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Abstract This study examined net biome exchange (NBE) data from various institutions to
evaluate the reliability and characteristics of NBE estimates on a global, continental, and
national scale from 2015 to 2020. All three NBE datasets—CT2022, CMS-Flux, and CAMS—
consistently showed that the global terrestrial biosphere acts as a net carbon sink. The mid- to
high-latitude regions of the Northern Hemisphere, which are rich in vegetation, mainly absorb
CO,. However, the datasets show substantial discrepancies in the regional magnitude and vari-
ability of NBE. Large discrepancies in NBE exist among the datasets in the low-latitude North-
ern and Southern Hemispheres, where observational data are scarce. At the national scale,
China, Canada, the United States, and Russia, while significant anthropogenic CO, emitters, are
consistently identified as carbon sinks by the terrestrial biosphere across all datasets, indicating
relatively low uncertainty in NBE estimates. However, countries such as India and Brazil show
large inconsistencies in NBE estimates, highlighting significant uncertainties among the data-
sets. South Korea, Japan, and the United Kingdom exhibit near-zero NBE values across all data-
sets. These results underscore the necessity of multi-model comparisons, cross-validation, and
expanded observational networks in underrepresented regions, as well as the importance of inte-
grating biosphere carbon flux considerations into national carbon neutrality strategies.

Key words: Net biome exchange (NBE), CT2022, CMS-Flux, CAMS

*Corresponding Author: Doo-Sun R. Park, Department of Earth
Science Education, Kyungpook National University, 80 Daehak-ro,
Buk-gu, Daegu 41566, Korea.

Phone: +82-53-950-5918, Fax : +82-53-950-5946

E-mail: dsrpark@knu.ac.kr

© 2026 Korean Meteorological Society 39



40 A AT, W5, F7FFRAA oSt S AE 54 B4

.M B

7] & 2A7AL] F7HE JAEl TS8R
715 HstE $kststr] 918 SEivetE 23S AlA
Zbar2 S7F2A 7| A 755 (Nationally Determined
Contribution, NDC)E AA3}aL, 2474 wl&%
HEZE A71F o2 P53t NDC 94 o4&
NAoR F7pia ok H2 A AAZ SR At
o S 717 @del BS R SAstaL e
o (Ritchic et al.,, 2022; NOAA, 2024), ©]= 713 wig}
o g FHoR 79 AZ FHAA AF 719 A
Z2 A2 %3 th(Paglia, 2018; Patterson et al.,
2021). 7]% Wste] = A2 Q7 EF o= Qs o
7] & 2AZIA F7PF FAA HA JTHIPCC,
2023). 719 Wizt AstE AT FAF =] dso
2, 20153 32| @A (Paris Agreement)ol] A A X4+ &
o+ 7128 AHdE ol div] 2°C olst= f-A|8kaL, 7t
e F 15°CE 2] REE st HRE A4
Atk U= 20509 BAFHS HXE A
TR S ARk T Ugs =88 718013 9
AR =7 24AA AE BE 24 s

=7t ©9e] 2A47|A MEEY F-He FE3)
FA3te Zlo] IFAo|tt. <l 3
H &3 COo| HlFE2 314

At Fgol A BAY S gFst wkgel 7))
(Gilfillan and Marland, 2021). &g wet AlA
=2 W& W ERE H71H o2 &3 e
o, o]& 7|¥te = Q1914 CO, MiEHe] A 3
Ch(Jones et al., 2021). 3HA, ALH O 2 wjEEH = 2
AZNA L] A Fiol AESH S IS T3
AW} AFo 2 F5-vlEH)(Friedlingstein et al.,
2023). F8& AESH w3 AHdd e 2Ee] FIA,
HAES] 55, AHE So] xFEMH, ozt 213
A4 FFL T (net biome exchange,
NBE)e|2} &dt}, ey} o]9f 72 tpefst e
F4& 53 = 247AY wES e A
T TR e F7F SN S40] ofHI S
o] Atk a2l EFFalal, A F7F 2A7A
< e SANEGLEFS 7t
= Zlo] FQsitt
Edastege] 4 9 482 uF =
oA gt o] FEA 7IHES o] &3 X It
2o dF & S4o] AT BN AFHL
ga] 85 o] $kt}(Aubinet et al., 2012; Pastorello et
al, 2020). 3T W2 743s] FE FS7He=R
QAR glot, AH|e} §A] H|go] Fof #F A
Aol 7 AgkA o, ME XHe| F7F x2S F
Z=Zulgef| Exsitl, FZole A MA AZgolA

