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Abstract  This review synthesizes the progress and achievements in developing Korea's domestic greenhouse gas (GHG)
concentration observation network, its data processing methods, and their applications. Since the establishment of
monitoring stations in Tae-ahn Peninsula and Gosan in 1990, Korea has expanded its observation network, now ranking
among the world’s densest ground-based GHG monitoring systems. Additionally, a three-dimensional monitoring framework
incorporating aircraft, ships, and ground-based remote sensing has been implemented. Key findings indicate that
background carbon dioxide concentrations over Korea are generally higher than the global average, with comparable annual
increase rates but occasional discrepancies due to regional factors such as temperature and soil moisture. Methane
concentrations in Korea are influenced by local and long-range emissions, as well as hydroxyl radical-induced decay, with
substantial regional variability driven by agricultural and fossil fuel-related activities. Nitrous oxide levels slightly exceed the
global average and exhibit notable seasonal variations. While chlorofluorocarbon (CFC) concentrations are declining
worldwide, intermittent spikes in CFC-11 have been detected in Korea, prompting investigations into unexpected emissions.
To analyze GHG concentration changes in Korea, tracer gas ratios and inverse modeling have been employed, enabling
source attribution across diverse emission sectors, including agriculture, ocean, and fossil fuel combustion. Korea also plays
an active role in global GHG monitoring by contributing to international observation networks and collaborative meas-
urement campaigns. To further enhance the effectiveness of GHG monitoring in Korea, several key challenges must be
addressed. First, ensuring standardized measurement protocols across monitoring sites is essential for maintaining data
reliability. Second, future observation sites should be strategically selected to minimize local biases and improve repre-
sentativeness. Third, enhancing trace gas and meteorological observations will be crucial for accurately identifying GHG
sources and their contributions. Finally, strengthening collaboration between inventory and inversion modeling groups will
improve the accuracy of national emission assessments.
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Fig. 1. The in-situ greenhouse gases monitoring sites currently reported in (a) South Korea and the sites located in (b) Seoul,

marked with red stars.

(https://gml.noaa.gov/ccgg/flask.html, https://gml.
noaa.gov/hats/flask/flasks.html, last access Feb. 15,
2025; Pétron et al., 2024; Dlugokencky et al., 2009,
1994; Conway, 1994). 1990\ 8 U5 7|/ =147]
gt k=] Ik AlF% 14F (Gosan, ]St
arhol A Setaas AEYskl CoE v 2
F517] A Z5HATH(Cho et al., 1995). ZetAT= 13]
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NOAA®| 79 =] Hiete} QPAEE 23t 500
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LWk MRS ] WEY FAIE A&t
At} (https://gml.noaa.gov/ccgg/flask.html; Dlugo-
kencky et al., 2009, 1994; Conway, 1994).
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Table 1.The list of in-situ greenhouse gases monitoring sites in South Korea by operation institution, location, observation elements and affiliated standard.

Site name Operating institution Location Observation elements Affiliated standard Remarks

Anmyeondo NIMS/KMA 36.53°N, 126.32°F €Oz CHa Nzo)gégjf(ﬁjfgﬁf 2, CFC13, WMO/GAW Standard WMo/ G'L\Tvggg,ii;:? station/

NIMS/KMA CO,, CH4, N0, SFg WMO/GAW Standard WMO/GAW Regional station
Gosan 33.29°N, 126.16°E

KNU Halogenated Compounds SIO Standard AGAGE site

Ulleungdo NIMS/KMA 37.48°N, 130.90°E CO,, CH4, NYO, SFg WMO/GAW Standard WMO/GAW Regional station
Dokdo NIMS/KMA 37.23°N, 131.86°E CO,, CH,, WMO/GAW Standard
Lotte World Tower NIMS/KMA 37.51°N, 127.10°E CO,, CHy, WMO/GAW Standard
Boseong Tall Tower NIMS/KMA 34.76°N, 127.21°E CO,, CHy, WMO/GAW Standard
Gosung NIER 38.46°N, 128.47°E CO,, CH,, CFC-11, CFC-12, CFC-113 WMO/GAW Standard
Gwanak Mountain SIHE 37.44°N, 126.97°E KRISS National Standard

SIHE (low inlet)

Namsan Tower SNU (high inlet) 37.55°N, 126.99°E CO,, CH,, CO, CO, KRISS National Standard
Olympic Park SIHE 37.52°N, 127.12°E CO,, CH, WMO/GAW Standard
Yongsan Building 37.52°N, 126.96°E

SNU _— co, KRISS National Standard
Seoul National University 37.46°N, 126.96°E
Boryeong 36.39°N, 126.57°E
Seosan 36.99°N, 126.38°E
Dangjin 36.96°N, 126.42°E
Cheonan CIHE 36.81°N, 127.15°E CO,, CH, KRISS National Standard
Asan 36.78°N, 127.01°E
Nonsan 36.20°N, 127.09°E
Hongseong 36.65°N, 126.67°E
Gimpo 37.71°N, 126.55°E

GIHE _— CO,, CH, KRISS National Standard
Pyeongtaek 36.98°N, 126.93°E
Yeondong JIHE 33.28°N, 126.20°E CO,, CH,

National Institute of Meteorological Sciences (NIMS)/Korea Meteorological Administration (KMA); Kyungpook National University(KNU); National Institute of Environmental Research (NIER); Seoul Metropolitan
Government Research Institute of Public Health and Environment (SIHE); Seoul National University (SNU); Chungnam Province Institute of Health and Environment (CIHE); Gyeonggi Province Institute of Health and
Environment (GIHE); Jeju Institute of Health and Environment (JIHE); World Meteorological Organization/ Global Atmosphere Watch Programme (WMO/GAW); Advanced Global Atmospheric Gases Experiment
(AGAGE); Korea Research Institute of Standards and Science (KRISS); Scripps Institution of Oceanography (SI0); XCO,, XCH,4, XN,0O: Column Averaged CO,, CH,, N,O in the atmosphere; Chlorofluorocarbon (CFC).
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Table 2. Ground-based remote sensing networks operating in Korea.

