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Abstract

: Estuaries are connecting pathways where terrestrial carbon is transported to the ocean and

environments where various biogeochemical cycles occur. It is essential to estimate the carbon flux across the
land-sea continuum to accurately determine the global carbon budget. Additionally, understanding the carbon
characteristics of estuarine environments provides valuable information for watershed management and
coastal ecosystem conservation. This paper introduces research results in Korea regarding the organic carbon
cycle in estuarine environments. In particular, it focuses on research results concerning organic carbon
characteristics using stable and radioisotopes, and, based on this, suggests directions for future study.
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A ARATE 9l o) AolA] Qoful whae] A
7, 4] LAl AP 7H| Bk o)F IS T 8
olg}al s}, ‘g4 S=X|(carbon budget)’ & o|#dt BHA
S TPgolA ol Bhao) wiE F 7o) Fat
0]& 9Ju|stt(Ciais et al. 2013). B4 £X]= FT H
| B¢t 715 el 9 ke AR FofollA| 7]$ Moo
4 7ide g &g Fekem(Lahn 2020), A A5+ 7]
HI} AGe] 8 ol F W2 o] SA-eRti7] gt
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= o] Qltk 1950 o] ol4tabetay(CO,) ZYE
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7}81 I Crisp et al. 2022). tj7] % CO, Z7}= A A+
A WA} 8 3L Fa) Aolhe 7t ke A
7re] 53} H3lo| 93 A o] E th(Friedlingstein et al.
2022). 2023 o] W3EHE A X wa 2] At At
w2, 1850-2022d Afojo]l M4 A W BEQF AME- 5
o] QIZt FFo & Qg WEH CO9 +4 WEwF 695
GtCo] I tHFriedlingstein et al. 2023). ©| = 225 GtCo] -
Abojj(land sink), 180 Gto| 3|90l S<(ocean sink) =)L,
280 Gto] t7]|o]] Z7}E(atmospheric increase) O 2 HH|
%] cH(Friedlingstein et al. 2023). S}A|9F A& AP x|}
3} alo] Aolo} HAkE AT -GS s o] 5] Ho
X o] tg 2 BRAAS opIHoD, ol % W
ok g4 Afolo] BaS WAl ZitkFriedlingstein
et al. 2023). IPCCE] A6} H7} HilAofA 7|5 H3l=
oF 50%2] FEE ASEH U=, St THE g 3
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< 715 W3} oS EEHAES ST =8 e
S}t 2 (Friedlingstein et al. 2014), o]¢} HHTto] 7+
o Bk olgois Bhao] FaAol A AT Tha 4
7oA FrEs] SjEar Qlck(Battin et al. 2009; Butman
and Raymond 2011; Drake et al. 2018). 3}A|7}F 72 E3

Hhch ol 53k Tkl Tk ATTH A4 S S
o= Bati, A SHoIAe] G uu), )% Bk Qlzk

:

e
¥O Y,

gl ofet e wstel 2 o= o33 W =2
ol AR Sl A= v R A3t sk
She Aol A gaedt A7 8] Sk SiE
o, T8 B3} oIl ik o] el Bt 2
o] f71eka o] tigh = I+ e ANekaL, ©f
o oo s Fagh oto] s Aldskaat gk

2. 3 AN f71gE A9 S84
4 9+ %

2 s7e BT A7 47 WY

Hittol] 2 0w QAAE 7F 22 37t SA] 9L
2RY %= @59 g40] o|FojA= A o9
RE = JERBS 5t Skol(Lee et al. 2011). 7S
ol SHEE HEE= R R At S Ay wep
t2 ol53Ith st SAofA SR 7] BaE H
E3 oY R7EE 2ok o8 98-S ohv, 9F 1 Pg
o) a7t mid 7S Fol Hitk= o] 3ttHDrake et al.
2018). st 7 W9] whai= At JxF A7)ef whet
71t 7] B, 824 Al A ©HasE R

=, 2 E6l SR Y EE vl 241 5442
fele] B4 ol Telm R By} TS Sroty
E Aol 9J3kS Wr=r}(Canuel et al. 2012; Drake et al.
2018). 71 wfZof| s F71ekal] (24, 719 &

