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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Coarse resolution GEOS-Chem model 
tend to weaken the vertical transport, 
leading to biases in CO2 inversion. 

• The annual carbon sink estimates at 
4◦×5◦ in N. America, E. Asia, and 
Europe is 40.5 % larger than at 
0.5◦×0.625◦. 

• The seasonal strength estimates at 
4◦×5◦ are smaller than at 0.5◦×0.625◦, 
especially during the non-growing 
seasons. 

• Generally, the larger carbon uptake 
occurred in areas with denser fossil fuel 
emissions.  
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A B S T R A C T   

Terrestrial ecosystem in the Northern Hemisphere is characterized by a substantial carbon sink in recent decades. 
However, the carbon sink inferred from atmospheric CO2 data is usually larger than process- and inventory-based 
estimates, resulting in carbon release or near-neutral carbon exchange in the tropics. The atmospheric approach 
is known to be uncertain due to systematic biases of coarse atmospheric transport model simulation. Compared 
to a coarse-resolution inverse estimate at 4◦ × 5◦ using GEOS-Chem in the integrated region of N. America, E. 
Asia, and Europe from 2015 to 2018, the annual carbon sink estimate at a native high-resolution of 0.5◦ × 0.625◦

is reduced from − 3.0±0.08 gigatons of carbon per year (GtC yr− 1) to − 2.15±0.08 GtC yr− 1 due to prominent 
more carbon release during the non-growing seasons. The major reductions concentrate in the mid-latitudes 
(20◦N–45◦N), where the mean land carbon sinks in China and the USA are reduced from 0.64±0.03 and 
0.35±0.02 GtC yr− 1 to 0.14±0.03 and 0.15±0.02 GtC yr− 1, respectively. The coarse-resolution GEOS-Chem 
tends to trap both the release and uptake signal within the planetary boundary layer, resulting in weaker 
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estimates of biosphere seasonal strength. Since the strong fossil fuel emissions are persistently released from the 
surface, the trapped signal leads to the stronger estimates of annual carbon uptakes. These results suggest that 
high-resolution inversion with accurate vertical and meridional transport is urgently needed in targeting national 
carbon neutrality.   

1. Introduction 

The carbon sinks of the terrestrial ecosystems and ocean are 
increasing, generally in pace with the increasing anthropogenic carbon 
dioxide (CO2) emissions, which plays an important role in buffering the 
increasing trend of mean atmospheric CO2 concentration and the global 
warming (Friedlingstein et al., 2022). Atmospheric CO2 records since 
the 1960s show a significant seasonal cycle that originates mainly from 
the Northern Hemisphere (NH) terrestrial ecosystems (Keeling, 1960). 
The large carbon uptake in NH during spring and summer is offset by the 
large carbon release during autumn and winter, leaving a small annual 
carbon uptake, on average, in the recent decades (Ciais et al., 1995, 
2019; Pan et al., 2011; Schimel et al., 2015). Therefore, a robust annual 
sink estimate in the NH depends critically on the accuracy of the 
reproduced seasonal cycle. The carbon sink estimate from the “top- 
down” approach of atmospheric inversion is usually larger than the 
“bottom-up” approaches of process-based model simulation and in
ventory by around 1 gigaton of carbon per year (GtC yr− 1) (Schimel 
et al., 2015) which is about half of the global annual land uptake (Kondo 
et al., 2020). Based on vertical gradients of airborne CO2 observations, 
the strong sink is dramatically reduced by 1.5 GtC yr− 1 based on the 
statistic fitting of an ensemble of top-down estimates (Stephens et al., 
2007). 