Site name Equipment Objective Monitoring elements Location
Anmyeondo-COCCON (Eﬂ“gf)ﬂg SET“;) Eggi'l?gglof\lHSGu pMPOO”ritto””g XCOs, XCH,, XCO 36.53°N, 126.32°E
Ehwa-COCCON (%Eﬂg SET“;) gsg';’:fglﬁgf/ ;\l’:g’a‘tiitg:"g XCO,, XCH,, XCO 37.56°N, 126.95°E
SNU-COCCON (%Eﬂ{e SET';) :ﬁg';’:f;lﬁt:f/ ;\l’:ggtiitg:"g XCO,, XCH,, XCO 37.46°N, 126.95°E
KRISS-COCCON (miﬂ/e SET';) :ﬁg'g:;'lﬁt:f/ :l’:ggtiit;’:"g XCO,, XCH,, XCO 36.23°N, 127.37°E
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Laboratory; CCL)Z A|A3}o, WMO EF9] 4],
e W Hgg F9detes shal Itk (WMO, 2017).
IUollM= =H718uetde] Sk, At &5

A7 A 27 WMO/GAWE] A 95 BE4AR
SEE o, IEsh= e AL (CO,,
CH,, N,O, Sulfur Hexafluoride; SF¢, Chlorofluorocar-
bons; CFCs)7t WMO EF& WHETH(E 1). WMO/

GAWCIAE 243t ko] Meke Faskeln P&
g ElarbsAe $As7 95 53 e
S 9lom], 0,0 ¢ BHHT +o,

A

+0.05 ppm, CH, £2 ppb, N,O 0.1 ppb, SFs £0.02

ppt= A= o] JqTH(WMO, 2020). 73
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Table 3. Characteristics of satellite-based greenhouse gas observing systems mainly utilized on the Korean Peninsula.

Country Resolution

Satellite (Institute) (revisit period) Monitoring species Characteristic
105km XCO,, XCH
GOSAT/ GOSAT-2 (Cycle: 3 days) z 4 GHG's Dedicated Satellite,
Japan .
(Greenhouse gases UAXA) Column Resolution Doubled,
Observing SATellite) 8km TCCON and COCCON Ground Verification
XCO,, XCH,4, XCO
(Cycle: 3 days)
1.29 km . .
0CO-2/ 0CO-3 United States  (Cycle: 16 days) Mounted on the ISS, Intensive Observation of
(Orbiting Carbon (NASA) ycle: ays XCO, Specific Areas, TCCON and COCCON Ground
Observatory) . . Verification
Varies by Region
(Carbo-ll:\asna?éarbon China 2km XCO Carbon Dioxide Monitoring in China, TCCON
N (CNSA) (Cycle: 16 days) 2 Ground Verification
Satellite)
Sentinel-5P Europe 7km XCO,, XCH,4, XCO, Atmospheric Environment and GHG Monitoring,
(Sentinel-5 Precursor) (ESA) (Cycle: 1 days) XNO,, XO3 TCCON and COCCON Ground Verification
United States 30m High-Resolution Emission Source Tracking and
Carbon Mapper (NASA) (\éigie;:)y XCO,, XCH, Monitoring

Japan Aerospace Exploration Agency (JAXA), National Aeronautics and Space Administration (NASA), China National Space Administration
(CNSA), ESA(European Space Agency (ESA)

Atmospheric
GHG Monitoring Grid
®
i Greenhouse Gas Column Data
Solar Radiation Energy Visualization Platfo
" ofradiative energy X
«ll» Root Cause Analysis
@® Low-cost i‘ i HG Emission Sources
GHG Sensor {
« photoelectri )
etk tned - 'i = -
Urban/Regional i
(® Hyperconnect: e
IoT platform SHOME

Fig. 2. 3D Remote Sensing Network for Greenhouse Gas (GHG) using New Sensor Technology.

TS YeEY I Q1o (Hall et al,, 2014), o= (Korea Research Institute of Standards and Science;
NOAA®] Halocarbons and Atmospheric Trace Spe- KRISS)9] EE2 AMESI QIthH(E 1). Lim et al.
cies (HATS) At= 2} AGAGE A& WE2t7 2] 2o|7F  (2017)°] W2 H SF2Q] 742 NOAAL}F KRISSS] E&
0.1% 522 vj-$ Zith (Prinn ef al, 2018). A-&A]  HZ 2ol 0.49%2 eI, TH2 HEa 4o of
HASHATH H5Ye 4 S=aasnad+d siAE =4 B2 v AYE T A AAQ 7
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et al., 2023, 2020a; 2019; Li et al., 2020).
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Fig. 3. Hourly averaged CO, mole fraction measured at Anmyeondo (blue dots), primarily selected background data (orange
dots), and the final background concentration after secondary filtering (red solid line).

H, FA71Ho] 2tk (Chambers et al., 2016; Fang et
al., 2015; Bacastow et al., 1985; Lowe et al., 1979). =
Helde F=2 718#t= 2810 SA7IHE A
ahel 27l garst e FhaATet g Az
Aok gt ol olgste] AR E Al
T} (NIER, 2024b; NIMS, 2021). £35] =5 7|41}
< CO,, CH,| ¢ 7] A&HE ek A
AAs7] 918l 302 o5 FLw] 2ol S F7F
O 2 A3} (Lee et al., 2023; Seo et al., 2021). THA
T FTETL L2 71AES SAVIHE @A A
sho Akl A HEE 2AZA 2Atm S AR A
AT A} (Ju et al., 2007).

A= 2~370E ool ti7 17t wLdshA &

o N
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JRoc T e 1
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2RO WEAS A FA1Ae B B
A o] & 9ol =71t} e
S & 3Fglo]| HEk (Fast Fourier Transform;
FFT)& o83ttt FAA e 2= AHE A= o 4
AAE Z=E FFTE &0l Tuk o2 wigh
A AN HEE ARgSto] ©7] S AlA

o] FFTE ©]-85to] A7t o= =58

zFH oz WA sLE A&t (Thoning et al.,

Y

L7 A 0] B A T AGAGE |

2
i)t
ok
X

O’Doherty et al., 2001). ©] 54 LHS
7] =7t AR R E o] Frh= 75t 120
w2tz o] AFERA 3.00 oA Hol=
HHEA o & A|AStY i s=s AHERtth
SRIES AT BT o] Yo s
AHE ofu et A2 24

m}olstth (Prinn et al., 2018).
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4. FY WA BE2Y B 37 WEH