4y ol o

U

(T o 2 rr

o
\i
)
>

=714 7] A36d 15 (2026)

V)

AdE Axz AAE AEZ7) e EE 2 Lo (Pastorello
et al,, 2020), o] ¢ AE2 =7} FR] HEALS &
Hap7)oll= 3] A7 Aot

A HEe A RN S s
7] 913 gitez AEAde] B84 A4S
2 FAgk FF7IRE S A FRARES
% TH(Sitch et al,, 2008, 2015). 3'F FARLH S
7] Adelel mek wheete o] 25, A 2 E
FollA dehte AEE HES FAH R Bttt
(Sitch et al., 2003). dl& 59}, A& I} 5 F,
AEAY G AEEe] 4, rAES el
E =] B8 2 di7] HE Fol ol gt
ol gt #g7INF a2 Ax F7F U AA E u|AY
E 279 AEd 5A4S 2stelr] s 48
TS B8 s AELHe] WA 94
sEolu AAE AAe AFste 7 =1
o] ol sttt 1t H A FAH 0= TheFsH|
xate A e 548 w3 Rigsrldl=
T 52 A4S #= s Aol Atk A,
| 22 2 /i v ol A8 A Aol met B

W Ao digh dojido] AL olof wet =Y
# zpo|7F A YERE 4 Ak 2370, A
Fa ko] HSgho] F=53k Al tel| tiaA 2

=

o =
= T
A

oo X ol
2 jo ob

Nt
v 2 A of

e AL ot
i3
)

ofy
ofl

[o
i)
)
Ao
12
B
i}
o

2, A5 g7l
(Inverse modeling) Al2=®lo] 7&=]o] TH(Peters et
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Carbon Tracker (CT)= "= 3 %) 7] (National
Oceanic and Atmospheric Administration, NOAA )l 4]
R grdla) AJ2E O F (Peters et al., 2007), 2
Aol 58 A B W] Co, = #5 A
B2 g3t (Masarie et al, 2014). & 6671 22
oA AFst= 55971 AF e #SF AE7F AEFS)
HA o Ag-Erh 278 7|8k AejA =9l Carnegie-
Ames Stanford Approach (CASA; Field et al., 1995;
Potter et al., 1993)°4 <=3t =AY AR A (Net
Ecosystem Exchange) A’JA Al 21 &2 F3HdS
B AA T B PR 71A 58 Fe '
2 wE&EE A$t 7134 Global Fire Emissions Database
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TG0 FS Wit 7] dSges 83
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Carbon Monitoring System-Flux (CMS-Flux):= v]=+3}
F-$-=(National Aeronautics and Space Administration,
NASA)IA 7HEg rds] AZ="o]th(Liu et al,
2021). o] Al=ES E83 FAEGuEHTF At e
Greenhouse Gases Observing Satellite (GOSAT; Taylor
et al., 2022)9} Orbiting Carbon Observatory-2 (OCO-
2; Crisp et al,, 2017) $144<] B¢ W”7] CO, &= A+
E5 77 2010 5E 201437141, 20159 5-E] 2022
W7kA] ARE-shet, 2 710 AJElA] 23 9 2= Carbon
Data Assimilation and Modelling (CARDAMOM; Bloom
et al, 2016)°] &=, o] B2 o2 5
He A ARE F3lele 7les 2ES U] &
% 23O Z= Goddard Earth Observing System-Chem
(GEOS-Chem; Bey et al,, 2001)2 &3t} 2 A
ol CMS-Flux version 32 AF&-3tioH, s B
oM 1°x1° AFEE AlFsict.

