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Abstract This study evaluates the consistency of carbon dioxide (CO,) and methane (CHy)
observations between the fixed ground-based Total Carbon Column Observing Network
(TCCON) and the portable COllaborative Carbon Column Observing Network (COCCON). A
long-term analysis from 2005 to 2025 indicates an increase in CO, from approximately 380 to
430 ppm and in CH,4 from 1,750 to 1,900 ppb. Notably, CH4 concentrations are higher over Asia
than over America and Europe. Intercomparisons between TCCON and COCCON measure-
ments suggest that water vapor interference likely accounts for a portion of the differences
(£0.2% for CO, and £0.3% for CH,) under high humidity conditions (H,O > 4,000 ppm). Given
the stringent target accuracy requirements for greenhouse gas monitoring (~0.12% for CO, and
~0.22% for CHy), these humidity-induced deviations represent a substantial contribution to mea-
surement uncertainty. Furthermore, CH, exhibits a weaker correlation with its a priori informa-
tion compared to CO,, indicating greater atmospheric variability. This suggests that refining a
priori profiles could further improve CH, retrieval accuracy. In conclusion, COCCON shows a
high level of consistency with TCCON observations across the collocated sites examined in this
study, highlighting its potential as a complementary greenhouse-gas observing network. Never-
theless, further improvements in the treatment of water vapor interference and a priori informa-
tion may help reduce the remaining retrieval differences.
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Table 1. Comparison of spectral characteristics between TCCON and COCCON FTIR instruments.

TCCON COCCON

Institution Caltech KIT
Spectrometer Bruker IFS 11225}?15 (standard) Bruker EM27/SUN
3,800~11,000 cm™ 4,000~11,000 cm™

Spectral range

(= 0.9~2.5 um)

(= 0.9~2.5 um)

Spectral resolution

High-resolution

Low-resolution

0.02 cm™) 0.5 cm™)
Sampling rate ~0.007~0.01 cm™ ~0.2~0.25 cm™
Retrieval algorithm GGG (GFIT) PROFFAST
N of stations
(26.04.01) 34 37
References Wunch et al. (2015) Frey et al. (2019)

Laughner et al. (2024)

Herkommer et al. (2024)
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Fig. 1. Global distribution of TCCON (red circles) and COCCON (blue triangles) sites as of April 2026. Labeled sites indicate

locations with concurrent TCCON and COCCON observations.
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Fig. 2. Monthly mean time series of XCO, (a) and XCH, (b), over the three continental regions shown in Fig. 1, based on
TCCON observations alone (2005~2013) and combined TCCON and COCCON observations (2014~2025).
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Fig. 3. Diurnal variations of XCO, (a, b) and XCHj, (c, d) at the Karlsruhe site observed by TCCON (a, ¢) and COCCON (b, d) on
coincident observation days in 2023. Blue lines represent winter cases (February); red lines represent summer cases (August).
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Fig. 4. Heat maps of the number of monthly observation days as a function of month and year for TCCON (a-d) and COCCON
(e-h) at the four co-located sites.
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Fig. 5. Site-by-site comparisons of XCO, (a-d) and XCH, (e-h) between TCCON (x-axis) and COCCON (y-axis) at the four
co-located sites. Markers denote monthly mean values, and crossbars indicate the corresponding monthly minimum and
maximum values. The diagonal line denotes the 1:1 relationship. The coefficient of determination (R?), root-mean-square error
(RMSE), and mean bias (MB; COCCON-TCCON) are given in each panel.
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Fig. 6. Comparison between a priori and retrieved XCO, (a-c) and XCH, (d-f) from TCCON observations at Karlsruhe,
Tsukuba, and Izafia. Different colors represent individual years (2014~2023). Marker and crossbar definitions, the 1:1 line, and
the statistical metrics are the same as those in Fig. 5.
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definitions, the 1:1 line, and the statistical metrics are the same as those in Fig. 5.