4.1 O|AtSIELA

I (1999~), I4F(2012~), E5E-F5
(2014~), EfQF(1990~) L 3L % 11/ (2012~)°l14] 10
| o]} IEH A7) ARE ol vt o9
7] M5AdS AHE 5= Atk (Lee et al, 2019; Kim
et al., 2014a). Lee et al. (2019)°]] T2 QFHI: of A
TES CO,9 A WHEA2 vl flwel g
o2 =4 (9], Ryori; RYO, Waliguan; WLG)©f| H] 5
HEZo] ZAA| T AZF T7HE-S vt FAIE B
o}, giotell A 199156 20118742] #&3E CO, 817
FEE= MLOO HIS) & #g EHtH(Kim et al.,
2014a). 0] 2|3k 2}o]= ST A1AJ o] M}t 52 Ft
SollAe] AT %0 FFoR HAHTT (Lee et
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292 T, 0| M2, 0], 2EA, AT, FAISE M2, Samuel Takele Kenea, 242

al., 2019; Kim et al,, 2014a). £3], T21}-192 21t
20209 1~39 ek Al7], QFHEOA 53 CO,
o] Z7HLo] 2018~2019 ] H]3l oF 439% 74T A
o7 Ut T S99 It &
AL A #ETF CO, kol JFS F A2 &
A=A (Sim et al., 2022).

CO,9| 75k AtmE St W FobAjol 2|
O] &A258S oldol= F8 3 AH ot FHE 9]
2 109 (2013~2022) CO, B 272 A 10
H (20039 ~201218) HF (2.2 ppm/year)©f| B3] Thi
27Vt 2.5 ppm/year® TSE|QARE AZF §F5AJ0]
37 Yeb T (Lee et al., 2024; NIMS, 2024). QAT
CO,°| 37He9] A7t MiEAS Aot 8¢ & st

= A AFAQ AR A d T 3F (El Nino-
Southern Oscillation; ENSO)©|t}. 7Z3¢t A 52l
2015/20164, 2 LF ST 2021/20221 0] AFHE 2]
CO, THES A AFH2 Co, THET vt
R 8%lo g fejuel R0 7|2 9 E
O3t 2 Ao Msk A FE F+= %
UERITH (Lee et al., 2024). THFL oA Q] EtA
S PleliA ATl SHAA co, BT EEA=R
o At HET} 2|52 0 2 48 E|ofof gt

G714 Q1 M5} Tedste], Hotitol|l A &3
CO, = B7EAISE] driste] olaf opde] =il H
Aol W2 APAQ 4 HE/dS LR 2™ (Ghosh
et al., 2010), ¥ A=A PESH o =4 HiEE
Lo 7|Zo gy ZRE1 Qlth(Park et al., 2021a).
A& Aol 91213 4P g oA @] W53 Co,
Fhe A= Wy 73t A6 s HA
7} T35 TEH AT (Park et al., 2021b). =5 7]
e 202295 H ZHEEERICIA CO,9| ¢
EEE FYot B4 BEARE FHok ltt
(Lee et al., 2024). T=5t HA RS o A= 2024 2~3Y
of @714l I5S FSHA BHE5H CO, sk

2)
Sk 4= Ut} Li et al (2022)°]] =W 7+ U oF
oA BT AT FEZL AW/Z7AIS (Plane-
tary Boundary Layer; PBL) +=©| 0|52} o|4fol|A] =
Ul 2 59| HiEY 7|7t AEstA e =itk E
e A3t AF AEZIRE ot ti7] 43S (4 km~)ol|
A 37 F71t €O, CHZF BEHE 9o,
‘HotAlo} 2] o] v & A BEL 4 AT (L
et al., 2019). e F7%, SAHE, Mot 29
Stoh= WAAAAT 1Lk o|ste] Ak ApEoA
A7 =t ST EACA AA S 247
Lot BEEGlom, gho] et 2]oo] H7| &k,
FHE et & o @2 s E HolHA At
CO,9 &5 & EATH(Li et al., 2022). 21343
Q2 AHo] Gl AldliollA TEF Co= T2 T
o] 71¢& T8 RS & e FAA HEY

7152 5] SFAT(Li et al.,, 2024).
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4.2 Mg

Kim et al. (2015)°] ©J5FH 1991 dF-E 201397}
getofl A =3t ZekA3 CH, s=F MLOSE 2
2olE Helom o]= AtfA oz HQro] T2
2 A w9 TS gol H7] wzel A
2 AT B3 Fobrote] the &4 vl
olgh A HEAdS Hlom 7~89of| ZFHA}
3A YebgEd, o] OH i (hydroxyl radical)
of oJ§t CH, &8} T §H HEAF Z[Hof|A 9
Ve 59 WEer EAEM I3k
of| Al EFot= AL, a4h T oA T3 CH,
e PHE> 14> STE 08 UEgoH
55| QFAE= “SoFAlotoflA] Bl Qo] 912§
RYO, WLG #EZAHT =2 55 HJtt o= H
SHF FARSHA 2] HlELE ofU et A 2] o] 9
ot ko 2 FAECH(Lee et al., 2023; Kim et al.,
2015). 712121 S7HAlE 22 1049 (201219 ~2022
d)o] 77 104 (2003 F~2012) 0l H|s| FA5HA|
Z7}sb= AFS Ho|al QTHNIMS, 2024).




A 2] B4 CH, 5+ 1999WHE] 2007714
3717t == AT (1 ppb/year) 2007 3 5E THA|
FE3] F7Fske] 2023 olli= F 10 ppb/yeare] &4

Z748S 712511 QI (NIMS, 2024; WMO,
2019b). f-2Lief QFAE o} Bigtell A 53t CH, v
AL A 27} vt FAIE Bolal Qlrk(Lee
et al., 2023; Kim et al, 2015). ¥ B2 A7 A=
20073 5F-E] FE5] Sk CH 9l €]l 3 shv=
FOoAlof, ofme]7}, Fu| 2] o)A o] et

I

AL
ol o B 2 Ada s wEs S
(IPCC, 2023; WMO, 2019b). QFHX= CH,9| 15k
AHIQ1 2015/16W9 3} 20199-S EASH A, Ak
B2 7|8 714-71% 2ol ool §tETE 12 ok
He Aol sESEE BAg viEC| CH, 5 5

