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Abstract Carbon dioxide (CO,) is a greenhouse gas that contributes to global scale climate change, but its spatial and
temporal variations at the regional scale are not well understood. This study aims to investigate the long-term spatio-
temporal variations of atmospheric CO, concentrations over the Korean Peninsula, utilizing satellite-observed XCO2 data
from September 2014 to December 2023. Analysis reveals that the average XCO2 concentration in the Seoul metropolitan
area (416.34+2.03 ppm) is notably higher than in other regions, highlighting the uneven distribution of emissions. Further-
more, seasonal patterns and long-term trends indicate a consistent year-on-year increase in XCO2 levels. To enhance our
understanding of future CO, trends, we employed a CNN-LSTM deep learning model, which yielded promising accuracy
metrics (MSE=3.10 ppm, RMSE =1.73 ppm, MAE = 1.49 ppm, MAPE =0.36%). The model’s predictions suggest a continued
rise in XCO2 concentrations, projecting a peak of 432 ppm in 2024~2025. Without substantial efforts to mitigate carbon emis-
sions, further increases in CO, levels are anticipated. This research underscores the urgent need for effective climate policies
to address rising greenhouse gas concentrations.
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Fig. 1. The study area is a rectangular region corresponding to 32.5~39 degrees north latitude and 124.5~130 degrees east
longitude.
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Fig. 2. Configuration of CNN-LSTM model to train and predict XCO2 time series data.
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EAlo = 127]1d ©919] HolHE 7l R th=
17]€2] XCO2 =kl et BAIE A= A4
stof Relo] skt HAES 9fsto] AREsHRiTh
CNN-LSTM E® €] /42 CNN, Max Pooling, Flat-
ten, LSTM, DenseS X3F5h= 57[19] 243 (Hidden
layer) 02 A5t UREA O =, Max Pooling>
CNNOJA 2 ARHE 2Ed 7IMer, o
dlolE 9] $3HA 2715 FolHA 7H Fast R
£ FAISkHe g2 933tTh Flatten thAb vl
_%

H&5te] LSTMO] 1A% Dense

30002], Batch Size= 100, Learning Rate+= 0.012 A
Jsteich.

CNN-LSTM 22°] F5H7Hs $15to] 2014~2022
| 717k 2023~20249 7137F F9FO] XCO2 HIoJE S
717} o583} HIAE§ Ho|H = F425F31th CNN-

Table 1. List of validation indices for training and testing
results of CNN-LSTM models used in this study.

Mode MAE MSE RMSE MB MAPE
Train 0.66 0.69 0.83 -0.31 0.16
Test 1.49 3.10 173 0.60 0.36

LSTM el o] <3 Aol oot Fotie HSA|r g2
19 Yot B eh5E FR AlSwt o
5713 ESF A F=gkate] vl B3 MAE=0.66
ppm, MSE =0.69 ppm, RMSE =0.83 ppm, MB=-0.31
ppm, MAPE=0.16%2] 91915 21S51g1 0], 8H4 2
ol et Fet=rt ule- A ebdth o] 27 Sk
*H CNN-LSTM &2 sh57]7t o] 59| of 21 7|7h
SO HIAES YRR E o]gsto] &S s}
9om, 11 3= MAE=1.49 ppm, MSE=3.10 ppm,
RMSE = 1.73 ppm, MB = 0.60 ppm, MAPE =0.36%2]
HAE d5shtt Lo HAE 23E S5t o
5 A3 o] tha LA 71 AS gl 4
AT Tt 7 A9 L MAPE #°] 1%5tt 2
& $Fo|BE CNN-LSTM 2 2] A-50] XC029]




425

420

415

410

XCO2 (ppm)

405

400

395

0CO-2 2| dxt=et EH2{dS 0|86t stz XCO2 ELIEZ T o=

CNN-LSTM Model Training and Test Predictions

mm= Observed
== = Train
= = Test

N o v o o - ———————— -

2015 2016 2017

2018 2019 2020 2021 2022 2023 2024

Year

Fig. 7. Monthly time series of the observed (blue), of a CNN-LSTM model trained (orange), and tested (green) results. Red
dashed line divides between the training and testing periods.

430

XCO2 Forecast (2024-2025)

XC02 (ppm)

425

420

415

410

405

400

395

=== Observed (2014-2023) )
== = Forecasted (2024-2025) ra /!
1 1
“ 7 1
7
U
3
2016 2018 2020 2022 2024 2026

Year

Fig. 8. Monthly time series of the observed (blue) and CNN-LSTM model forecasted (red) XCO2 concentrations.