]

Rl

¢
U ox

Carbon input [

River basin

(&%, ols=el gt A= Foo 2 548 T4
o7 HAFE XEZ &8E 4 ri(Lee et al. 2021a;
Oh 2016). S} s A2 T2 AT ol st
71 AL &, Hso] dojue Fa3 Aolrt
(Canuel et al. 2012). d}ollAl= Bt =7 E3k=m,
oof mt H&, 7] ® 77| g} -2 ARk} 1A}
S As B4 wE Ravt ekl st B3t
AR5k} o] dojube EAQl ol skt 2H
o7 §YH IS nE B2 s CO2 HEE
A, RS A71E 2 PRI FHlE HekE7]
L, FAE o] vigo R Tty sk, Q1914 84
RS ol M= g]7| %= Sch(Canuel et al. 2012; Regnier
et al. 2013). O] SR ol FT F7|ES B, FE
aff, At} 4, B4 5o vt e 9 wEsH
Ao oJaf J3kS Hh=rtKCanuel et al. 2012) (Fig. 1).

A Bt 59 WAL & 32,483 km’ 2 4637119] S}
7F AT (Lee et al. 2011). - F-H 2] EA| vl 14
H S-S B AX| W29 39.1%S 4kglo], 28.8%S %7
A7k ZAISFAL Qlom, o]ojA] 4=(16.4%), A7FA|(5.8%),
2A|(4.7%), 5A(2.9%), HA(2.3%)2] A= e
(38} o] 2014). 3= Qs FE2EO] foll whek Ak
A}l ol gto] fAE= E9 skt sk, w3
i 22 A FEE Sl o) skt o] ofsf A
H 23 SR Uis o UeH(E=$} o] 2014). = Sk
% I S 23570(50.7%), Bl Sk 22871 AL
] tkLee et al. 2011). s A8l A, 27 HS, G4
7 Aol 23l sk-9] HIEo] A YL st
+ g% 9] HlEo] A Ut =9} 0] 2014). &
8] et} SRl e, Ys A, |, AR, AR
o] A% N} Hsd= ALl Al A 7 B SRS

2 QAR ShRol Al

Net CO, flux

to atmosphere t Cloh ke
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Fig. 1. Schematic of the river-estuary-ocean continuum. The sources of the carbon and diverse biogeochemical processes

occur in the river-estuary-ocean continuum
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FE7F 2AE o] glo] 2Rk Al o] FElE 7
A ot et BES(1983d 2, 1987 ]
7 SEEE(19839 2F, 19909 &), AR sE
(1987 2}, 19811 2hg)e AFE Histae] 792 o
i, T 2, 9 Aol 8 v ™
3h= 5of T o2 AAdERIth S sl
ol Aol THEstEAY, AEEgaEe]
o] dofube & thefet ®F BAIE ZEElAL 9lof 2
ML T8 sl 75 shes A 5 A okl B
o8 A HEEleie =7t AEsiA o feiAar glrk

ojet L& o= T 5ol skt 2, skt AHle]
Wt A7t S7Foke AT =7F Hsl7lE AR A
HIZ(NTIS 2023)0]4] 5k, ‘a5 Aol e
Z7F AN I & 41710]91tK2002-2023 ) (Fig.
2). Q= I g Folg HH 201949 o] AA
7k 343] S7Kskelom, Ft Sof siielld | A7k
I I eE & = AAHFig. 2). T
R ol 2008135 sk AUEA AR 24 R
A7/ B7F ARIEE S F3l 3 | 3] U]
Aol =38, e A4 & A Sl 2014300k =
7 shtE gl A, AEA 71s S 3 WA
=Y, 27 #wEE A ot FYHEALE T
TG 7t SALt as o] S sl 2
T7F AR APk 202130 = b s,
S, t710A ' Ass 219, olslishal 2431 o]
SR e e o ok R I BRI
-] et AlLE A ARk led el
el ARl ol & Fell 8 A sk Ak, St
A2 e o] thefel 2 dh o ek B 8l
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Fig. 2. The trends in the number of national research and
development projects were examined by searching
for the terms ‘estuary’ and ‘carbon’ in the National
Science and Technology Knowledge Information Service
(NTIS 2023) database for the years of 2002 to 2023