The “top-down” approach uses an atmospheric transport model 
(ATM) driven by meteorological reanalysis products to relate the surface 
carbon fluxes with observed CO2 concentration, in which the uncer
tainty related to the transport simulation is always ignored. Despite 
many efforts to improve ATM, various transport errors still exist, chal
lenging the reliability of annual carbon budget estimates, especially in 
the context of the large seasonal cycle amplitude (Baker et al., 2006; 
Basu et al., 2018; Liu et al., 2011; Schuh et al., 2019, 2022; Stanevich 
et al., 2020; Yu et al., 2018). One major error originates from the 
spatiotemporal averaging process of meteorological data that weakens 
the vertical motion within the boundary layer and amplifies the 
meridional transport in the northern mid-latitudes (Schuh et al., 2019; 
Schuh and Jacobson, 2023). Considering such prominent errors, in
versions at native high resolution are urgently needed to support reliable 
national carbon budget accounting (Byrne et al., 2023; Jiang et al., 
2022). Since the native high-resolution global inversion is computa
tionally expensive, global inversions were usually conducted at a hori
zontal resolution of 2◦ to 5◦ (Byrne et al., 2023; Friedlingstein et al., 
2022) which is about an order of magnitude coarser than state-of-the-art 
meteorology reanalysis (Gelaro et al., 2017; Hersbach et al., 2020). In 
this study, we developed a computationally efficient atmospheric 
inversion framework based on the ATM, GEOS-Chem. It can run at 
coarse horizontal resolutions of 4◦ × 5◦ and 2◦ × 2.5◦ over the globe and 
native high resolution of 0.5◦ × 0.625◦ over E. Asia, N. America, and 
Europe. Based on the inversions at the three horizontal resolutions, we, 
for the first time, systematically derived the impact of coarse GEOS- 
Chem on estimating the carbon budget and seasonal cycle in the 
northern mid-latitudes. Section 2 describes the data and method; Section 
3 shows the results; the discussion and conclusion are presented in 
Sections 4 and 5, respectively. 

2. Data and methods 

2.1. CO2 observations 

In this study, COLA assimilated surface and satellite observations. 

The in-situ and flask observations near the surface are obtained from the 
Obspack_co2_1_GLOBALVIEWplus_v8.0_2022-08-27 dataset (Cox et al., 
2022). Sites within the dataset that can represent large-scale CO2 signals 
are selected (Fig. S2). We use the land-nadir and land-glint retrieval 
from the Orbiting Carbon Observatory-2 (OCO-2) based on the Atmo
spheric Carbon Observations from Space (ACOS) algorithm of version 10 
(Fig. S1). The high-frequency retrieval is averaged to 10-second bins 
(Baker et al., 2021). Because there are rare vertical profiles in E. Asia and 
Europe, several aircraft vertical CO2 profiles above N. America within 
the Obspack are used to evaluate the inversion results and to demon
strate that native resolution inversion is better than the coarse resolution 
inversions. In addition, the Total Carbon Column Observing Network 
(TCCON) is also used to evaluate the results (Wunch et al., 2011). The 
details of processing the observations are described in Text S1. 

2.2. Inversion system and experiment setup 

We use an ensemble-based CO2 data assimilation system, Carbon in 
Ocean-Land-Atmosphere (COLA), to relate the observed CO2 concen
tration with the surface carbon fluxes. The ATM used in COLA is the 
GEOS-Chem of version 13.0.2 which allows one-way nesting in a region 
of interest (Bey et al., 2001). To speed up the model and save the 
computational resources, the ensemble CO2 simulations are conducted 
using a single GEOS-Chem program. The details of GEOS-Chem config
urations are described in Text S2. We conducted two global inversion 
experiments at 4◦ × 5◦ (EXP-low) and 2◦ × 2.5◦ (EXP-mid) resolutions 
using coarse meteorological fields of Modern-Era Retrospective analysis 
for Research and Applications, version 2 (MERRA-2) from NASA Global 
Modeling and Assimilation Office (Gelaro et al., 2017). The parent 
model of MERRA-2 is the Goddard Earth Observing System (GEOS) 
model using the cubed-sphere grid and the analysis outputs are regrided 
to the latitude-longitude grid at 0.5◦ × 0.625◦ resolution (Molod et al., 
2015). Furthermore, we conducted a regional experiment at native 0.5◦

× 0.625◦ (EXP-high) resolution in N. America, Europe, and E. Asia. All 
the three experiments are configured with 47 vertical levels. The ex
periments span from 1 September 2014 to the end of 2018. The initial 
CO2 and flux conditions at 1 September 2014 in the three experiments 
are identical and are generated from a Greenhouse gases Observing 
SATellite-based inversion at 2◦ × 2.5◦ resolution (Yokota et al., 2009). 
The 1-hourly boundary CO2 condition for EXP-high is generated from 
EXP-mid. 