3.4 &= 7|51 o&EM EM (Hachmeister et al., 2025).
Zg3g 7]9F TCCON ¥ COCCON #ZA= SZA B AFoE o]e o] oEAS s 3
of W& ¥7] A7 ¢JF (air mass dependence, AMD)  3ll, & #FY F7F 7P B2 Karlsruhe ?_ﬁﬁ:g

of EA, ole E@otd 2FAA, ¥INY F+ ARS HAse] SZA Wl nE AbE wEe] W

4, 2l 717) B4 B0l els) waETh MES e RASITFg 8). 59 £ALs FE x}iﬂiﬂ
XJLOﬂ AA o]#d AMDE| 92 esteb] ¢ AR AM wMed B’ 7] S7F FA7F SZA &
A wA0l BEACE AU Ao}, WA A Ao MAE JRe 2] Aa) B4 10
A= o] eEAel yEhd shsAol EAFT & 2023902 AFsiAh sE AdE ALH(Q

ot ok |y Jlm

g=7148ks] 7] A36d 33 (2026)



Y A
(a) TCCON
= 430
8 o
I NV S
=3
= a10f
o
O
> 390
(b) COCCON
— 430
g _—&
f=1
=3
= 410}
o
O
> 390 |
30 40 50 60 70 80
SZA[’]

o

XCHj [ppm]

XCHj [ppm]

g - 277) Aot 183
(c) TCCON
1950 | n
et ———————— | ()]
1850 09
20
1750 %%
Aug
(d) COCCON ié
21
1950 | 23
_
B e
1850
1750
30 40 50 60 70 80
SZA[’]

Fig. 8. XCO, (a, b) and XCHj (c, d) as a function of SZA at the Karlsruhe site measured by TCCON (a, ¢) and COCCON
(b, d), respectively. Different shades of blue and red represent individual observation days in February 2023 and August 2023,

as listed on the right.

o] AL S, H2 AL A5HE®Y)Y AHEIY 35 &7 2 &3 24
< UERdTh F571(H,0) S54E ZHA 94 Hutol] AH

B4 Ay} Sl 717 B9t SZA W] wE 4k WAl L2, 53] XCO, B XCH, AF&ol Slol
S FEgh MEAdov WEFe Holx] gttt 7 2 7+ 71 =E  #-8-3ck(Schneider et al, 2010;
32 HAo] 28" TCCON % COCCON A% & Yoshida et al, 2013). =3 $F57]= 259 Ao
T SZA®| ¥ste} FHsHA AR TE BEE wel Sl AEel A Fol mEtA wakshH, 4
Asgon, Folnd o] gdEHe EANA R 7] AAe) AM @ dEHE 2] whzel] Y3
S 39t ol x| T UEYI HLE ¢ 2+Zo] o th(Klappenbach et al., 2022; Trisna et al.,
= AMD B4 dyglFo] #= 7|81z ox1= & 2025). ¥ £5719 EALS B = A=
A AL DSS AAFgTt 2 TCCON3} COCCON 7+ 57| 4% Azl =}

(a) XCO, (b) XCHy4 (c) XH,0

_ 04 0.4 6 .

% 02 zﬁz’m 76, 02 2 4 T . 3 4

S 00 DDDUD__D;_.LLDD 0.0 | 2 H l:| H HH

o 2 2 a | | 2 .6

£ 02 oof WIRTRR) "W | o enalllR

2 04 ~0.4 . ol

(d) XCO, (e) XCH,4 (f) XH,0

_ 04 0.4 6 ,

2 02 Lo 0.2 . b l : 5

5 00 ”DTD;D? 00 1.1 gu : HHHHHH

€ -02 ’ 0.2 D Y |;|;| 0 [

S 04 ~0.4 ’ .

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

TCCON XH,0 [ppm]

TCCON XH,0 [ppm]

TCCON XH,0 [ppm]

Fig. 9. Relative differences (COCCON-TCCON) in XCO,, XCH,, and XH,O as a function of TCCON XH,O at the Tsukuba
site during 2016~2021. Panels (a-c) include all matched observations, whereas panels (d-f) include only summer observations
(June, July, and August). Bars represent the mean relative difference for each TCCON XH,O bin. Numbers above the bars

indicate the number of matched observations in each bin.