A7k s Glek. o] ol Wah| o} 7|2 AT
AR Bol, sl AAA LN f7I5 o) <
TS| EHHEARY) S3 Zo] E A7AEe] A
T8 B S BN 2A vk 23 A} 4
so] gk ol ) shrolAe) f15ke S A
S| qgel Hs) AR LA, S ATAE] o

3 2AE zom sk gtk

7] &4 &% carbon flux) A

A AFAQl P ©A0] =2 1980 of] Halk]
AthMeybeck 1982). =X 7;S F3lf ol5dt= =
2o fat 54, T12]aL st} ¢AQtellA] dojuks thekRt
e ok S AU Y A ARREEE 237
A715E FU A7AES] I EokdltKang 1967; 2]
T 1968). 1972 gh=ta|oFata] Ao Yg7t shtollA &
AE A F718a9] el C/NH|7F s QlrK F
o} 4 1972). eyt oA gL R FEEE 17184
9] fETFE Hagh A= 2000 d o] SojekAiof
FE]7] ARSI

20039, F5712 A7) E 7o &2 v s
A F71EAE 2 A7 = T 5 2006). 8=
F7 A 29k F710 Z42) 0.010 Gg yr', 0.069
Gg yr'glon, A frletare] GE9e d47)e &
=710l ZFzF 0.011 Gg yr', 0.38 Gg yr' & UERFTK Table
1). 20122013 ofl<= -2viet ST (e, st o7,
FAL, AR A FAlol f7letae] olssF ATt
4= ¢t Lee et al. 2021b). Lee et al. (2021b) 52
2012 2€5E 2013 11€971A] 10-123]0)] AA4 AHAE
2 OFE= AlE S AL A fEAE F

£ o] 83l f7|eth =S AMgskitk 8 /1%
A= Sti7doll A 43 Gg yr'ollA] 34.6 Gg yr' o] HSE 1}
12 LA A P | P B e e S o= e AR | P I o o
S HGlti(Table 1). 2016-2019\ 0= w742 Az17 o
A et olF A7t Y= Slth(Kang et al. 2019).
7 2 20161 5YollA 2018 3¥71A] 10-113]9]
AA A A= A AASHR AL f B4 771
g s E ol 8dl frIekA FEES AMYskTh 5
o A= 2016-2018'A7F HAH<t 38.3£31.89] && F7I%
A, 35.4+ 31.8 Gg yr' 9] QA G7|EA7F SEE Q0
o, 22 7|7FEst Aol M= S et YA
B 71ekA7} ZF2F 2.5£3.9 Gg yr', 0.9£1.3 Gg yr' 9= &
Z%]9)tiTable 1). 2012-2013W 3} 2016-2018F2] AL
AIE v B A7 = f7ee SS90 F
A 7R Bl M 9lollA vt vHH, S7ollA=
2 zpolE HYT) 2016-2018F AT 7]

b R s
oA SISt 7 Aol ol AlRETAE ol

¢

o0 N
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Table 1. Total organic carbon, dissolved organic carbon, and particulate organic carbon fluxes measured from Korean

rivers
TOC flux DOC flux POC flux
Study area Year - R X Reference
Y Gg yr') (Gg yr') Gg yr')
2012 28.7 9.4 Lee et al. 2021b
Han River 2013 34.6 9.9 Lee et al. 2021b
2016 17.9 Park and Ock 2017
. 2012 34.5 16.7 Lee et al. 2021b
Nakdong River
2013 22.8 8.8 Lee et al. 2021b
2012 14.5 7.5 Lee et al. 2021b
. 2013 10.7 5.4 Lee et al. 2021b
Geum River
2016 2.9 Park and Ock 2017
2016-2018 38.3+31.8 35.4431.8 Kang et al. 2019
2012 7.5 4.1 Lee et al. 2021b
Yeongsan River 2013 6.2 3.6 Lee et al. 2021b
2016 2.6 Park and Ock 2017
2012 5.6 1.8 Lee et al. 2021b
o 2013 43 0.4 Lee et al. 2021b
Seomjin River
2016 2 Park and Ock 2017
2016-2018 2.5£3.9 0.9+1.3 Kang et al. 2019
) 2003 (Dry season) 0.010 0.011 Park et al. 2006
Mankeong River
2003 (Wet season) 0.069 0.38 Park et al. 2006
Tamjin River 2016 0.20 Park and Ock 2017

Hom Qe §71%ka st FUIsO0, 1 gFoR
£2 §7)64 95 et 2108 oA 2cHKang e
al. 2019).