Ttoll & AFS F 7
2021).
20219 Ao A Aute g =gt A3E B ¢
715

Ao 2 et (Kenea et al.,

W deelq s
s worom, tets é}%
lehdzrt 2
2 202 UEhEt l 5
of ot mdE 71 viEe] 71 e Aoz &
Q%E}(Ll et al., 2020). Aol thAF AFAER] A o
2719} o & W2 CH,O| Hht 7 A
MLOXTE oF 139~315 ppb &7 LEF O
Weather Research and Forecasting/Stochastic Lagran-
gian Transport (WRF-STILT) @2 &Y 9S>
FAT A3, A SA sl wet At At
A7} A= CH,o HE9YS Lot
(Chang et al., 2021). ZFFO 2 AL 58 vjESAS! off
A, SAAH, Bstedda, dArtam s
oA 4t ppbe] CH, 557} TEE| T o] (Park,
2023) ezt F8 #iEdolM ] CH, FE9] A%
29l =0 T Q7S AJAFSIT)
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T FAE A+ (Yoo, 2014; Kim et al., 2011; Park et
al., 2011)7} thF-EO] A, 717 di7] 5 247t
2 Fo] gig A= mERE AAoloh =713
Sh2 AFHZI A A WS Fof QPR
1999, 114k 20124, &5+ 20199 FE N,0
S =E AlFstal ek FA t7] $2 N,0 5=
£ 443t o] i s 2 574 5+= 270.1 ppbH T}
oF 25% 53t AHlolH, X 1092 7|e o2 Pt
1.1 ppb/year &0 2 HE6] F7Fstal QUTH(NIMS,
2021). T2 2007 e et oA 2 ek o
AR 4 A% 2A7EA Z4 B4 Aol TR, 2005
| A 24 N,0 FE=HT} 1.3 ppb =4 VeSS H,
A-AH O & ofFof| Wil Aol H2 HEAEE HA
o (Ju et al., 2007). ©] =H2TFet o] viZ 7]
SA2 1Ato| A A /g0 &2 o]Hste] 20121
B t712E AR E Fol 140 it TS Al
SFal QITH(NIER, 2024a).

ok Hr

oA F717re] Al BlHE A 7FA ]
bl HIZA T 7] 219991 QPH I (1999~)°l1A4 3
&, 4200779014 328, 14 (2012~)°014 3E&
wSotal glom, QHH ko EiQtol A NOAA &t
3 ME7 Y E Y (Greenhouse Gas Reference Net-
work; GGGRN, HATS)B] AET TS0 FEHL 3
t}. CFCst= 2&% o3& (Ozone Depleting Sub-
stances; ODS) 2 ZE @] o] A of o5 A F o2
ARgo] 2215 o2 1990t} FHHEH CFC-11,
CFC-12, CFC-1132 A |2 0] 349} npairtx]| 2

LN A FAE YR itk (https://
gml.noaa.gov/odgi/; last access Feb 19, 2025). 2 &%
1}+3] 2 (Ozone Depletion Potential)©] CFCsE L} &
2 F HAEE]] A F3HESE A (Hydrochlo-
rofluorocarbons; HCFCs) 2] A|F+25}A]4= (Global
Warming Potential; GWP)+= CFCsE.TF S| o]
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5] =o 42 (4M~4A)o|th HCFCs: 2020 ©]
T A H o8 AFR-S Zuhsl o Folx|ut 1990E ]
B J35] Z7Hth(Velders, 2007). 519 $-2]ut

2ol A= HCFCsoll tieh 5 9 ¥ A7 75
Sk Mﬂo]u:]) 2147] ___,] (ﬁ:rLﬂ' 1’5_9_6]—1:]-, CFCs
o] 24t A EE Q] AE3HeEA (Hydrofluorocar-
bons; HFCs) = &5 T2617] ¢7] wiize] 2E
& Ao SJafiA] HAIE A LA GWPZF
1,300~14,8000] ]2+ 732t 2ATIARA WEZ)
Al ool HAIE Tow, ZEZE oA 9 714
2] 7§7gtell oo EEE7F A= AT (Velders et
al., 2007). CFC-12= 1930 thFE Yo}l WA=
g AFgE oY 2ERE oA o) A"
0]% CFC-129] A EHE HCFC-229} HFC-134a
7} =S AT (McCulloch et al., 2003). 1990 Z5
E] 200097}2] HFC-134a2] #iZ&o] §435] 5715131
1, 0% HFC-125, HFC-32 5 2HAd) Eghdu 4=
O] ARgo] g A HFC BlEk: St
(Velders et al., 2022). $tH, HCFC-22 A4t 2 B
AFEQ] HFC-23-2 HHe ) At @ E4 W% 451 B
ofof] Y ARGEH, FHI7HA| . B ETFo] AEH o
2 Z7}oFITh (Stanley et al., 2020). 114t AGAGE ¥
Z40 - A HFCs ] 5= 2008WHE 2020
72 A AFA QD AL fASHA F7FstRaL, A
717E<t L A4 27 BEE o] FobAlof A HofA
2|42 Q1 HFCO] Hj&o] S7Fehe ekl 4= Qlsich
(Choi et al., 2024). 532 © & HFC-134a, HFC-143a
= AE2] AFS7HAE YEW 1AL HFC-329}
HFC-125= A=A o7 571619 9 HFC-152a=
ks Z7HAIE UEFH QITH(Choi et al., 2024).
A R e TEA IJGES TS5
T8 HE2] Q1 Forof 2| o] viE A H H7L
of 2lo] a3t A Stt(Choi et al., 2024; Park et
al., 2021¢; Kim and Yu, 2021; Fang et al., 2019; Kim et
al., 2012b; Li et al., 2011). Montzka et al. (2018)x}
Rigby et al. (2019)2 ZE&E A0 JFo=

1980t SR o] % A om FAashal =

CFC-119] Hj7] % =7} 20122 E thA] Z715)
+ S TS, ol 59] 2012~201799]

@ Wbel WA 5 a0} 98 Heh
o}, o] ARE J|Hre @ 2012\ o]F FF FH|A
of FAG &R Z7HE AT (Rigby et al.