Atmosphere, Vol. 36, No. 3. (2026)



Suke = 9lom, o] XCO, ¥ XCH, AH&9|
2 7}540] EA)sith £3] XCH, 229 F=
485 1.6 pm YL F37] A AHAHL

S TH(Frankenberg et al., 2008; Sussmann et al., 2011).
olo B AFdME 7] 1Mo e F #=
Zre] dAAAS AES] Hldll, A5E 7571 st
2k 10,000 ppm7HA] 713k Tsukuba T340 25
£ ®439 ). Figure 95 COCCON3} TCCON #=
el AtE 2o (COCCON-TCCON)E  XCO,%}
XCH thall TCCON XH,0 7-7PE = vehd Aotk
A A, A BAgle] BRE WA ASAE X
ek 7 9-(Figs. 9a, b= AFZF7] ZANA F
g 714 25 COCCONe| &9 Hako] Yehton,
3 $£57] 4] a9 dE5H(6~89) FEUS
o2 3 7A$-(Figs. 9b, e)olA HL F3sA &
Atk FAF SR, XCOY 75 F 7171 ZF A=
el A Aole £57] FE 4,000 ppme 71EL
2 FEEH, 4,000 ppm o]t A= F —0.2% W,
4,000 ppm ©]AelME F 0.15% FF2 HEFS e
Wk XCH,8 Z$-ol%= 4,000 ppm ©]stellAE oF
0.2% F2] ZFolE EA 2, 4,000 ppm o] Joll A=
oF 03% =9 &9 HIgoz Ay F3 +
73 EAS Jehid. o ey 3= 7 A8
o] B A5E IF AE 7 JUHoE AgE
o] 3ol 571 7H] &35 FAHom Ul
e AZE A 2gdx= E78iaL XH0 A+
A= TCCONZ COCCON 7+e] EF-El3lk #ako)
1= (Figs. 9¢, 1), = %717} XCO, ¥ XCH,
22 A FEHor JFS vHE WigeE H

X F57] IS &3] wjAIsH] o Pk

4.4 B

2 AFoMs A 7N 247 dARSe I
AE TF UEY=AS TCCONF o|5d EF U EY
=2l COCCON 7+e] 45 d#AAge Hrisliig. &
W 5L ARS VNtes 2AVEs RUE e
T8 el CO, B CH,ol 7] WS =
B3 A3} 20053 FE 2025974 XCOE 2F 380
ppmel A 430 ppm FEOZ F71E9 o0, XCH, &
gk °F 1,750 ppbolA 1,900 ppb FEOE F7lehe

S BA
E3] ofxo} Ao XCH, T57F Aro s =
el o u, @A) ofrjol U #EAT} Sk, S
2 AR bl AgHoloir I+ txgde &
7] daid e FF B5 3N A G gig vES]
o] Aot} ol gt #AZ FME |43}

A

o

Nﬁmd

Sl==
=&

g=717483 7] #136d 35 (2026)

By el AEE dBYL Mud A3

T 1 b
COCCON< -9 A4 TCCON ¢ =&
AATE FAES AL 53] A= /)58y
LA fraehs F2 aRl9l SZAd wE 3] A

