fsl|o] s WA (Fig. 1.1.2 of Ishizaka er al., 2021)7} HHA| = Fateict
& E92= 18 mol Cm? yr'' 224 o] E-|27F o] HHRITaL 71shH S5l ek el BAE teAl2
= ol izt A2FA Rl 2718 72 SEFl ol mhe A= QIAE EsiA %’—% SITh. MLDO] A+t Zlol= 9F22.5

mO| & THHOJA 4] 22.5 m7F = WA Tk i o &2 7Rt AW QIRke] 122,36 (Fig. 1(b) 2] o4 THHIof A 2]
B 12 3 v & HA) x 90 m (S)A 5 Hi 524]) x 95 km (= = 1°)°]t}. 20 me} 25 mo]| tsiA = 3-e sl =t
A2 AASFA Axt A= 0.36 + 0.003 x 10° mol C yr! =432 +£0.04 x 10° g C yr' 0.2 A5 91ct
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Fig. 7. Monthly Cr inventory in the surface (filled circle), deep (open circle) and water column (asteroids).

Tsunogai ef al.(1999)0] AASH 55250 $EE-2 35 g Cm? yr' O .2 A] o] g Avl= o] Kt} ojAl vl 715k 2216
g Cm” yr'o|th. Tak er al.(2022)°] 32+ 5l Sl <8t L G-S ARG-allA] AIARE ol o] FZE oA FE AZ712] Hiat
& 0] QL £%2E0 24 x 10° mol N yr! 0 24] o]E #| == H](C:N = 117:16; Anderson and Sarmiento, 1994) S Z-85}]
B2 2R 177 x 10° mol C yr'-2 o Akt @ u ulj 7}7to] ot & H]-U-Oﬂ/‘i TEgtol o] QIxpetel 74A &=
Aol whet FA| Afolet glo] EFt AAl== 3’8301]A1 WE W QFo] QdFnto] FE=olE AA 2E2 02 Al =26t
Al = Aol ol A x| o] ol T2 7P A2 S Rl Q17 wiioll Ak QI ] 7| Qlrh Hage] 4
V= Tsunogai ef al.(1999)2] Axto] T 7171931, O]Eﬁ} Vol H7oll= A7 EJA o] Al 0 244 A| 0] o R 2 L7}

=A% ke 2 9lrt

o] ool ofgt E=-AE 1 e{okA] (7] bl Atk @FE AT, oq:rL Oﬁodoﬂ/‘i A -5:— 7L RS
= Q2H= AR A Hok. ohet 21 Pt gk AR wlzell o) Foll ofgt Sik= STt ok

A U5 AT SAEAUYAAG 2AHm 7T S A5 324 -5 REE 2-85H Q\:ﬂ olfol ot 25(]*%%%] T3

L= A ) 1} (i ”21”101 = él?l 7ol A4 Y et Aokt T} = A2
oIS ST A B2 AR 9 ol
OIFE FAIRM A, th7] 7 Z A Alike] YAl B, A o] 3pAagrt 7is/do] 2ate) B 8
H S o]

&
P RIS, AR AR ko)) S 20 A D GG et el A e U
=

% ool gt 219 7Fso] Sl HE T 4159 5= 2ol gt 2] o) Egfol] o) B2l o] WISk 1 3717k o
% 27 uho] R A5
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Aolx 9 EH A7 7P =7 Z]ofdtr= Aol £AsH MLD 40 7R & E8h/dS Al rivtal weks

k. E](E]'/\i MLDZ} 7V 3A] §oh= 435-0] A2kt wp) 7} dojub= Al7]efl tieh ok 54?1 #5o] Hasiet. 2y
ARERE 7 S0 B 22 WeFe] @75 TN 1A fethi = A E B = kel A 2| HlofuhA] A Fet

MLDE 4-22F5-0] S gko 2 Aol shtbH, 22,5 mAH 7|52 MLDE=42 m=2 Z1oZ]thAppendix Table 2). ©] o,

A9 QR 2 W= 45 28 A= 2F 17 mol C m™? yr' 2 2}o]7} AA] &A| AFZ=%th Appendix Table 3). THF 5%9] T/
ZheRE ] wizel, AlQ] R S A7 6k 0 2 v A| Hlok 9t E8 A= A7) ALSERIRE ——550131‘4'
7h= 23242 3717} 242 10 mol C m™ month™ ¥F-23 mol m™ month™ © & ZrAsict th7] 49 2 A Tt 27171 4

Sty 2F1.5mol Cm? yr' 7 HE 08 AUt A E HE 28 A= 6.5mol Cm? yr' 2 —0—7]'3]'ﬁ3q o1 F7]+= o475 10
mol Cm™ yr' oJs}= AZgtol ] H]5f] 2t ofe] §Faf) Fho E A7} o] Kt 50% o 5715137 ] liZell, MLDA= ~22F
S0 St Zo7hopd k& Hofjt 55 AREShe o] B w3 o] o FolXl & AAtet

o] EM/dS J1efohH ool ALt T At B2 A8l F 2 offE Algsl=t 1 Htel| gl Bt
Quet 2] By o 7 JfEolr] Yoiie wAlS-EATE 2R AR o] S 33 9% o R ks e 3
o}, 2t 0] Tl A= MLD O] Blgo] & Al7]o)l tigh 45249 W5o] st Bt o] 4= IS Hel| 9
Sixl= A AL AR stet 34421 HTho] P ol AAstt ol dR-o 2| Al7|et el thet Al AR = s
WR2] CrE HAIRH AxIetet &4 p]of 34| 7] A o = ARl

o}
ARG e 2432 RS el LI el Aol Bpoka o] MR T B S thEAold HRE 7}
21 H91E B o] m0] A0 2 Fohdl Fe) g5 SR HIA] SAL 7152 ofefel 2