IH 2T t)7] 7HA] A8]2~(Copemnicus Atmosphere
Monitoring Service, CAMS)ollA £33l= drndd
Al 7 wAdel wet MR oE ti7] F CO,
FTE ARE ol&gtt B AFdAe, HA AlEF
version 24r1S B3l A&E CAESNSHS AFES)
don, g AEE 0C0-2 949 4 7] 5 Co,
FTE A87F qrAF Sk Fd Al
A A 7IRE AEjA EP S 2= Organising Carbon
and Hydrology In Dynamic Ecosystems (ORCHIDEE;
Krinner et al., 20052 th7] 9<% 23S 2= Laboratoire
de Météorologie Dynamique general circulation model
(LMDz; Hourdin et al., 2006)2 2z} A3},

Al R B RS Age AR tE VIS
zk=th CT2022= A 2 33 CO, & A5l
D=7 A2 2000978 A8 E AlFskaL, CMS-
Fluxt= GOSAT #3o] A2k 2010978 2HEHh

Table 1. Brief descriptions of datasets of global gridded net biome exchange.

. Horizonal = Temporal Input CO.2 Ecosystem Transport
Dataset Period . . concentration
resolution resolution . model model
observation
CT2022'  2000.1~2021.02  1°x1° 3-hourly  In-situ measurement network CASA ™5
CMS-Flux* 2010.1~2022.12 1°x1° Monthly GOSAT, OCO-2 CARDAMOM  GEOS-Chem
CAMS’® 2014.10~2024.2 1°%x1° 3-hourly 0CO-2 ORCHIDEE LMDz

'Obtained from https://gml.noaa.gov/aftp/products/carbontracker/co2/CT2022/fluxes
Obtained from https://acdisc.gsfc.nasa.gov/data/CMS/CMSFluxNBE.3
*Obtained from https://www.ecmwf.int/en/forecasts/dataset/cams-greenhouse-gas-ghg-flux-inversions
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Fig. 1. Example process for generating country-level CO, NBE datasets. Step 1 uses a 1-km national territory mask to calculate
weighting factors based on the proportion of each 1° grid cell covered by national land (a and b). In Step 2, these weights are
applied to the gridded NBE dataset to calculate a weighted average, resulting in representative country-level values (¢ and d).
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2. The period average (Mean), standard deviation (STDDEV) of the NBE of CO, of CT2022, CMS-Flux, and CAMS for
the globe, 30°N-90°N, 30°S-30°N, and 30°S-90°S. The unit of average and standard deviation is Gt CO, yr~

! All ANOVA tests

Common period (2015~2020)

Region Dataset
Mean STDDEV
CT2022 -12.73 59.04
Globe CMS-Flux -8.57 38.37
CAMS ~10.00 160.83
CT2022 -9.47 28.39
30°N-90°N CMS-Flux -8.13 19.47
CAMS -7.81 38.42
CT2022 -3.36 17.37
30°S-30°N CMS-Flux -0.43 8.28
CAMS ~1.84 83.16
CT2022 0.10 2.67
30°S-90°S CMS-Flux -0.02 127
CAMS -0.35 14.13
90°N)llA= CO, F77t 7P =LA YRSt CT2022, AL g1 T F AN IYE A= B4
CMS-Flux, CAMS+ 7}7} mid B2 02 947, o] Ades & Ao HIEHI Urtiiang et
-8.13, -7.81 Gt CO, yr'9] =545 712314, ol al, 2022). Wb A7 7+ 54& wo JdsA 9
R SR A o] AAF ©Aa Fo F4 A o}a}7] %811*% SAEG g AT EAS
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Fo] T ZHTES rigith A=diEE AuE
S o= Al A5 7+ HaEge TAPeE fo
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Ao ge B AR AR wsF] s5TE

Yef oL giARE 73 Wslh 3A Jelth 53,
2017~20183¢] CO, &7} HuUx|o] =3t o3 A
2} oFslElE Aol EA Ao thFig. 2a). CT20229
CMS-Fluxe AEdwgge] Aozl A719e 2}
o7 AR, A=W Wit sfHS AR fAlsch

ey fEgEE éa HEWH FAEFasFe] A7
Hsl iRl 25 7hol] Adolat i th(Figs. 2b-d). 'ﬁ“ﬂ'
T Z 3 E(B0°N-90°N)2] 7%, CT2022014 & A8
EAwghere] kA FA(CO, u—’F Z&3h7t ‘JrE]r‘/]r*
W, A F ARdMe o8] sAE ek

o] F7F FA(CO, &5 °F3h)7F Yebskth(Fig. 2b). A
$1=(30°S-30°N)e] 3%, CMS-Flux®} CAMS A5+
2017dS 71FHLZ CO, EHl &M £E4= My
ATHFig. 2c). 2o w3, CT2022 A5E AHEA
CO, =FTE5 A ;Pﬂt}. wpRero 2 gk ol
1E(90°s 30°9)¢] 7%, CT2022¢F CMS-Fluxe A4
B ugtgo] 9 A A A oR 2 AWF
*é—% I3 HEshkE W, CAMSE 4 W37} )