The data assimilation algorithms used in COLA are a local ensemble 
transform Kalman filter (LETKF) with four-dimensional extension (Hunt 
et al., 2007; Liu et al., 2019), a constrained ensemble Kalman filter 
(CEnKF) (Liu et al., 2022), and an Assimilating A Priori as special 
Observation (AAPO) algorithm (Liu et al., 2023). The LETKF is config
ured to digest asynchronous hourly CO2 observations within the 
observation window of 7 days, and to update the flux parameter and CO2 
state at the end of the assimilation window of 1 day. Besides the common 
CO2 observations, COLA can digest the spatial gradient of a “bottom-up” 
estimation as a special observation for the purpose of regularization, 
which can reduce the bias impact of bottom-up estimation. The spatial 
gradient of a “bottom-up” estimation or the “bottom-up” estimation it
self is called a priori estimation in COLA. The LETKF algorithms can be 
summarized in the analysis equations, 

xa = xb +XbP̃a( Yb)TR− 1( yo − yb), (1)  
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P̃a
=

[(
Yb)TR− 1( Yb)+ (K − 1)I

]− 1
, (2)  

Xa = Xb[(K − 1)P̃a
]

1
2, (3)  

where the flux parameter f is augmented to the CO2 state c that x =

[c, f]T; the superscripts a and b denote the analysis and background (first 
guess), respectively, and the background flux is the persistence of 
analysis flux at the last assimilation time; x and X are the ensemble mean 
and ensemble perturbation, respectively; yo is the CO2 observations 
within the observation window of 7 days and the spatial gradient of a 
“bottom-up” estimation at the end of assimilation window; yb is the 
forecasted ensemble mean observations corresponding to each obser
vations; Yb is the ensemble perturbation in the observation space; R is 
the observation error matrix; P̃a is the analysis error covariance; K is the 
ensemble size which is set to 20; and I is the identical matrix. The details 
of generating the ensemble flux uncertainty are described in Text S3. 
The CEnKF is dedicated to the global mass conservation of CO2 after the 
LETKF process because COLA updates the CO2 state directly in the 
LETKF step, 

ca+ = ca +Ea(h′Ea)
T( h′Ea(h′Ea)

T )− 1( h′cb − h′ca) (4)  

where ca+ is the CEnKF ensemble mean of the CO2 state. ca is the LETKF 
ensemble mean of CO2 state. Ea is the ensemble perturbation of CO2 
after the LETKF process. CEnKF defines the “observations” as the truth 
with r = 0 to meet the mass conservation purpose. 

COLA optimizes two types of fluxes at 1-day timestep, including the 
ocean-atmosphere carbon flux and the land-atmosphere flux (including 
fire). Fossil fuel emissions is prescribed and not optimized. The pre
scribed emissions are based on a combination of the 1 km× 1 km and the 
1◦ × 1◦ Open source Data Inventory of Anthropogenic CO2 emission 
(ODIAC) product (Oda et al., 2018). Because the 1 km× 1 km ODIAC 
product contains only the fossil fuel combustion, cement production, 
and gas flaring, while the aviation, marine bunker, and antarctic fishery 
are available only from the 1◦ × 1◦ ODIAC product. The combined 
emissions are then disaggregated into one hourly timestep based on the 
Temporal Improvements for Modeling Emissions by Scaling (TIMES) 
method (Nassar et al., 2013). The a priori land-atmosphere fluxes are 
modeled by a dynamic vegetation model, VEgetation-Global- 
Atmosphere-Soil (VEGAS), at 0.5◦ × 0.5◦ resolution and one hourly 
timestep (Zeng et al., 2014). The a priori ocean-atmosphere fluxes are 
obtained from a daily pCO

2 dataset (Rödenbeck et al., 2013). The three 
types of fluxes are regrided to the horizontal resolution and domain of 
the corresponding experiments. 