AAL ASel

CNN-LSTM Et—ﬂg‘{ 6’1—4\. 73_1,]-‘— OJI:H
A 9 AEHEAHL ZF

o o=

Aot

A 38 7457

s = O
T%}:E\_O

FE5| &8 /s
19 72 0CO-2 XCO2 #= 2y
ndlg o] gsto] sk 9 Eﬂ/\E ﬁﬁrOﬂ o3t 1741%‘ XCO2 BEgE o=

3
st mde ol gale] 20285
7] 717 BeFe] HAE 71700 o AT Al B2
stk tha 27 e eaks trehfelch & 1o
EREEENEE]

%&ﬂmaﬁq

=

ol
AR

ooz d5% CNN-LSTM Edlo] Astrof Al
&y 7hsAdol Wt EE AHolA mlol gt
5171 915} 20242 20254
7H219] XCO2 FEE 5513t 13 82 0CO-2

AQ W3 E XCO2 FE9] AA| T&7]7H CNN-LSTM EHE o
2% AT 5 23 ol SR e AAY S5 st gho)

o}, 20247} 2025 9] A XCO2+= 423.82+2.92
ppm, 427.26+2.81 ppm, 2025 ] Zdjgkel 431.76
ppmol o1& AL Z o ZE ]t oA XCO29]
3} FAE A2 Be 92l siEdol et A

=

J. Korean Soc. Atmos. Environ., Vol. 40, No. 5, October 2024, pp.572-584



582 oS, Z&E

=21 7H9do] iud, FFole AHH oz SIS
Ao o/t

oitetEA S7o] 7HsRE QE14d<Ql 0COo-2 #
d BEARE o|golto] Mt oA oF 104
(20149 9€~20231d 129) F<HO] XCO2 =9 A
B3R 9 e 548 BA Sk AT E 3
T XCO2E A&0°] 416.34+2.03 ppm .2 FH 7k
7155t om, AEAlL AEE, BAEE, B715%,
FHEE 02 F2 XCO2 Fol HEEH 3t Ad
2 HS}E F4kelr] flste] ALHE 29 BARES
T ARAGA %o g, ALt ARl
Ae =9 g H9IE et o]2g XCo29] AlE
A St 2 HWiERe] 572 di7] F9 2ol A
g th2A yehue, A9 EHE, 54 2 29l
ojuf At BF o] EtAl Aol ofet Avte T,

0CO0-2XCO29] A717F &2t m+= Held 7Ho
A AR E = AAIE 2SSl A, A, b=
22T 4 ek o|=HH O] P4 XCO2+=
201493 2F 400 ppmOf|A] 20233 420 ppm L2 10 &
ot oF 5% 7ol om, =9 FeHd &5l ihe
A g WSk 9l £1 ppmEet ¢ 2 oES U
EFRlTh ERE XCO29| AAIE &l 23 5 524 H3}
o A- Wsks 1%17% e & He B WEEe
201617} 20199 gl
4 oJHIEZ} QIS gl 4= ISITh o3t ol
EA 7109 tigt B7FE flsto] A 274 olitet
g4 T Hel s 2ol ml A ekl et 5
7 A57 2 e Zloloh

a7 €] XCO2 F= 5= 915 CNN-LSTM d¢
HelS AMgokGith Elo] stolu nietu|E = 24
9] J52 ol =L, 2014\ 7F 20237}
219] lolel & shgote] ol% T8 B At
MSE =0.69 ppm, RMSE =0.83 ppm, MAE =0.66
ppm, MAPE=0.16%% =2 JgLE StHsI3Th

Oll

ot5% RdlS HAERF A= MSE=3.10 ppm,
RMSE=1.73 ppm, MAE =1.49 ppm, MAPE =0.36%
o] 9124 AEk 1% W] -2 7HS FRlskal
t}. CNN-LSTM 2R d 2 o=35h A%y XCO2+=
Z}7} 423.8242.92 ppm (2024'F), 427.26 +2.81 ppm
(2025\d) 0= wid F7HE Zio]H, o] 7|1t 52t 2025
9 1292 7ol 431.76 ppm= LERE &5 92
H3Ach
ML 2] Aol A F7Fstar gl
7he A9 R 2dawt
& 11 750l Sl o7 94 L e
57] e o] ‘ﬂsﬂri olgH

Oll
i 7

Wi

»&%ﬂ@¥ﬂxh elgelet. of
o_c]lﬁ_]'-oﬂ qw O] oH %{’5}

H o2 _8, oX WE of OlN
_Hl

jg
=i

T e
- 4aFie] that FEA sjalo] ofele Holtk. of
oot @S I8 Slstel TSR ofeh, |
Aol mele Aot AAE B H4L Fale] o)
AU 2422 S ieelo] Wasi,

e 2

o] AT 20249 A & AT A
AAAE ] AR ot Sl gigU Aol
AR 0CO-2 9148 AFEE-2 NASA Goddard Earth
Science Data and Information Services Center, ODIAC
&% dlolel= NIESOlA Algdetsytt A=E
Agshe 7 718 A2 AAE Y.