o|&4(AMD)S 71t A3, SZA WSl e A=
FEo F3s WEAoly e ogE:ge AHEA
ottt ol dAl A8 S A9H A days
o] #Z 715ty AE & AASIAL Y-S 9n]git).
ok, 717] Bl 2ol (s = TCCON vs A3
J= COCCONyol| w2 574 Z71olAe] eAd: &
A=At 571 F&= 4,000 ppm °)Fe] ILFF7
AN E $£=7] 7+ a3=2 s CO, oF £0.2%,
CH, °F +03% <32 Hxr7 @A ol
TCCON GGG2020 4l WA HiuE HxE 3
FE@ F 0.12% 2 0.22%, Herkommer et al.,
2024)3 HINE o) FAE7] o Ao, 453
I557] o] Wk ) #F AN S5
71 W4 23E AusA BT F Jde s
Mke]l B oS AAJgkt) &3 CHu=E COq0l B3
a priori®} AHE A3} 7ke] Aol iH oz v
Ueh} B0 2 HE 5Y2AA FR7F s vk
I &S Felsgith o) CH,o t7] & A9F -
@471H WEdo] EATES AAIEHH, FAld a priori
zzude] 4 AE B8 A AFgeE 1=
FIAZ F e AT US HojFE)
] B AFoA Feld TCCONZ COCCON 7+
S A e F ASYS AT ngHow g
BT, da) A 2471~
SHAE Hesial R FEe] 247}
&Y A7E AL & e 7S
o 2y I5s7] S 2F A &
Hy 2H&9] a priori W7 Es #5 g% 3
g el FdFEFS vE & e F2 2o,
S 52 Y] s HZ A a5FT] 276
B AA vlAZ} CHy a priori 23 /|AS
dagE Awsprr dgF ol
ZUjoA] TCCON HEE= o]9} B3 A5
71 283 £HEd, B Ao Hrjst

il ofo o

(

Jm

i
1.

B
%0
dlo

3 o

N
~

|

o
i

oX, OH
¢
12

(i
of
a

o
5
—_l

el S oo%h o2 &2 [y e et lo,
@ % % oy
]

oo moh

3

e
Br ol ek
Y

e



ZAtel =
B eRe] QAL g8 2L oA ANE T4
% 2ol AASIA S =L o] dAFE
AT AAAE o874 AF =7

REFERENCES

Alberti, C., and Coauthors, 2022: Improved calibration pro-
cedures for the EM27/SUN spectrometers of the COI-
laborative Carbon Column Observing Network
(COCCON). Atmos. Meas. Tech., 15, 2433-2463,
doi:10.5194/amt-15-2433-2022.

Buchwitz, M., and Coauthors, 2017: Global satellite obser-
vations of column-averaged carbon dioxide and
methane: The GHG-CCI XCO2 and XCH4 CRDP3
data set. Remote Sens. Environ., 203, 276-295,
doi:10.1016/j.rse.2016.12.027.

Chan Miller, C., and Coauthors, 2024: Methane retrieval
from MethaneAIR using the CO2 proxy approach: a
demonstration for the upcoming MethaneSAT mis-
sion. Atmos. Meas. Tech., 17, 5429-5454, doi:
10.5194/amt-17-5429-2024.

Deutscher, N. M., and Coauthors, 2010: Total column CO2
measurements at Darwin, Australia — site description
and calibration against in situ aircraft profiles. Atmos.
Meas. Tech., 3, 947-958, doi:10.5194/amt-3-947-2010.

Eldering, A., and Coauthors, 2017: The Orbiting Carbon
Observatory-2 early science investigations of regional
carbon dioxide fluxes. Science, 358, eaam5745,
doi:10.1126/science.aam5745.

Frankenberg, C., and Coauthors, 2008: Tropical methane
emissions: A revised view from SCIAMACHY
onboard ENVISAT. Geophys. Res. Lett., 35, L15811,
doi:10.1029/2008GL034300.

Frey, M., F. Hase, T. Blumenstock, J. GroB, M. Kiel, G.
Mengistu Tsidu, K. Schifer, M. K. Sha, and J.
Orphal, 2015: Calibration and instrumental line shape
characterization of a set of portable FTIR spectrome-
ters for detecting greenhouse gas emissions. Amos.
Meas. Tech., 8, 3047-3057, doi:10.5194/amt-8-3047-
2015.

, and Coauthors, 2019: Building the COllaborative

2 .
p=

oot

7] - Ao} 185

Carbon Column Observing Network (COCCON):
long-term stability and ensemble performance of the
EM27/SUN Fourier transform spectrometer. Afmos.
Meas. Tech., 12, 1513-1530, doi:10.5194/amt-12-
1513-2019.

GCOS, 2016: The Global Observing System for Climate:
Implementation Needs. World Meteorological Orga-
nization, GCOS-200, Geneva, Switzerland.