2.3. OCO-2 model intercomparison project v10 (OCO2MIP-v10) 

The OCO2MIP-v10 collected state-of-the-art CO2 inversion results 
from 15 inversion systems, including AMES, Baker, CAMS, CMS-Flux, 
COLA, CSU, CT, GCASv2, JHU, LoFI, NIES, OU, TM5-4DVar, UT, and 
WOMBAT (Byrne et al., 2023). The details of OCO2MIP-v10 participants 
are described in Table S1. We exclude LoFI and COLA for comparison. 
Because LoFI is not a standard inversion system and COLA is the system 
we used to infer the high-resolution flux in this study. Each of the 
OCO2MIP systems conducts 5 experiments under the same protocol. We 
use the experiment that assimilate the OCO-2 Land-Nadir and Land-Glint 
and the surface In-Situ (LNLGIS) observations to compare with our 
inversion results. 

3. Results 

3.1. Annual mean 

Over 2015–2018, we report the annual mean carbon sinks for the 
integrated three regions of − 2.15±0.08, − 2.65±0.09, and − 3.02±0.08 

gigatons of carbon per year (GtC yr− 1) for EXP-high, EXP-mid, and EXP- 
low, respectively (Fig. 1b). EXP-mid and EXP-low give 23.2 % and 40.5 
% more sink estimates than EXP-high, respectively. The stronger carbon 
uptake estimates from EXP-mid and EXP-low are also shown in each of 
the three regions, especially E. Asia. The estimates from EXP-mid are 
well consistent with the ensemble mean estimates of version 10 of the 
OCO-2 flux model intercomparison project that assimilated the similar 
observations. Spatially, these stronger carbon uptakes occur mainly in 
Eastern mainland China and Southern USA (Fig. 1c), resulting in more 
than 4 times and 1 times larger carbon sink estimation for EXP-low than 
EXP-high in China and the USA, respectively (Fig. 2). The China's carbon 
sink estimate of 0.14±0.03 GtC yr− 1 for EXP-high is smaller than pre
vious inversion studies (He et al., 2023; Jiang et al., 2016; Jin et al., 
2023; Kou et al., 2023; Schuh et al., 2022; Wang et al., 2020; Wang et al., 
2022; Zhang et al., 2014; Zhong et al., 2023) but is reconciled with in
ventory or process-based modeling estimates (Fang et al., 2018; Lu et al., 
2018; Piao et al., 2009), albeit in different periods. 

The latitudinal distribution of annual mean flux shows a significant 
overestimation of carbon sink in EXP-mid, EXP-low, and ensemble mean 
of OCO2MIP-v10 over the mid-latitude of 25◦N–45◦N, where the fossil 
fuel emissions are dense (Fig. 1d). Further analysis on how the fossil fuel 
emissions affect the inverse estimates are shown in Section 3.3. Focusing 
on the interannual variability, the country-level estimates across the 
three resolutions are well consistent with each other (Fig. 2). In China 
and USA, the annual estimates in EXP-high is smaller than EXP-mid and 
EXP-low for each year, further indicating that the overestimated carbon 
sink is robust. 

3.2. Seasonal cycle 

The overestimated annual carbon sink in EXP-mid and EXP-low can 
be attributed to biases in the seasonal cycle. Recent aircraft campaigns of 
Atmospheric Carbon and Transport-America find notable underestima
tion of seasonal strength of N. American biosphere in the OCO2MIP 
inversions (Cui et al., 2022). Our high-resolution results support this 
finding and extend it to most NH land areas (Figs. S6 and S7). The main 
underestimation concentrated in the cropland area of N. America, 
Central Europe, and China and the Northern forest with strong seasonal 
cycle. 