< =A Jebgtth(Fig. 2d). ol e ¢£ Ry
o] AHEAL 29 xgx]— EoF nAEe g% ,
83 R 2EF A 5o FHAQ 9L nx=
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Fig. 2. Timeseries of the NBE (Gt CO, yr™") from 2015 to 2020 derived from three inverse modeling systems CT2022 (red),
CMS-Flux (black), and CAMS (green) for (a) the globe, (b) the Northern Hemisphere extratropics (30°N-90°N), (c) the tropics
(30°S-30°N), and (d) the Southern Hemisphere extratropics (90°S-30°S).

Table 3. The seasonal average (Mean), standard deviation (STDDEV) of the NBE of CO, of CT2022, CMS-Flux, and CAMS
for the Northern hemisphere and Southern hemisphere. The unit of average and standard deviation is Gt CO, yr'. All ANOVA
tests are statistically significant at the 99% confidence level.

Northern hemisphere Southern hemisphere

Season Dataset
Mean (STDDEV) Mean (STDDEV)

CT2022 12.83 (0.68) ~0.82 (0.42)

DJF CMS-Flux 15.04 (0.53) -3.14 (0.89)

CAMS 10.13 (0.46) 335 (0.69)

CT2022 2.62 (0.68) 1,00 (0.85)

MAM CMS-Flux 6.34 (0.48) -3.05 (1.0)

CAMS 2.30 (0.36) -3.22 (0.73)

CT2022 —44.17 (0.77) 0.17 (0.35)

A CMS-Flux —40.64 (0.79) 2.58 (0.4)

CAMS 2778 (0.88) 0.79 (0.44)

CT2022 13.23 (0.90) 0.51 (0.47)

SON CMS-Flux 825 (0.49) 3.2 (0.84)

CAMS 9.10 (0.80) 3.14 (0.66)
<= 9 7 dde] Halel s FHEEe] o elEH Y 10d W5 (Pacific Decadal Oscillation) 5 T
H, o] A% (El Nifio), =715 (Arctic Oscillation), &gt = 715 HsAd AAIE] UAtk(Pan et al,

=714 7] A36d 15 (2026)



ke A e
2011; Zhang et al., 2021; Li et al., 2024). 53], 2015
d3k 201600 A A FFEsh A= A &
A& FEe] dUdez Ay Eul(Figs. 2a, c), ©]
= o] A7l g e dYeR Qs Ao A9
o] 7hgol AsERA e 43 A5E vt 5
Aol @Ag Azt= delx] th(Bastos et al, 2018;
Burton et al., 2020).

SYBFRBFe A 449 43 D53 W
A Anso) omz, I AL WEHS W A

e a7} AUti(Table 3). B2l S-S Uy
of AWES w, AvHor g 7] Azt A
ol UAIRF AEAR] FmiEe] WEES fARE
Aoz Yehgth Al grd »E Bulpe] o3
ARl w$- 2 &2 FHCT2022: —44.17 Gt CO, yr',
CMS-Flux: —40.64 Gt CO, yr', CAMS: —27.78 Gt
CO, yrho] YeRd, A9 F3Ao] Fuistse Al
710 7§k ©@4a F57F o] RS HojErh W,
ALHDIF)lE ©4e] sHjEo] veldtt. o] sh
AL WME S okt S5 Ao B 9lehA
2 ko] AR F718 AHAoR ke A
2 Mg g, dubpod e dAnd oz #AE
dagkege] MiE Fo| Zrom Gkt oFH(DIF)S
ALst thE A-oM = wFFet SulEo] EAIE o]
UERstT). o] Enkre] &3] mizo] Yo &
3G v Y2 ARG uS dFS T
7] WEo 2 HAth(Williams et al., 2024).
TAEREEY] ¥ B JA A8 7F E Aol
2 HthFig 3). Al AR BT §8 G, 43 o}
Aot} Hotl7l A9E FAHSRE CO, FFE9
H7F YERtH(Table 4). 281y CO, 472 7=}
Hd 2 HA7F vehes A9 Asuit gEA o
et 53], gAlo}, wl= SHRMIEe 2L, ofole
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Fig. 3. The NBE of (a) CT2022, (b) CMS-Flux, (c) CAMS,
and (d) average of the three data for 2015~2020.
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Table 4. The period average of the NBE of CO,, and standard deviation (STDDEV) of CT2022, CMS-Flux, and CAMS for six
continents depicted as boxes in Fig. 2d. The unit of average and standard deviation is Gt CO, yr'. All ANOVA tests are
statistically significant at the 99% confidence level, except for North America, which is significant at the 95% level.