2019), T3t o] % F=r FHO| A Ao whet
2017~2018AFE| thA] HE=Fo] HAT-E Zelstal
T} (Park et al., 2021c). CFC-119] Y=E2Q] Atgs}
EF4 (Carbon tetrachloride; CCl,) = CFC-113} H|&:
o SHIE S Ko vi%ﬂﬂ CFC-119] *“*JOl o
ol fe= Feloklal, A

o] CFC-11 Z:}ﬁ\— /\];é-ll—r (3:_]7\]61—9_ 5}?_]8]-0:] Z]15}3)

LA TESE CFC-115% T4 oA THESE AFe| <} 1]
=5 201795 H AEH 08 Aok FAE U
ERJATHNIMS, 2022). CFC-12= A AR} =8 7+
AAE YE L glom, CFC-1132 X 5%t

A F B} SAVSE ZHAAE YER 2L QlTH(NIMS,
2022). CCU= IAH @&5 oty E2=2 ZEZZ9)
A0l oJsff 20108 A A]FAH o= vijE F2 ] P4t
9 ARgo] FA1E o, o 7hA] 3t =
Ar-g0] 5
F -S4

(feedstock) B 57 87| (process agent) =
7}=]o] ATt Park et al. (2018)-2 A5 1AL

4] 2008~20154 59t CCl,7F A5 EE HIHS}”
Z9& &0l t7] FolA A&KH oz AR
SR, 7] 934 nElg B9 39 F8
AF FAoIA CClZt HATE T 9E AL 41401
FEE QS-S sk ol Foll Al
o] obd H]EA4t (non-dispersive) X2 AMEEE=
CcCle] ¥ Zst 2 a4d-E& A7|otTt (Park et al.,
2018) Lietal (2011)2 T4} 827 sfate Btz
2 An@o] Fgsic] ool Aol A
9]'6]'“—4 = HiE 719971 80% o de =<lskA
T, Kim et al. (2021b)< 2008~2019% AT AH=-a}et
4> (Carbon tetrafluodide; CF,)¢} TEZ2 2ot |2
SA=E &8st T

=

I ol ﬁ,
% r% e »

2

(Dichloroacethylene; C,F¢) I+

=7 gstElX| M41 M 2E



olx]o} oA 2] HjE&eF-S
dFu)E

Hegatsteli, F3)
Argde] CF % CoF, e Z7Fe] F9 919l
ofm, Qatwt ghto] WA 9l WyT| 2B o] 4]
o Big uiE FEol HhBAFEL TFsA

= AAskAH

5.1 FHX} H|E
L7t~ 0] 2]
w571 flsl o J‘

CO,-CH,-C,HgE
A4t CH,/ = EYuAE] 9
A4S BRItk webA olegh
S &-g5hH &4
A= A4 T2 ofshr] fIs co/Co,
g-ohct. gt oll A 248 obuet
=3 CO/CO,9] H-&-2 Mg o]
o1 of] whebA] & zpo|7t ek (Li et

o]-n r-?~
O,

I

oot s
2 fol
2L o

ol ol

ﬁz

N

H]%EE!
AderollA ¥

A He %

o]

b

b S of2y 295

al., 2020). A== ZTS fuztelA 7]€g ti7]
% CO/C0,% H&2 ¢F 0.1% (CO[ppm]/
CO,[ppm] X 100)°]1L T, 53] 4tg 50| 5“?—}@
AFFHIIE A 7] 4% 7] & CO/CO,9] HI-&2 2%
o|Af =& 20 LFERATH(L et al., 2024, 2020; Hal-
liday et al., 2019). -2zt A T=3k= CO/CO,
Hl-&-2 A 9AQ1 QY-S ok S8 47
o] gk, /=l A FE]
3 Q71 S} HlE&o] A
g2 art ]l
OJ% 121 &350l 2ol A EFu| g =0
ol A —ﬂo}tﬁ CH,/CO H]-& % Zo]
°o]-§-5HH F At A4n)
X 4, Liet al., 2022, 2020). E9F
o] vizstr] i <>ﬂ TElet

a

L\i

£
k=10=1 el

=22 =

N ofN

=

a

—_

A

o] CH,/CO7} =2 H]E(Nl[ppb/ppb])% A5
T ALELE T2 uAgEl ot vjE 9] ko] Yot
231 Az o)t viEo] Ewobx|A HBZ ~0.5
50 2 JobHITH(Li et al., 2020). CH,2}F C,Hg 2] H]

Table 4. Linear regression slope of CH,/C,Hg and CH,/CO observed in previous studies at different regions and periods.

Studies (Periods) Regions Slope of CH,/CyHg Slope of CH,/CO
Chinese outflow
(>30°N, 0~2 km) 43 038
Xiao etal., 2004
(Mar. and Apr. 2001) Tropical Asian outflow 42 0.46
Japanese/Korean Plumes 45 0.65
Hsu etal., 2010 Mt. Wilson observatory in _ 052
(Apr. 2007-Feb.2008) southern California ’
91+9 (Jun) 0.96+0.11 (Jun.)
Baker etal., 2012 CARIBIC* flight tracks 232426 (Jul.) 1.88+0.22 (Jul.)
(Jun.-Sep., 2008) between ~10°N and 40°N 353+26 (Aug.) 4.43+0.56 (Aug.)
396+ 73 (Sep.) 1.98+0.23 (Sep.)
Tohjimaetal., 2014 Hateruma background site in N
(Nov.~Mar. 1999~2010) Japan(East Asian outflow) About 0.2~0.4
Korean Daesan Industry 250 (May~Jun.)
Lietal., 2022 Seoul and Busan City 53 (May~Jun.) -
Jeolla-do 150~250 (May~Jun.)
Lietal.,, 2020 Jeolla-do - 2.5 (Summer)

*CARIBIC (Civil Aircraft for the Regular Investigation of the atmosphere Based on the Instrument Container)
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Sk nBET AR ot JFE TR F
& Tl (I 4). T HEH AT NASAT &
FOo7 FZI%F =412l Korea and United State
- Air Quality (KORUS-AQ) 7|7te] &3 = B30
Hlg-2 HEH 3719 7|l uheh & 2polE Bt
(Lietal., 2022).