AFAE A 23 dlolE S sHre aE Q1
ool =7k 44 24 AR S, 48wy Ans
2ol SANA YR ol Fshe B fEEE At
3t AF7F A& AL loh ol A= 20081
ojF & HF AN =7F F8 sHI; o A
oF S-S FLE=5to] F77]€4A(Total Organic Carbon,
TOC) 2= mUEF 3 glc}. vk £ (2017)2 2016
ol 48 77 S4EIA HYER | S v

frge Z8&8l =l o sk s-E Sl WeEHe E
Fr7Ieae] 5= AlASHAH 20161 TOC =32
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AV, 4d70780l1A 2 Gg yrlellA] 2.9 Gg yr'e] H91E B9

HH A AR E o]8dl= B fEE A Qo=
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Fig. 3. Annual precipitation variability observed from 2000
to 2021 in Korea's five major river basins. Note
that data from WAMIS (2023)

gelh f7led fE AR Sl o B f7IEke
WO 3 71309 977} B o]
ol Ex G0l T A, mel T8

)= mojE fET] G 0 A0 ofAxck §
& EY AT FE B2 g8 /N AT
QLA B2 79 AT ARk} Afglo] deo] Aa¥ng

HE ol§3) Utk TS ok fEAS 5

Aallof gtk whdo] Qlrt. miiel A& Aol tEo]
s S, A Am, 2 BEE A 288 24 A
ol e Heshs A&5Ad A=t 2o Aol

B4 o7E FHoR BRItk Bolas 2
& 2:0) PAE 7T YA FAA) 57} Tk, =,
QA7) LA AT} e UaS ojujshol, g
1, Be, Hee] Al 714 B919art 24 B9
& % WA BUE e ot 948 AR
(stable isotope)Z}al 5111, WAL B ot YaE W
A B9 €A (radio isotope)Thal Stct.

Sl B0l EAIShe §7lga 27 AEEuaE
I 22 Y7 ik 2 HE qhEo|2|= Sl AE 719
§7]ekAx(autochthonous organic carbon)@} SAMAIE-0|L;
B 5 A FER= oF 719 f7Igkax(allochtho-
nous organic carbon)Z L& 4= it} A EO|L 4]
EETAE0] 23HE o= ols0] YAkl A AL

| 7] T8 715o] HhE7] whizofl, B sl
LaB|(00)E TEal 1 719 S4T 5= Ick(Peterson
and Fry 1987). o5& 0] 449 Z9ol= W7l 5
oifetetaE of&al A sh=tl, o A= Bty
712kl wheba] AlE0] B MY E 9 ean]7E Eeiich
C; A29] A5 BT -32% oA -24%.9] T4 FdEeld
ZH|Z 7HA] 3L, Cy A1 B2 -18% oA 7% 9] o] =2 gk
72 thKang et al. 2020a; Marwick et al. 2015; Meyers
1997; Peterson and Fry 1987). &= AEZEHIEL -32%
oAl -23%°] RIS Hol=dl, dxpitol| Bgsk= 77|
whao] 24 e} ghol wakA -39%olA 6% 7]
g Y& HY9 Z2 71A]7]= FHcHLamb et al. 2006;
Vuorio et al. 2006). &jjoF A EZHIEL _16% oA 23%
9] 7S 7PAtkal 42 A QItHLamb et al. 2006). SFA]TH

ABEGAE AT} Zo] $59] Frlekhe EAulo]