Generally, both the carbon uptake during the growing seasons and 
the carbon release during the non-growing seasons are underestimated 
but differ in magnitude and seasons in different areas (Fig. 3). In China 
and the USA, EXP-high shows more than 1 times more carbon release 
and slightly more carbon uptake than EXP-low during the source period 
and the sink period, respectively (Fig. 3c, d). The systematic seasonal 
and annual differences among the three experiments display strong 
seasonality and latitudinal dependency, implying that horizontal 
coarsening of meteorological data can introduce bias to the flux 
inversion. 

3.3. Transport impact on flux estimates 

Coarse-resolution ATM tends to weaken the vertical transport due to 
the loss of sub-grid-scale eddy mass flux and strengthen the meridional 
advection due to the increased horizontal diffusion in the mid-latitude of 
NH in ATM of GEOS-Chem (Schuh et al., 2019; Stanevich et al., 2020; Yu 
et al., 2018). The direct impact is that a strong flux signal of both uptake 
and release would be trapped in the planetary boundary layer (PBL) and 
move northward or southward more quickly in the mid-latitude of NH 
(Schuh et al., 2019). Below the stratosphere, The vertical distributions of 
the analysis CO2 in mid-latitude N. America and E. Asia display annual 
positive and negative annual biases within the PBL and above the PBL, 
respectively, in EXP-low (Fig. 4). The strong emissions in the mid- 
latitudes N. America are ventilated to the high-latitudes, leading to 
the weak negative annual biases within the PBL in the high-latitudes and 
the slightly weaker carbon sink in Canada (Fig. 2). In the stratosphere, 
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Fig. 1. Terrestrial and ocean carbon fluxes in N. America, E. Asia, and Europe for 2015–2018. a) Annual mean spatial pattern of analysis of carbon fluxes (KgC m− 2 

yr− 1) from EXP-high at 0.5◦ × 0.625◦ resolution. b) The regional total carbon fluxes (GtC yr− 1) from EXP-mid at 2◦ × 2.5◦ (black), EXP-low at 4◦ × 5◦ (gray), and 
EXP-high at 0.5◦ × 0.625◦ (red) and from ensemble estimates of OCO2MIP-v10 models (blue). The light gray error bars indicate the standard deviation of ensembles. 
Fig. S3 shows the total estimates in each year. c) Annual mean difference between EXP-low and EXP-high (KgC m− 2 yr− 1). Fig. S5 shows the difference between EXP- 
mid and EXP-high. d) Latitudinal mean difference per 4◦ latitude of EXP-mid (black), EXP-low (gray), and the OCO2MIP-v10 ensemble mean (blue) compared to EXP- 
high. The light blue lines with crosses, circles, and squares marked on are the OCO2MIP-v10 sub-ensemble mean using GEOS-Chem, TM5, and other transport 
models, respectively. The thick red line is the latitudinal distribution of net fluxes (fossil fuel emissions and natural fluxes of terrestrial and ocean). The light red lines 
with crosses and circles marked on denote the fossil fuel emissions and the analysis of terrestrial and ocean fluxes in EXP-high, respectively. 

Fig. 2. National terrestrial carbon fluxes (GtC yr− 1) for 2015–2018. Note that the regional inversion in N. America does not fully cover the land area of USA 
and Canada. 
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EXP-low displays strong positive annual biases at the mid- and high- 
latitudes. Stanevich et al. (2020) pointed out that the polar votex bar
rier at 4◦ × 5◦ resolution is weaker than at 2◦ × 2.5◦ in GEOS-Chem, 
resulting in more CO2 mixed into the stratosphere. 