E o A FAA He 2 247 gAaEe
A2 12l §3C-C0,, §'C-CO,, §"*C-CH,7 AT}
EAE 9 eA HlE-2 ofgf] 411t o] T

iy

o= (Rsample/Rreference_l) x 1000 (%0) (2)

2] (2)0l1A] 59194 H]E2 5= R= [heavy iso-
tope]/[light isotope] 1™ (]I, *C/2C; C/**C), Rygmple
= 71 A& YL HlES, Regerences DA A
AAA o2 ARSIl Qe = A 94 7] (Interna-
tional Atomic Energy Agency; IAEA) 2] Vienna Peed-
ed belemnite (VPDB) 774 & 59¥4 v&S &
gtk C0,9 T FE5] SV, §°C-CO, H
St Sl A11EE ol o]
T B9 A HE-2 F -6.5% AT 20060l oF
-8%o, 2015 0= ©F -8.4%0 F<=olth. A& tf7]
o Hjs) AL e e o Fs g
o] oF —28%0°] T} (Vaughn et al., 2004). THetA] AlE0]
F A2 shHQRs drRtt we og gas
52 SHARE G5 HH §7C-CO ATt
ot & 50 HjEde] T T YA Ble2 AAIsH
o AP AtollA= CO,9t PEEHEA HlES
ol-gst] (AF=4) T SVl tiet WiEddE 7]
ALZE ATt (Geum et al., 2024; Lee et al., 2023;
Kenea et al., 2021; Ciais et al., 1995). Kim et al. (2015)
£ HeHe] T SIYA e 245t 7Rt S

geAEHow ga

T 1914 e @ o] B2 ool E 7] U9 F7]
of| A eIt 2ol g WAL THH, AR =
4yt BjE 2] 9brlof| ti7] & §'4C-CcO, S A5}
A AR wEFS AT o Aok et Eet
gietoll A= HF91d4 (PC)eF AT e A
(MC) BF T=s}1 glo §*C-CO,E o]gsto] 3}
Ao g o] ujET2 A5 vE Atk (Lee et al., 2020b;

Turnbull et al., 2009).
CH, Hi&99] EFol ot &4 SH59dart
SRl A 17@& ks 01%6}?1 CH,°] Hj
EW 12004

23
¥ CHAE F 4% % (13c)7} FHoNA=
9, AE7| Lo e F %% YAt ndHE
A2 TE I AR 2 Q8] 33 C4 =2 ¢
o2 f7etA 5994 B4 7T, o] A EE
o] A4 EHA HEEE CHE A2 OE 5994
Hl-& 542 7Hh B3t A28 Adloles 55
T AFote A& SRl otet o2 #Wele] CH,
YA EAS Bl HAvtA Aol A= CH,
o] rZo] AAT viE Y (A B = G A<

o] Axt o] (45~79%) Q1 A= UEFATH(Geum
et al., 2024; Lee et al., 2023). 39 L4 H| &L 2 &
Hj &S AgbotA| FA5t . At & Sl A
Rt FA 2o 2|k PZo] o] F7] wfe] o
ol A 2] A= mlgst A oloh

P>

Table 5. The ranges of CO, stable carbon isotope ratio (§'3C-CO,) by emission source and biosphere and ocean sink (Graven

etal., 2020).

Sources Fossil fuel Terrestrial biosphere Ocean Atmosphere
Range of 100 10 o —6.5%o (Pre-industrial)
§3C-CO, 44~-19%0 29~-12%o0 0.6 to 2%o ~-8.4%o (in 2015)

S IstEx My E M 25
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Table 6. The ranges of CH, stable carbon isotope ratio (§'3C-CH,) by emission sources (WMO, 2019b).

Wetland Biomass burning Animal Natural gas
Source High Latitude .
in Northern Tropical Savalnnad Boreal forest C4—.pla?t C3—.pIaTt Russia North Sea
hemisphere region grasslan animals animals
B'CCH,  ~70~-60%0  -60~-50%0 -20~-15%0 -30~-25%o -55~-50% =-65~-60% about-50%0 g
5.2 ez Coisb)e CT 23] AR} Fmg Qolot 4
SFaP S AR B S B e 4 B 2700] dhet obklo} A B Eelse] Rz
A LML W A ere] TS SRS AARE £t PR 7} AR5} AR 2
e, 7] T 2471 BEARL} 7] AR o|Hr) ¢Jgko] Arka WAt
7S B8oto] AV HiE AR E AR §F Z9] CFC-11 Hl&F W3l E qrdgdor F4
FA 2ATEA BAL o] x|Qt o] 2o Z|Hiet B gk A= Rigby et al. (2019)> 14HT} U0 SHH|F
de] 7|50 A-gE7] wge] dRd (= 954 vt AJA #SH CFC-11 §& #SARE I+
ndgl) EYolgt gshr| o stoh, WMOE o3t 714 (Met Office)©] Numerical Atmospheric-dis-
HE2S 55 gj7] & 247149 thofst AR E B4 persion Modelling Environment (NAME) 2@ 7}
o= &8 A AT+ 24H7tA ZEA A (Integrated  FLEXible PARTicle dispersion model (FLEXPART)]|

Global Greenhouse Gas Information System; 1G31S)=+

= ME= At eH, olol s 6.5 <A

2}A| 5] A E AT WMO, 2019a; 6.5 H3).
Andd £4 AL Ards AR

)

7|4 R E L] FF, @Ag-EAS ook WU
@ (a prior) WIEHE, 2A7FA BEAFRO] TR
of whet theFet Ao A|ARLE AT 4 Sl
Ay FAT A E Sl A A 2= NOAA
oA gt A 2] 2A7kA »EQl Carbon Track-
er (CT) & 7|HFo.2 FobAloF 219 9] COo, £
A5 EE AT Iy e ARSSto] AR A
E°] Att(Kim et al., 2018b, 2017, 2014b, 2014c,
2012a). CT H&-2 A3} siFo| A 9] Cco, &+&
A3k 2AlmEst 7S A-85H o™, Kim et
al. (2014a)2 CT Rdl2 BAFS uf A4 7]4te]
Foprlor A A9 vjEFo] A FAFE U= 2
7= A A 5HIE Kim et al. (2017)2 Ao 219
o] #EA =7t F7hg ol whet Aot A9 COo, &

£o} B30l % ZASHS H9 1, Kim ef al.