G T Aol BT F5N ABBFAEY Gh
PYFAULHTE WET 5 9lomE o] §ofso}

sic}. oAb} sh(Lee et al. 2013)9} 27, 217} &}t
(Kang et al. 2019)0|4] =85 AR {76k A, of
Z8ie] 8= 878k 954Lee and Kim 2018)
= F71E0] FEet P Eelean] B4 7ol {71
E9] 7|¢E 9okt -85 284 = =S ARt
skeiek X7 sltofl A Kim et al. (2019)%= YAHY 171
LA 0] oM EQAAHIE B uslgled], 1 AE A7
7 st A A Holr mRotol] 2-g-skgith o]ef o] -
7Iehas B4 AtolA= ekl FEet o]59] ¢
AL HE SA5k] 11 7Yt EAS getskes At
7} 82 FElo, o] % WA whalt A EAek=
A7t = Sick
WA BAE YA AlRtel tet Ak B E B
B U B eau (4 0)E B Bt e
ojZ ARt AHE S5 4= Qiok whao] A 91
2ol B AIFAIE TS BEEsH ] wiEe] g
<3 FAXE &85 4 QJtHMcNichol and Aluwihare
2007). ARbz oz SAoll A SE= 4MCo HoE o
7] & oJAlSIERAT} 20%014] 200%, ©1E LSl A
Aol AL 0|9} GASE 204014 200%2] =2 7S 7t
A1, EOFS W}l B Yo ZHe 7Rt Marwick et al.
2015). AlEZHHEL 200%00 A 80%2] HeE Hilg
I glom, sHARY 7|9et 719 A=A, s g
L -1,000%2] ZFS 7Rt Marwick et al. 2015). 20161
ASE S AR shrell A BAE AR frlea
o] §PCe} 4MC Aufe dusie} Zilsltola] o5
Q7EA 7)) 2}o]E HojF9lthKang et al. 2020b)
(Table 2). o]o] W3tE AtofA= o 5HT} ALHo A
Hof| whet A= o2 EAS 7H F S Al2FofA] ¢
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Table 2. Concentration, stable carbon isotope, and radiocarbon isotopes of the dissolved and particulate organic carbon
of Korean rivers

Sat::;y (YI;?;{eY. S?linity COHCEI(lLSlﬁ()II ]o)OC-SDC DOCO-A“C concl(:glfation I:OC-SBC POCO- 4%c Reference
vy @0 SN (% VPDB) (%) (mg LYy (% VPDB) (%)
é{ijzr 22%1123'%21_ 1.1-1.7  274-266  -363-0.8 0.2-1 -30 -125.5 Leze();;bal'
NaRkijgfg 22%1123"012{ 19-33  -27.1-21.9  -1243-16 0342  -29.9-29.5 -73.9--75.4 Lezeoze;bal'
Yeongsan 22%1123'221_ 1955 272-243 -1182-243 0643  -287--25.6 -44.1-35.1 LezeO;bal.
22%1123'221_ 1124 27422 11 0.1-19  264-212 -22.6-24 Le;();bal'
22%1163%55_ 0 120-3.22  -29.2--16.8 0.12-1.70  -29.1--24.6 Ka‘;% legt al,
Goum 22%1123'221_ 194 277263 -123.6-69  0.6-19  -28.6--28.5 -64.9-438 Lezeog bal'
River 22%1168%55_ 0 2.83-525  -28.4--25.9 0.64-12.7  -32.6-19.4 Ka’;%le; al.
a2
S]}:?vl&(/lia 22%1123',1110_ 0'522_ 2413 0.74-63  -30.6--24.5 Lego"it7al~
tribut
T 015,06 28.0-23.7 Hog%le; al.
Geum 201608 241.6 0.19-12.7  -23.5--19.4 -98.2-48.1 Ka;gzzgal'
River
B 01612 gﬁ; 0.26-2.65 -32.5-25.3 -351--87.03 Ka;gzgﬁjal'
Y]zliir:vjez:n 22%%%.1018_ 0-1.2 12-137  -31.1-133 Lego‘zal'
2 03 -23.5-18.9 Kim <2
Seomjin
Efzzzrry 2016.08 0-35.2 0.76-1.04  -29.1-21.1 -188.3--51.4 Ka;gzzgal'
2016.12 3'51_; 0.32-049  -29.0--26.6 -302.2--187.3 Ka;égtbal'
Tamjin .
El:;::rry 22%1166"0182 3-32 27.3--19.8 Parlz‘of; al.
S]}:izl&(/}ela 22%1123"11'(; 1331 1.7-4.6 036-1.9  -27.3--19.5 Le§0e1t7al.
Masay | 201108 12%?8_ 1322 -254-20.6 Le‘; 0‘?0 al:
016,08 22 1523 262721 bes o
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A F7Iead] 7eE A ESkET, o5d ASE
o 7" POCS] A2 thE 4"C Zo|5 S AHid
El& 50| ot 5 YAV f7IERe] E 71915 nRlS
el 4= AAcHKang et al. 2020a) (Table 2). <=2 U
G2 EAsle whae] A7lA) el 84 f7ekDis-
solved Organic Carbon, DOC), ]2} -8-7]€k2(Particulate
Organic Carbon, POC), 8= F7]gkiy(Dissolved Inorganic
Carbon, DIC)9] §°CS} 4MCH]E-E A& oz Z Ao H]
B At Ak= 2021 A5 U = QIrH(Lee et
al. 2021b) (Table 2). Lee et al. (2021b)2 -2ut2} 5T)
7ol 7 EREIee] ol A R wael ) A
o4l DOC, POC, DICS] s ePgE9lelaet WAL
F9IAAS BT Zskgih 71 Ant i mE ol