From the inversion perspective, a smaller flux signal in EXP-mid and 
EXP-low can generate an equivalent near-surface CO2 signal than in 
EXP-high, resulting in the stronger annual carbon uptakes and the 
weaker seasonal cycle amplitude. Moreover, the smaller flux signal 
trapped in the PBL leads to positive or negative concentration bias when 
the net flux is released or uptake from the surface, respectively (Fig. 5). 
This implies that the direction of flux bias depends mainly on the di
rection of absolute net flux. For the fossil fuel emissions, which is always 
positive, the bias of PBL CO2 and the bias of flux are expected to be 
positive during the entire year. In contrast, the terrestrial could cause 

opposite biases in growing seasons and decaying seasons. Consequently, 
in the mid-latitude of E. Asia, the PBL CO2 biases are positive in each 
month (Figs. S14 and S15) because of the year-round positive net flux of 
fossil fuel emissions and terrestrial flux, and the resulting flux bias is 
negative in most of the months (Fig. 5b). In the mid-latitude of N. 
America, things are slightly different during the growing seasons that 
the terrestrial uptake signal overwrites the release signal of fossil fuel 
emissions, resulting in slight positive flux biases (Fig. 5a). In conclusion, 
the resulting negative annual flux biases are more a function of the 
magnitude of underlying fossil fuel emissions. 

3.4. Evaluation 

The three experiments assimilated the same surface observations in 

Fig. 3. The stronger seasonal strength of the terrestrial carbon flux in EXP-high than in EXP-low and EXP-mid. The upper subplots in a) and b) show the climatology 
seasonal cycle in EXP-high (red), EXP-mid (black), EXP-low (gray), and the ensemble mean of OCO2MIP-v10 (blue) in China and the USA, respectively. The bottom 
subplots in a) and b) show the differences compared to EXP-high. The maps show the ratio calculated by dividing the absolute difference of analysis fluxes between 
EXP-high and EXP-low by the absolute flux of EXP-low in the c) source and d) sink periods. Fig. S8 shows the comparison between EXP-high and EXP-mid. The source 
period is the non-growing season when the terrestrial carbon flux is positive, and the sink period is the growing season when the terrestrial carbon flux is negative. 
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the three domains. However, comparing the posterior CO2 concentra
tion to the assimilated surface observations, the residual absolute biases 
in EXP-low is significantly greater than EXP-high at most stations, 
especially over Europe and costal area (Fig. 6a). The coarse resolution 
ATM can not reproduce the small scale CO2 variability and clearly 

separate the boundary between land and ocean, resulting in the greater 
biases. For the independent TCCON observations (Fig. 6b), the absolute 
biases in EXP-low is also greater than EXP-high at most stations, sug
gesting that the posterior CO2 distribution is improved in EXP-high. 

Compared with independent vertical CO2 profile data in N. America 

Fig. 4. The 4-year mean vertical-latitude distribution of the analysis CO2 averaged along the longitude band of (first row) 65◦E–135◦E in E. Asia and (second row) 
− 105◦W–65◦W in N. America. The first two columns are the distribution in EXP-high and EXP-low, respectively. The last column is their difference. Figs. S10–12 and 
S13–15 show the full comparison between the three experiments in E. Asia and N. America, respectively. 

Fig. 5. The climatology seasonal bias of flux and PBL CO2. Two mid-latitude regions of a) 20◦N–45◦N, − 105◦W to − 65◦W within N. America and b) 20◦N–40◦N, 
65◦E to − 135◦E within E. Asia are considered. The thick gray and black lines are the biases of the analysis of the mean CO2 concentration under the 850 hpa pressure 
level for EXP-low and EXP-mid, respectively, compared to EXP-high. The thin gray and black lines with squares marked on are the biases of the analysis of total 
terrestrial and ocean fluxes within the defined regions for EXP-low and EXP-mid, respectively, compared to EXP-high. The thick red line is the total fluxes of fossil fuel 
emissions and natural fluxes of terrestrial and ocean for EXP-high. The light red lines with crosses and circles marked on are the fossil fuel emissions and natural 
fluxes of terrestrial and ocean, respectively, for EXP-high. 
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(Fig. 6c), the bias of EXP-high is smaller than EXP-mid and EXP-low, 
indicating that the inversion at native high resolution improved the 
estimates and vertical transport. However, in EXP-high, systematic 
biases still exist, suggesting that the native resolution inversion needs to 
be further improved. 