Common period (2015~2020)

Region Dataset

Mean STDDEV

CT2022 -6.06 13.07

Asia (a) CMS-Flux -2.16 5.78

CAMS -0.37 27.40

CT2022 -3.18 8.87

North America (b) CMS-Flux -3.47 8.30

CAMS -3.74 16.75

CT2022 -0.00 0.02

South America (c) CMS-Flux —-0.68 1.75

CAMS -0.00 0.02

CT2022 —-0.18 1.18

Oceania (d) CMS-Flux 0.00 0.49

CAMS 0.46 5.33

CT2022 -2.20 6.37

Africa (e) CMS-Flux 0.28 3.16

CAMS 0.61 19.14

CT2022 -2.82 8.88

Europe (f) CMS-Flux —-1.88 5.96

CAMS -2.52 19.31

Table 5. The averaged NBE (STDDEV) over the 2015~2020 period from the datasets of CT2022, CMS-Flux, and CAMS.
AVG indicates the dataset-average values. All ANOVA tests are statistically significant at the 95% confidence level, except for
South Korea, Canada, South Africa, Australia, and United Kingdom, which are not significant.

Rank Country (The number of grids within NBE [Gt CO, yr']

each country at 1° x 1° resolution) CT2022 CMS-Flux CAMS AVG
| China (1091) 2053 (0.46) 034 (0.14)  —1.38 (0.56) 075
2 USA (1385) “159(0.52)  —1.71(024)  -2.59 (0.67) ~1.96
3 India (372) ~0.15 (0.16) 0.10 (0.03)  —0.66 (0.46) ~0.24
4 Russia (3497) ~495(0.76)  -2.76 (039)  -2.55(1.12) 342
5 Japan (107) -0.01 (0.02) ~0.00 (0.00) 0.05 (0.04) 0.01
6 Iran (198) 20.00 (0.01)  —0.00 (0.00) 0.04 (0.01) 0.01
7 Germany (70) 0.05 (0.05) ~0.11 (0.06)  —0.12 (0.14) ~0.06
8 Saudi Arabia (215) 0.00 (0.00)  —0.00 (0.00) 0.00 (0.00) 0.00
9 Indonesia (378) 0.02 (0.07) 0.00 (0.16) 0.68 (0.29) 0.23
10 South Korea (26) -0.00 (0.01) ~0.00 (0.00) ~0.00 (0.02) ~0.00
1 Canada (2238) ~1.69 (0.27) ~1.72 (0.21) ~1.38 (0.73) ~1.60
12 Brazil (811) ~0.07 (0.46)  —030 (0.58) 1.15 (0.66) 0.26
13 Turkey (115) ~0.07 (0.03)  —0.00 (0.00) 0.05 (0.10) ~0.00
14 South Afiica (153) 20.05(0.02)  —0.01 (0.02) 0.04 (0.14) ~0.00
15 Mexico (257) ~0.05(0.05)  —0.00(0.00)  —0.27 (0.16) ~0.11
16 Australia (814) -0.21 (0.08) ~0.00 (0.19) 0.26 (1.08) 0.01
17 United Kingdom (73) -0.00 (0.04) ~0.01 (0.01) 0.02 (0.03) 0.00
18 Ttaly (74) 2000 (0.01)  —0.02(0.00)  —0.07 (0.07) ~0.03
19 Poland (60) ~0.06 (0.04)  —0.17(0.05)  —0.23(0.10) ~0.15
20 Viet Nam (64) 2003 (0.02)  —0.00(0.00)  —0.16 (0.09) ~0.07
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