£ ofel(young) THATH 4L B3] WEHS Sl
4= AU 3 DIC= EFo|ut oA 9] Apd Al 3312k
BollA =2 7| hskAIE, DOCH POCE= 99| A4, b
Al WRel 22 I E59 JEE e ¢ AUeS
AlAFEFSIT.

o|x& 7 skRE 9l SR fdEe fgaee A
A4 N oy} 7 EEel QA E HW2 FFS
TS 4= Qo] Al&alAl AAE I ofof] EA|, Fet A
1 5 X 59 JEFol 7 skt sk, Ak 2ol
H2= G Hofst= A7 ohfskAl 3= ok
s 9l Han|e} A oheRt shet 524 QI
AE A EASh= HE ZEA] A7 9L Qo
(i.e. Lee et al. 2017; Jin et al. 2018; Hong et al. 2019).
ool tiats FAEA7E Ak AlgtEolAE 2
=4 TR A57F gekstAl A7 R E =,
POC&} DOCY| &t F9194et 37 8 7719 9
F 5L, A 249 da, & s9de B4 283
e ¥ FY0A AFEE fdEE f71EY 7Y
I 54 HofF=qlthLee et al. 2017). o|5 F8f 2 A+
AI7IER 5E, EA, AR FelA gt f71E°] dnt
U FAEE=RE AAr 4 I0THLee et al. 2017) (Table
2). E3F T, A0 M E e dan|e 2 =4 =
A(LZHE, PAH 5)9] v% 42 F9 o S
ol frlededo] 2 FU8EE HolF3lth(Hong et
al. 2019). 3B PEAIE Avh= 79 ShRe ol 2
F 7Y & BN fdEe 249 93 wol
=t PgolA= SFFE sHR7HA] A3 E DOCY| ¢
Beet 41C Z1Eja 3ol ARE €O, 2 CHyS) §°C
A7E R ES At A}, EalolA FdE, 2
F7Iee7t 7 SHRAIY Y] SRt ST HY
Zol FFE PI-S AlARIE(in et al. 2018).

%
I
i

3. FF A Ul dgiF A
TIYE B A7 Bay

Qo] afao] mlA|A] o= 4] b B Ak o
o] gago] Gl T1pelol BAR §& f7lvkaet ¢
AP §7ekase] B )eldm] glo] Table 29} Fig. 4

A

Aelslo] glrk T QPgEIIIAu]E DOCR} POC B
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Fig. 4. (a) Stable carbon isotope ratio and (b) radiocarbon isotope of the dissolved organic carbon, as well as (c) stable
carbon isotope ratio and (d) radiocarbon isotope of the particulate organic carbon measured in the Korean estuary
systems. Blue bars describe values from the end of each river system, and brown bars represent the results from
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