* E59 Cr T B0l Wil Aol FobA 2=t AT BAIE BRItk ¥HA H52] Cr ke FolidF o] 1Y
o] ARFE]7] 2|71 119l 7F =t
* 2715 Cr AALF=2 180l 7P A1 4o 2]a10]| o] £} o]= oA Z 847 EE O & o) F k= At weo] §l
o] Helt}. 25 W¥4=0] grlo] B Feoll il thA] A A o= A2 Fellt 55012 CrE $EHE X
A]ﬂﬂr. o Aol g F& EEA0 A l% 36+ 0.003 x 10° mol C yr' F=4.32+0.04x 10° g Cyr'o|ch. gt
SERMNE Ak elell= =S 5 Qo B g tIFF H| Z gl ARt EAE ol B4 25 Zlo|t
. CH (A E HEA7E T892 MLDE] Arteh ¥l w2 2] é@‘_i Eeih o] RO AjlolA 1
[¢]

ol
2 & &2 20 vl X4 108 oo =2 L5 At

- 8ol HE= s 71 COE A% 2 e Bol= st A Ee] 2oz o s 243 1 2 mol
Cm? yr' 0l 3lek. 578 Rlol thg 2= T4 o] @215 shgsitjete thg E= 2] vluwsl 7Py 2t
S P el Hiof vis] B a8 07 CrE BHllshe 71s& rRlRtth 2ofof 28R M 0 2= 5 mol C
m?yr!t mEke g 5 X*HO‘ d] 71 A 2ot tiHAA B3E o 10 mol Cm? yr! 520] o] 5 2 0 2 whert,
- Ro| A B A 238} 5o elsg=olol AN AdS/2te] et A& A717EERAIA] HH A 9]
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Appendix
Appendix Table 1. Simulated fluxes (mol C m™? month™) from the 2-box Cr inventory model
Month mixing air to sea CO, biological pump continental shelf pump residual
1 3.6 0.11 0.7 -0.7
2" -39.4 0.1 1.1 0.4
3 -34.3 0.15 1.3 -0.9
4 2.1 0.23 0.4 1.9 0.4
5 -1.7 0.22 0.2 2.2 0.6
6 -1 0.2 0.1 2.6 0.6
7 -1 0.18 0.1 3.8 0.2
8" 3.7 0.17 0.1 32 0.0
9 4.8 0.16 0.1 24 -0.4
10 11.8 0.15 0.1 2.0 -1.0
1 31.3 0.13 0.1 -0.1
12 254 0.12 0.1 0.0

Appendix Table 2. Composite monthly data of dissolved inorganic carbon (Cr) concentration and inventory used for the 2-box
model simulation; mixed layer depth defined as the intermediate depth between the upper and lower thermocline

Cr (mmol m™) Inventory (mol C m?)

month Surface Salinity MLD (m)

Surface Deep Surface Deep Total
1 32.70 2140 2150 532 113.8 45.8 159.6
2" 33.09 2145 2127 57.4 123.1 374 160.5
3 33.70 2125 2127 46.5 98.8 68.9 167.7
4 33.90 2087 2128 35.7 74.5 100.2 174.7
5 33.60 2065 2136 353 72.9 100.2 173.1
6 33.10 2033 2144 34.9 71 100.3 171.3
7 32.10 2012 2152 34.5 69.4 99.6 169.1
8 31.36 2002 2161 34.0 68.1 974 165.5
9 31.50 2025 2173 36.5 73.9 88.7 162.6
10 31.80 2065 2185 40.5 83.6 76.3 159.9
1 32.15 2115 2196 45.1 95.4 62.6 158
12 32.55 2134 2173 49.1 104.8 54.3 159.1

"Data from this study, other data excerpted from the references (see text).

Appendix Table 3. Simulated fluxes (mol C m~ month™) from the 2-box Cr inventory model.; mixed layer depth defined as the
intermediate depth between the upper and lower thermocline

Month Mixing air to sea CO, biological pump continental shelf pump residual
1 9 0.08 0.2 -0.35
2 234 0.08 1.2 -0.17
3 -23 0.16 2.7 -1.19
4 -0.8 0.24 1.8 1.6 -0.75
5 -0.8 0.2 0.1 1.8 1.21
6 -0.8 0.16 0.04 22 0.85
7 -1 0.12 0.04 3.5 0.42
8 54 0.09 0.04 2.9 -0.39
9 8.7 0.09 0.04 2.7 -0.98
10 10.1 0.09 0.04 1.9 -1.64
1 8.8 0.09 0.04 -0.56

12 8.9 0.09 04 -0.44