[o

o mx

N

)

719kt qrds AA-HES G4E (NAME-HB,
NAME-InTEM, FLEXPART-MIT, FLEXPART-Empa)
2 A5k SaollA Bars]7] 972 CFC-117F ¥l
stshE4 (CCl, CFC-12)59] 714 Wi&S 51
o) Wt 1 $& A2A] Park et al. (2021c)2 2019
W 53 2]99] CFC-11 HjE©] 20134 o]d &0
2 8= 5gleke AL W AT 7EeIA
o] G LSS 47 HeAE it 4=
717474, Massachusetts Institute of Technology (MIT),
28] Swiss Federal Laboratories for Materials Sci-
ence and Technology (EMPA)]l 93] &% %o,
ol& Y= At CFC-11 BlEH-2 20194 5.0+
1.0 Gg/year 2 2014~2017 7]17+9] 10+ 3 Gg/year®] H]
S = S0l A= gl

STILT tf7]€4t dof Z7[9ket Cco, qrdd Al
28] 7+ AR Kenea ef al. (2024)+= STILT 29
71747 o] 2] HEEl Korea Meteorological
Administration Integrated Model (KIM)S Agst o
Bdlg AARE 7|REo 2 Sht o] 7Rl 24
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235, B4 B9, A2z gce)el 27129
A FRA e o, MEF +7 B g

Bokstel, 2, oi4 Al

15, A 2|4 &

AN

(Uncertainty reduction)&
5, AL oA A
BAof felsid 222 =&t Sim (2024)=
WRE-STILT &2 7|HT 0 2 A8 EEE GF LA
RO 2AVEA HiET EAAAES A
o, o] 5 floll A= Ul 67 247k TSR (Tef
At Eitere] 15/A4F, S99, Aetict, &
AHIY) 2t e 0CO-2 Y484 =E T AHE-SF3IH
1 AT 740 85 20219 128 A= A9 A
HjEFo] oF 8.69% 7HF HFH = AUS= =<l
Shlal, qRds 245 Fol 9.7%2] viEE 5
A A E 4= 7 A
Joo et al. (2022)2 WMO2] IG’IS 7ftAti o2

Al SQldtol 97| apshlo A Adet %%17}/\

71952 2 23] INverse modelling for Validating and

|l

o}il“

L

Evaluating Reduction of the Sectoral greenhouse gas
Emissions in KOREA (INVERSE-KOREA) A]AH]9]
T4 4 =g AZS A7|SHITE Weather Research
and Forecasting model coupled with Chemistry/Data
Assimilation Research Testbed (WRF-Chem/DART)
HeS 7|9ho 2 Sh= INVERSE-KOREA& 2h71%
Aot B Fo s AAH 129 A BdE
7 gE] edefit BEQl WRF-Chem RE 7}
DART A=53} Al2ge Bgte], Tute Aol
e 213 viE ERE obet 32k Bk EAAE
& SAell A4l st £ 2=t Kwon
(2022)-2 INVERSE-KOREA ¥ H g2 AJAH O] A5
ol A AH A W AvE AA5F oW, 27|84
Ao A A (prior) BIEH2E A2 Fossil Fuel
Data Assimilation System (FFDAS) A= thH], 4
(posterior) MlE3Fo] 193] Aol what 1~20 Z7F
StaL, 6dell 5~10% 7Hg #4ashs AdE Eth
Koo (2025)= CO, %3} ol CH o tjgt H40] 7}

55l S INVERSE-KOREA A|AEE 7|4HstS0
o, The Emissions Database for Global Atmospheric
Research (EDGAR) v8.0 A2 S U351 Ag wi&
Fog AMgste] 202099 =) v 24T E
I COy= AR ST HiH] -0.6%, CH= +1.1% 5
7ket AutE Kl E35, AduiE A= wE
AT HANE #5”6}04 HiEEF A A3 Al
= 52 H It INVERSE-
KOREA A|28]2 541 SEgell gt 24742 7155t
L5 A LS SHSHITHKMA, 2024).

Adnds 242 5 g Hgotnz A4
7] £449] bt REgE 247t iEHEE Al
)R ASHA Al 4= vk Al Z=rh ey
WEAR gt F ‘%‘iﬂ OMEP **017@1%9} 7]
Shitm o] At o
Thof] tht A= % 747401 Zﬁolﬂ} E}EW E}"J%}
Al A AE 7] 2 EA Q] AFT B =
Fofl o] A=)dS EHG] 919 o] mi%- &
Qg Ao AtrH,

6. IH 2Atx BRYIH Iy Ay

6.1 GAW

WMO+ 1989 GAW =2 7134
T 2ATIAE HIRS 8 719 H d
FHog2 FAok= A A7A JSAAE +55t
o} GAW =150 247k A IEE A A
Z H=4 36704, AT F=24 15774 7B
2 18704 T F 265709 TEAE FAE o] qlom,
olF Tl th7] T 2A7tA T HekE A&H o2

AL 9]

A

AN

A,

A1

o

e g
i

o o
N

ﬂ filo
il
ol
3 o

lo

(https://gawsis.meteoswissch/GAW-
SIS). -2yt A 714470 1992dHEH GAW

2] Frofot Qlom, Al tHE (1998Y &
E), ZAH (19908 5&), 2355 (20239 S=2)7}
GAW A 9F #=4E SEI]o] QITHNIMS, 2024).
19 4] GAW 55 #E4E Bk

st |2tEstEIx| M4 H A 23
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GAW Contributing networks i ngd'i
GAW Regional AMN?_\ P

GAW Other elements
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Fig. 4. Global network of the World Meteorological Organization’s Global Atmosphere Watch (WMO/GAW) program, based
on data from GAWSIS (https://gawsis.meteoswiss.ch/GAWSIS//index.html#/search/station, accessed on Mar 6, 2025). The net-
work consists of Global stations (®), Contributing networks (A ), Regional stations (m ), and Other elements (#), which collec-
tively support the monitoring of atmospheric composition and long-term changes in greenhouse gases.

GAW T2 1280 A 272 A7IA FHE0] A5}

L= FAIs] Sl AT AR AA
st ook BEAR ] FAH ) ks
W3S gHsl] fldl, GAw Z2 148 ISR
1% (Scientific Advisory Group; SAG), 3% g4 3
2] (Central Calibration Laboratory; CCL), AA A
H-41E] (World Calibration Centre; WCC/ Regional
Calibration Centre; RCC), &4 X Z/3}s13H 5 Al

i

e i ox

(Quality Assurance/ Science Activity Centre; QA/
SAC), A AIXBAE (World Data Centre; WDC) 5-9]
FR7|FR o|Fol F4 BE AAE 251 vk
(WMO, 2023a, 2023b). CCL2 WMO 2A17tA #=
BEEE FA-BEshE 71Tz A, A4 NOAA/

GMLO] 1 Hg& 48¥stal glom, Fr7|Ho= &
Ab4=gHH] W A3 (Round-robin intercomparison)< 5
ot TEARS AgAdT TedS Frkstal Q)
tH(WMO, 2024c). WCC/RCC= CCLOl 94611 A =
= 05 320 UE #E5ARe] 24 BE A4S
Zka Qe AdAR HEA0 5 4 §§_° Skl
A} (Audinsh M LA S5, B2 7]
S A YRt YEEQ A W #5452 77149 A

e ox
N
i
oft
:oé
r ~|
I}
rlo
o
flo
ol
o
o
I
r <]
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Ul
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o
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H
Jhu
e
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B
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il

WDcoﬂ EEIPHES <
AAE a2 wpert B3 #eEgh
S 19 50 Hrt.
Aatetde wMOo9t A g 7]
TEoR FAsHE AA| LA A
ol 20027 ;;njoqo};_r 1;}. COZQJ 7o 572} ]
i} 0.