Gisi, M., F. Hase, S. Dohe, T. Blumenstock, A. Simon, and
A. Keens, 2012: XCO2-measurements with a table-
top FTS using solar absorption spectroscopy. Atmos.
Meas. Tech., 5, 2969-2980, doi:10.5194/amt-5-2969-
2012.

Hachmeister, J., D. Wunch, E. McGee, K. Strong, R. Kivi,
J. Notholt, T. Warneke, and M. Buschmann, 2025:
Reduction of airmass-dependent biases in TCCON
XCH4 retrievals during polar vortex conditions.
Atmos. Meas. Tech., 18, 7105-7128, doi:10.5194/amt-
18-7105-2025.

Hase, F., and Coauthors, 2015: Application of portable
FTIR spectrometers for detecting greenhouse gas
emissions of the major city Berlin. Atmos. Meas.
Tech., 8, 3059-3068, doi:10.5194/amt-8-3059-2015.

, M. Frey, M. Kiel, T. Blumenstock, R. Harig, A.
Keens, and J. Orphal, 2016: Addition of a channel for
XCO observations to a portable FTIR spectrometer
for greenhouse gas measurements. Afmos. Meas.
Tech., 9, 2303-2313, doi:10.5194/amt-9-2303-2016.

Herkommer, B., and Coauthors, 2024: Using a portable
FTIR spectrometer to evaluate the consistency of
Total Carbon Column Observing Network (TCCON)
measurements on a global scale: the Collaborative
Carbon Column Observing Network (COCCON)
travel standard. Atmos. Meas. Tech., 17, 3467-3494,
doi:10.5194/amt-17-3467-2024.

Hu, H., J. Landgraf, R. Detmers, T. Borsdorft, J. Aan de
Brugh, I. Aben, A. Butz, and O. Hasekamp, 2018:
Toward global mapping of methane with TROPOMI:
First results and validation. Geophys. Res. Lett., 45,
3682-3689, doi:10.1002/2018GL077259.

Klappenbach, F., M. Bertleff, J. Kostinek, F. Hase, T. Blu-
menstock, A. Agusti-Panareda, M. Razinger, and A.
Butz, 2015: Accurate mobile remote sensing of
XCO2 and XCH4 latitudinal transects from aboard a
research vessel. Atmos. Meas. Tech., 8, 5023-5038,
doi:10.5194/amt-8-5023-2015.

, and Coauthors, 2022: Retrieval of greenhouse
gases from GOSAT and GOSAT-2 using the FOCAL
height-resolved retrieval algorithm. Atmos. Meas. Tech.,

Atmosphere, Vol. 36, No. 3. (2026)



186 A2 71\E 24 712~ k=7 TCCON3} COCCONE] CO, 2 CH, AMEE

15, 3401-3437, doi:10.5194/amt-15-3401-2022.

Laughner, J., and Coauthors, 2023: A new algorithm to
generate a priori trace gas profiles for the GGG2020
retrieval algorithm. Afmos. Meas. Tech., 16, 1121-
1146, doi:10.5194/amt-16-1121-2023.

, and Coauthors, 2024: The Total Carbon Column
Observing Network’s GGG2020 data version. Earth
Syst. Sci. Data, 16, 2197-2260, doi:10.5194/essd-16-
2197-2024.

Luther, A., and Coauthors, 2019: Quantifying CH4 emis-
sions from hard coal mines using mobile sun-view-
ing Fourier transform spectrometry. Afmos. Meas.
Tech., 12, 5217-5230, doi:10.5194/amt-12-5217-2019.

Morino, 1., and Coauthors, 2011: Preliminary validation of
column-averaged volume mixing ratios of carbon
dioxide and methane retrieved from GOSAT short-
wavelength infrared spectra. Atmos. Meas. Tech., 4,
1061-1076, doi:10.5194/amt-4-1061-2011.