Sr=H7 | 2tEstE|x| | 40 2 H| 5



OCO-2 ¢l¥xt= et H2l{dS 0|&st st XCO2 ZLIEZ 1} oflE 583

References

Andrade, F.B.,, Buchwitz, M., Reuter, M., Bovensmann, H., Richter,
A., Boesch, H., Burrows, J.P. (2024) A method for esti-
mating localized CO, emissions from co-located satel-
lite XCO, and NO, images, Atmospheric Measure-
ment Techniques, 17, 1145-1173. https://doi.org/10.
5194/amt-17-1145-2024

Chatterjee, A., Gierach, M.M,, Sutton, A.J,, Sutton, A.J., Feely, RA.,
Crisp, D., Eldering, A., Gunson, M.R., O'Dell, C.W., Ste-
phens, B.B.,, Schimel, D.S. (2017) Influence of El Nifio
on atmospheric CO, over the tropical Pacific Ocean:
Findings from NASA’s OCO-2 mission, Science, 358.
https://doi.org/10.1126/science.aam5776

Crisp, D. (2015) Measuring atmospheric carbon dioxide from
space with the Orbiting Carbon Observatory-2 (OCO-
2), Proc. SPIE 9607 Earth Observ. Syst. XX, 960702.
https://doi.org/10.1117/12.2187291

Crisp, D., Miller, C.E., DeCola, PL. (2008) NASA Orbiting Carbon
Observatory: Measuring the column averaged carbon
dioxide mole fraction from space, Journal of Applied
Remote Sensing, 2(1), 023508. https://doi.org/10.
1117/1.2898457

Eldering, A., Wennberg, P.O., Crisp, D., Schimel, D.S., Gunson,
M.R., Chatterjee, A, Liu, J., Schwandner, F.M,, Sun, Y.,
O’Dell, CW.,, Frankenberg, C., Taylor, T.E., Fisher, B.M.,
Osterman, G.B., Wunch, D., Hakkarainen, J., Tamminen,
J., Weir, B. (2017) The Orbiting Carbon Observatory-2
early science investigations of regional carbon dioxide
fluxes, Science, 358. https://doi.org/10.1126/science.
aam5745

Frumkin, H., Hess, J.J,, Luber, G., Malilay, J., Mcgeehin, M.A. (2008)
Climate change: the public health response, Ameri-
can Journal of Public Health, 98(3), 435-445. https://
doi.org/10.2105/AJPH.2007.119362

Graven, H.D,, Keeling, R.F, Piper, S.C., Patra, PK,, Stephens, B.B.,
Wofsy, S.C., Welp, L.R., Sweeney, C,, Tans, PP, Kelley,
J.J., Daube, B.C,, Kort, E.A,, Santoni, G.W., Bent, J.D.
(2013) Enhanced Seasonal Exchange of CO, by North-
ern Ecosystems Since 1960, Science, 341, 1085-1089.
https://doi.org/10.1126/science.1239207

Hathaway, J., Maibach, EW. (2018) Health Implications of Climate
Change: a Review of the Literature About the Percep-
tion of the Public and Health Professionals, Current
Environmental Health Reports, 5, 197-204. https://doi.
org/10.1007/540572-018-0190-3

Intergovernmental Panel on Climate Change (IPCC) (2014) Anthro-
pogenic and Natural Radiative Forcing, in Climate

Change 2013 - The Physical Science Basis: Working
Group | Contribution to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change.
Cambridge: Cambridge University Press, 659-740.
https://doi.org/10.1017/CBO9781107415324.018

Intergovernmental Panel on Climate Change (IPCC) (2021) Cli-
mate Change 2021: The Physical Science Basis. Cam-
bridge University Press.

Keeling, R.F,, Piper, S.C., Bollenbacher, A.F., Walker, J.S. (2008)
Atmospheric CO, Records from Sites in the Scripps
Institution of Oceanography (SIO) Air Sampling Net-
work (1985-2007), Environmental Science. https://doi.
org/10.3334/CDIAC/ATG.012

Lee, H.,, Han, S.-O,, Ryoo, S.-B,, Lee, J.-S., Lee, G.-W. (2019) The mea-
surement of atmospheric CO, at KMA GAW regional
stations, its characteristics, and comparisons with other
East Asian sites, Atmospheric Chemistry and Physics,
19, 2149-2163. https://doi.org/10.5194/acp-19-2149-
2019

Lee, J.K,, Christen, A., Ketler, R., Nesic, Z. (2017) A mobile sensor
network to map carbon dioxide emissions in urban
environments, Atmospheric Measurement Technig-
ues, 10, 645-665. https://doi.org/10.5194/amt-10-645-
2017