X, orlo oy oo

r
i
B>
é

ksl
N
il
lo
IOI‘
bl 1} 2

lo -‘9.L ru
rﬂg

2 HU

.04 ppm94 ztolzto 2 g 8kA] Mol o] uj
B4 35 H At (https://gml.noaa.gov/
ccgg/wmorr/wmorr_results.php; https://gml.noaa.
gov/ccgg/wmorr/wmorr_results.php; last access Feb
27, 2025). T3H, WMO/GAW A9+ #54= 2%
wo] Sl s 20141, 20174, 20221 F Al 2}
g, 1AR2 20174, 2022 T 229 At B
(AudityE &l B=SE Y} Aw F4e AU
(WMO, 2023a, 2023b; Zellweger, 2017a, 2017b, 2014).
QML a4k STEE ZAT GAW TFLoA 4
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Fig. 5. Elements of Quality Assurance system, QA activities and workflow in GAW (Reconstructed based on WMO, 2017).

e £47ts BERE WD AlEH Y, ot
2 A Ao o] 2ATEA FE HSte] digt
2 EAe] E8Hh GAW T2 TS F9 ¢
A Ame= WMOZE Wi d 7k 2A7ES AR
(Greenhouse gas bulletin)®] 7|24 H =2 ST,
IPCC B7FH 1A 9] tf7] T 247k 0] AJA|E Ha}
£ #4sh=t ol gHth o] e 4= AR o
A 710 715 A +HS A% 2 A== &8
Hoh whebA 24291 1FA o] AT BET} =
A 2tm Ffe A AFA 71 5He A7 9 4
2 ti-goll Lol ml-¢- Fa’t oJn|E 2=t
ehd, =712 GAW HIEIA Yol 4
AT 9 AFNE SHA F8e A2 75
T Qleh FE7A RIS 20128 GAW EA A
Aol FY71T F stel K231 AAREAH
(WCC-SFg)E frAste] w@gstal slew, d AlA
SF BS54 td o2 BluiedS Fysto] &3

3} qzz}gq AFAE Wkt vatsdE 7

o oX
ot

2B 7HE SO HEES dAsty,
21Qete 2 2 A1A SEg Al AA
Qlth (WCC-SF,, 2019, 2018a, 2018b). ©|<}
SH7) 20109 5H-E] ofr]o} e ek x| H o] L A7tA T
5 71& WA S AEsh] el A7tA A
=7} %43%% A714 o= st qlom, 247}
A 43,]. al 7]/\ 14

i

= 3.0 =]
HE FHotke v

2 HE ‘Q{Pﬁ}i oItk T3 2014 HE GAW Y]

=
EQA W A2 2 IESAES o 247kA
T o) % & S AT ARV wsg e
293t 9o, o]5 53 GAW HEYA W oF
7ol 7]o1Skal AEH(WMO, 2024b).
6.2 AGAGE
AGAGEE @27 3118 274 B2 7|4

ALst= A YEL T olw  AlA o 16719 =
A7} &9 =3 Itk (Prinn et al., 2018). SO A=
AEHoA &gt 1A HZA4TT AGAGE HES

of zetEo] Stk A4S 20077 E 247 7HA
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2 A3d &5 1 E4 (CFCs) o 1 tAIEH
o, HCFCs, HECs, SF¢ %), 7713]
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Fig. 7. A map showing the locations of the COCCON stations in 2023 (KIT and COCCON, 2023).
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Fig. 8. A map showing the locations of the Anmyeondo TCCON and COCCON station (Oh et al., 2018).
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Fig. 9. Observation and operation system of Anmyeondo TCCON station (2014.8.) (Oh et al., 2018).
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Table 7. The payloads of GHGs measurements for all flights operated during ASIA-AQ.
Plane Instrument Parameters
DC-8 IR Absorption Spectrometry (DACOM) In situ CO, CH,4, CO,, N,O
King Air 350 CRDS CO,, CH4, CO
Flask sampling 8,3C-CO,, §'3C-CH,

Vessel CRDS CO,, CH,

1900D LGR greenhouse gas analyser CO, CHy, CO,
C90GT LGR MCEA1-911/0A-ICOS CO, CH,, CO,

Aol oJstA wj7g o
=T e A EAlo] gl bt
XCO,= °F 2 ppm, XCH, = ¢F
l% 91 COCCON T=

At 2] 2] 9]
A el sk 7y
1 247 A Q] AE A9 7
A A 5F T} (Kang et al., 2025).
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ASH EO] 59| AYUEE Hrel=d 27 7]
o SFAA T} (Pan ef al., 2024). FH7ATSHIE Ugts
5 olgsto] & 58] NASASIS] o} U st
Atk ofAobEE Al7] e dHiA 7o = Qlsto]
7] ASolA s 247 A7 B SHA 2

A= AL AH 1S &5 wASIATH (Pan et al.,

6.5 IG3S ¥ GGGW

WMO+= 5HFA] 247t AH 4HE 71HE 715
07 k= IGIS NE= AAISFAE (WMO, 2019a).
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(WMO, 2022, 2019a).

WMO IGISE 7|&9] A4 vt
Ql AR 2 A viETFY] A= e 7]
Zog Z|HE Sl 55| =7} QHE
214 0] =& 2006 IPCC 7FoO]|E2FQ19] 201
el wiEe FARS/EEAAN 9 A
2 IGIS7FAEA 7 = RA 571 i3] 59
NS 915 Weke g A= (IPCC, 2019). ©]
7holEgtelo A= %‘éﬂi HiE=e] 4 7S
flote] FFA wiEdE Ao JMER] 150
IG’IS SleFA] v &2 &-8ol= WUekE FAHC R
AT ZH 11).
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the inverse model estimation in the National Inventory
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