Olsen, S. C., and J. T. Randerson, 2004: Differences
between surface and column atmospheric CO2 and
implications for carbon cycle research. J. Geophys.
Res., 109, D02301, doi:10.1029/2003JD003968.

Schneider, M., E. Sepulveda, O. Garcia, F. Hase, and T.
Blumenstock, 2010: Remote sensing of water vapour
profiles in the framework of the Total Carbon Col-
umn Observing Network (TCCON). Atmos. Meas.
Tech., 3, 1785-1795, doi:10.5194/amt-3-1785-2010.

Sha, M. K., and Coauthors, 2020: Intercomparison of
low- and high-resolution infrared spectrometers for
ground-based solar remote sensing measurements of
total column concentrations of CO2, CH4, and CO.
Atmos. Meas. Tech., 13, 4791-4839, doi:10.5194/amt-
13-4791-2020.

Sussmann, R., F. Forster, M. Rettinger, and N. Jones, 2011:
Strategy for high-accuracy-and-precision retrieval of
atmospheric methane from the mid-infrared FTIR net-
work. Atmos. Meas. Tech., 4, 1943-1964, doi:10.5194/
amt-4-1943-2011.

Trisna, B. A., M. Park, S. Kim, S. Park, and J. Lee, 2025:
Instrument Line Shape Calibration and Comparison

g=717483 7] #136d 35 (2026)

w2 A

with TCCON Measurements for Greenhouse Gas
Monitoring at a New COCCON Site in Korea. Asia-
Pac. J. Atmos. Sci., 61, 14, doi:10.1007/s13143-025-
00397-5

Vogel, F. R., and Coauthors, 2019: XCO2 in an emission
hot-spot region: the COCCON Paris campaign 2015.
Atmos. Chem. Phys., 19, 3271-3285, doi:10.5194/acp-
19-3271-2019.

Wunch, D., and Coauthors, 2010: Calibration of the Total
Carbon Column Observing Network using aircraft
profile data. Atmos. Meas. Tech., 3, 1351-1362,
doi:10.5194/amt-3-1351-2010.

, G. C. Toon, J.-F. L. Blavier, R. A. Washenfelder, J.
Notholt, B. J. Connor, D. W. T. Griffith, V. Sherlock,
and P. O. Wennberg, 2011a: The Total Carbon Col-
umn Observing Network. Phil. Trans. R. Soc. 4, 369,
2087-2112, doi:10.1098/rsta.2010.0240.

, and Coauthors, 2011b: A method for evaluating
bias in global measurements of CO2 total columns
from space. Atmos. Chem. Phys., 11, 12317-12337,
doi:10.5194/acp-11-12317-2011.

, G. C. Toon, V. Sherlock, N. M. Deutscher, C. Liu,
D. G Feist, and P. O. Wennberg, 2015: The Total Car-
bon Column Observing Network’s GGG2014 Data Ver-
sion. California Institute of Technology, doi:10.14291/
tecon.ggg?014.documentation.R0/1221662.

, and Coauthors, 2017: Comparisons of the Orbit-
ing Carbon Observatory-2 (OCO-2) XCO2 measure-
ments with TCCON. Atmos. Meas. Tech., 10, 2209-
2238, doi:10.5194/amt-10-2209-2017.

Yokota, T., Y. Yoshida, N. Eguchi, Y. Ota, T. Tanaka, H.
Watanabe, and S. Maksyutov, 2009: Global concentra-
tions of CO2 and CH4 retrieved from GOSAT: First
preliminary results. SOLA, S, 160-163, doi:10.2151/
s01a.2009-041.

Yoshida, Y., and Coauthors, 2013: Improvement of the
retrieval algorithm for GOSAT SWIR XCO, and
XCHy and their validation using TCCON data. Atmos.
Meas. Tech., 6, 1533-1547, doi:10.5194/amt-6-1533-
2013.



	지상 기반 온실가스 관측망 TCCON과 COCCON의 CO₂ 및 CH₄ 산출물 교차 검증
	Abstract
	1. 서론
	2. 연구 자료 및 방법
	3. 결과 및 분석
	4. 결론
	REFERENCES