Lee, K., Wong, M.S,, Li, J. (2022) Review of Atmospheric Environ-
mental Change from Earth Observing Satellites, Asian
Journal of Atmospheric Environment, 16(1), 2021147.
https://doi.org/10.5572/ajae.2021.147

Lee, K.H., Bae, M.S. (2023) Satellite Observation Based Air Quality
Study, Journal of Korean Society Atmospheric Envi-
ronment, 39(5), 571-587. https://doi.org/10.5572/
KOSAE.2023.39.5.571

Lobell, D., Schlenker, W., Costa-Roberts, J. (2011) Climate Trends
and Global Crop Production Since 1980, Science, 333,
616-620. https://doi.org/10.1126/science.1204531

O'Dell, CW., Connor, B.J., Bosch, H., O'Brien, D.M., Frankenberg,
C,, Castano, R, Christi, M., Crisp, D., Eldering, A., Fisher,
B.M., Gunson, M.R., McDuffie, J., Miller, CE., Natraj, V.,
Oyafuso, F.A., Polonsky, I, Smyth, M.M., Taylor, T.E.,
Toon, G.C., Wennberg, P.O., Wunch, D. (2012) Corri-
gendum to “The ACOS CO, retrieval algorithm - Part
1: Description and validation against synthetic obser-
vations” published in Atmos. Meas. Tech., 5, 99-121,
2012, Atmospheric Measurement Techniques, 5, 193-
193. https://doi.org/10.5194/AMT-5-193-2012

Oda, T, Maksyutov, S.(2011) A very high-resolution (1 km X 1 km)
global fossil fuel CO, emission inventory derived
using a point source database and satellite observa-
tions of nighttime lights, Atmospheric Chemistry and

J. Korean Soc. Atmos. Environ., Vol. 40, No. 5, October 2024, pp.572-584



=)
i
for
oY
e
8

Physics, 11, 543-556. https://doi.org/10.5194/acp-11-
543-2011

Oda, T, Maksyutov, S., Andres, RJ. (2018) The Open-source Data
Inventory for Anthropogenic CO,, version 2016 (ODIAC
2016): a global monthly fossil fuel CO, gridded emis-
sions data product for tracer transport simulations
and surface flux inversions, Earth System Science Data,
10, 87-107. https://doi.org/10.5194/essd-10-87-2018

Park, J., Hong, T. (2013) Analysis of South Korea’s economic
growth, carbon dioxide emission, and energy con-
sumption using the Markov switching model, Re-
newable & Sustainable Energy Reviews, 18, 543-551.
https://doi.org/0.1016/J.RSER.2012.11.003

Peters, W., Jacobson, A.R., Sweeney, C., Andrews, A.E., Conway,
T.J., Masarie, KA., Miller, J.B., Bruhwiler, L., Pétron, G.,
Hirsch, A.l, Worthy, D.E., van der Werf, G.R., Rander-
son, J.T,, Wennberg, PO, Krol, M.C,, Tans, P.P.(2007) An
atmospheric perspective on North American carbon
dioxide exchange: CarbonTracker, Proceedings of the
National Academy of Sciences, 104, 18925-18930.
https://doi.org/10.1073/pnas.0708986104

Reddy, A.R., Rasineni, G.K., Raghavendra, A.S. (2010) The impact
of global elevated CO, concentration on photosyn-
thesis and plant productivity, Current Science, 99,
46-57.

Reuter, M., Buchwitz, M., Schneising, O., Noél, S., Bovensmann,

H., Burrows, J.P.(2017) A fast atmospheric trace gas
retrieval for hyperspectral instruments approximating
multiple scattering - Part 2: application to XCO, re-
trievals from OCO-2, Remote Sensing, 9, 1102. https://
doi.org/10.3390/rs9111102

Shi, X,, Chen, Z., Wang, H., Yeung, D.-Y,, Wong, W.-K., Woo, W.-C.
(2015) Convolutional LSTM Network: A Machine
Learning Approach for Precipitation Nowcasting.
Advances in Neural Information Processing Systems -
Volume 1 (NIPS'15). MIT Press, Cambridge, MA, USA,
802-810.

Shim, C, Han, J.,, Henze, D.K,, Yoon, T. (2018) Identifying local
anthropogenic CO, emissions with satellite retrievals:
a case study in South Korea, International Journal of
Remote Sensing, 40, 1011-1029. https://doi.org/10.10
80/01431161.2018.1523585

Authors Information

o1 AT (USRI IL BAR AL T7 19 et
%) (kwonho.lee@gmail.com)

A A7 e A Y ADREAAIAE AlEA)
(fehouse@snu.ac.kr)




	OCO-2 위성자료와 딥러닝을 이용한 한반도 XCO2 모니터링과 예측
	Abstract
	1. 서론
	2. 자료 및 방법
	3. 결과 및 토의
	4. 요약 및 결론
	References