4. Discussion 

In this study, the coarse resolution transport effect on flux estimates 
is revealed. However, the transport biases still exist in the native reso
lution GEOS-Chem due to the temporal averaging of meteorology data 
(Yu et al., 2018). Beside the coarse resolution effect, other factors, e.g., 
uncertainty from the fossil fuel emissions (Han et al., 2020), satellite 
retrieval biases (Miller and Michalak, 2020), and representativeness of 
observations (Wang et al., 2022) may affect the regional estimates. 
Previous studies pointed out that the fossil fuel emissions in China may 
be overestimated (Liu et al., 2015) and the magnitude of emissions can 
affect the estimates of biosphere fluxes (Oda et al., 2023), especially 
using ATM with systematic biases. Regardless of the absolute size of the 
carbon sink in Northern mid-latitudes, the tendency of stronger carbon 
sink using higher resolution GEOS-Chem is robust as revealed in this 
study. China and USA are the two largest CO2 emitters worldwide 
(Friedlingstein et al., 2022). Their terrestrial carbon sink estimates may 
be overestimated from the previous top-down researches using coarse- 
resolution GEOS-Chem, thus alleviating their emissions reduction 

duty. The fundamental issue of ATM bias for the two countries is 
amplified by their large and persistent fossil fuel emissions and 
disturbed by the seasonal varying terrestrial flux. In the era of tracing 
carbon neutrality, accurate accounting of the national CO2 budget from 
both top-down and bottom-up perspectives is urgently needed (Byrne 
et al., 2023; Jiang et al., 2022). Our findings suggest that top-down 
inversion research equipped with higher resolution and more accurate 
ATMs is urgently needed (Chevallier et al., 2023; Martin et al., 2022). 

5. Conclusion 

We conducted two global CO2 inversions at horizontal resolutions of 
4◦ × 5◦ and 2◦ × 2.5◦, respectively, and a regional CO2 inversion at the 
native resolution of 0.5◦ × 0.625◦ in the integrated region of N. America, 
E. Asia, and Europe. Compared to the inversion at 4◦ × 5◦ resolution, the 
carbon sink estimates from the inversion at native resolution in the in
tegrated region are reduced by 40.5 %. The coarse-resolution GEOS- 
Chem tends to trap both the release signal of fossil fuel emissions and 
land biosphere respiration and uptake signal of land biosphere photo
synthesis within the PBL, resulting in the underestimated seasonal 
strength of land biosphere. During the non-growing seasons, the coarse 
resolution inversions shown prominent less carbon release, leading to 
the overestimated annual carbon sink estimates. Further analysis sug
gests that the carbon uptakes were overestimated over countries with 
dense fossil fuel emissions. For example, the mean land carbon sinks in 

Fig. 6. The absolute annual mean CO2 and XCO2 bias differences from 2015 to 2018 between EXP-low and EXP-high for a) assimilated surface observations and b) 
TCCON observations, respectively. c) The mean vertical CO2 biases in EXP-high, EXP-mid, and EXP-low compared to 6 vertical CO2 profiles from 2015 to 2018 (car, 
hil, cma, crv, esp, and etl) above N. America. 
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China and USA are reduced from 0.64±0.03 and 0.35±0.02 GtC yr− 1 to 
0.14±0.03 and 0.15±0.02 GtC yr− 1, respectively. 
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Le Quéré, C., Peters, G.P., Peters, W., Pongratz, J., Sitch, S., Canadell, J.G., Ciais, P., 
Jackson, R.B., Alin, S.R., Anthoni, P., Bates, N.R., Becker, M., Bellouin, N., Zeng, J., 
2022. Global carbon budget 2021. Earth Syst. Sci. Data 14 (4), 1917–2005. https:// 
doi.org/10.5194/essd-14-1917-2022. 
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