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Abstract Elevated atmospheric carbon dioxide (CO2) concentrations have caused global climate change such as global warming
and more frequent climate extremes. Countries worldwide have proposed carbon neutrality strategies to curb the rising CO2
concentrations. To investigate the impact of China’s carbon neutrality goal on atmospheric CO2 concentrations, we conducted a
series of ideal simulations from 2015 to 2019 using a global 3D chemistry transport model, Goddard Earth Observing System
Chemistry (GEOS-Chem). Compared with the column-averaged dry-air mole fraction of atmospheric CO2 (XCO2) from Orbiting
Carbon Observatory-2 (OCO-2) and surface CO2 measurements in ObsPack, we find that GEOS-Chem effectively reproduces the
spatiotemporal variability of CO2. The model exhibits a root mean square error (RMSE) of 1.51 ppm (R2=0.89) for OCO-2 XCO2
in China and 2.65 ppm (R2=0.75) for surface CO2 concentrations at the WLG station. Further, compared to 2.83 ppm yr−1 in the
control experiment, we suggest that net-zero CO2 emissions in China decelerate the increasing trends of XCO2 to 1.81 ppm yr−1,
making a decrease of approximately 35.89%. Meanwhile, the seasonal cycle amplitude (SCA) of XCO2 is moderately reduced
from 7.39±0.81 to 6.75±0.70 ppm, representing a relative reduction of 9.91%. Spatially, net-zero CO2 emissions induce a more
significant decrease in XCO2 trends over northern and southern China, while their impact on SCA is more evident in northern and
northeastern China. Moreover, ideal experiments demonstrate that zero fossil CO2 emissions lead to a greater attenuation of the
linear trends of XCO2 by 40.81%, while the absence of terrestrial CO2 sinks largely diminishes the SCA by 16.61%. Additionally,
trends and SCA in surface CO2 concentrations exhibit almost identical decreasing responses to net-zero CO2 emissions but display
greater sensitivities compared to XCO2. Overall, our study underscores the potential of China’s carbon neutrality goal in
mitigating global warming, underscoring the need for concerted and collaborative efforts from nations worldwide.
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1. Introduction

Continued greenhouse gas emissions, primarily from human
activities such as fossil fuel combustion and cement manu-
facturing (Höök and Tang, 2013; He et al., 2022), have no-
tably elevated atmospheric carbon dioxide (CO2)
concentrations from pre-industrial levels of 280 ppm
(1 ppm=1 μg g−1) to approximately 417.9 ppm in 2022
(WMO, 2023). The increase in atmospheric CO2 has in-
tensified the greenhouse effect, contributing to global
warming with a surface temperature increase of 1.07°C
(IPCC, 2021; Jeffry et al., 2021; Ponce and Khan, 2021).
Consequently, it has increased the frequency and intensity of
extreme weather events and compound hazards (Agha-
Kouchak et al., 2020; Laufkötter et al., 2020; Gampe et al.,
2021), such as heatwaves, droughts, wildfires, precipitation,
and floods, posing a threat to human health, economic sta-
bility, and ecological balance (Zhang and Zhou, 2020;
Vicedo-Cabrera et al., 2021).
Currently, atmospheric CO2 concentrations are monitored

and studied using three main methods: satellite space-based
monitoring, ground station observation, and model simula-
tions (Jin et al., 2022). Satellite space-based monitoring of-
fers a global perspective of the seasonal cycle and spatial
patterns of atmospheric CO2 with sufficient accuracy, cov-
erage, and resolution. Data on the column-averaged dry-air
mole fraction of atmospheric CO2 (XCO2) data generated by
the Greenhouse Gases Observing Satellite (GOSAT), the
Orbiting Carbon Observatory-2 (OCO-2), and the Orbiting
Carbon Observatory-3 (OCO-3) are widely used in studies of
atmospheric CO2 concentration variations (Chatterjee et al.,
2017; Eldering et al., 2017; Wang et al., 2020; Li et al., 2022;
Feldman et al., 2023). Ground-based observations, such as
the Total Carbon Column Observing Network (TCCON) and
the Observation Package framework (ObsPack), provide
accurate measurements of ground-level CO2 concentrations.
However, the limited number of ground-based stations
constrains comprehensive analysis of ground-level con-
centrations (Zhang et al., 2017). While spaceborne and
ground-based observations effectively track changes in at-
mospheric CO2 concentration, they cannot differentiate be-
tween anthropogenic and natural emission sources. This
limitation can be addressed by the model simulation method,
which controls and constrains the input data. For instance,
models like the Goddard Earth Observing System Chemistry
global 3D chemistry transport model (GEOS-Chem) play a
crucial role in this regard (Messerschmidt et al., 2013; Al-
lahudheen et al., 2023).
In an effort to mitigate the global warming, nations signed

The Paris Agreement, which aims to limit global tempera-
ture rise to well below 2°C and seeks to limit warming to
1.5°C (Rogelj et al., 2016; Roelfsema et al., 2020). In order
to realize this vision, CO2 emissions need to achieve a

balance between anthropogenic emissions by sources and
removals by sinks, which is known as net-zero emissions or
carbon neutrality (Fuglestvedt et al., 2018; Rogelj et al.,
2019). In this regard, more than 100 countries have or are
considering achieving net-zero emissions or neutralization
targets (van Soest et al., 2021). For example, the United
States and the European Union both plan to achieve net zero
greenhouse gas emissions by 2050 (Salvia et al., 2021;
Williams et al., 2021). China, a major emitter of greenhouse
gases, accounts for approximately 10%±4% of the current
global radiative forcing, with CO2 emissions from fossil fuel
burning being its largest contributor, estimated at 0.16±0.02
W m−2 (Li et al., 2016). In order to achieve those targets of
the Paris Climate Agreement, China has proposed im-
plementing more stringent policies and measures to ensure
CO2 emissions achieve carbon peak and carbon neutrality in
this century at the general debate of the 75th session of the
United Nations General Assembly (Zhang et al., 2021; Dong
et al., 2022).
Existing research on net-zero emissions has primarily fo-

cused on pathways and strategies from technical and policy
perspectives, such as energy transition, and Carbon Capture,
Utilization, and Storage (CCUS) (Chen et al., 2022; Shang
and Lv, 2023). Most analyses of atmospheric CO2 con-
centrations have emphasized their spatial distribution and
temporal changes (Keenan et al., 2016; Su et al., 2023; Liu et
al., 2024; Lou et al., 2024). However, the impact of regional
net-zero emissions, such as in China, on atmospheric CO2

concentrations and the extent of reduction remain unclear. In
this study, we will employ the GEOS-Chem model to per-
form an ideal simulation to examine the changes in XCO2

and surface CO2 concentrations under net-zero emissions
conditions. Our analysis will focus on variations in their
trends and the amplitudes of the seasonal cycle. Additionally,
we will conduct sensitivity experiments to quantitatively
assess the individual effects of regional fossil CO2 emissions
and terrestrial CO2 sinks on XCO2.

2. Datasets and methods

2.1 OCO-2 XCO2 product

We employed spaceborne measurements of atmospheric
XCO2 obtained from OCO-2 satellite launched in July 2014.
The OCO-2 project comprises three high-resolution spec-
trometers that simultaneously measure reflected sunlight in
the near-infrared CO2 bands near 1.61 and 2.06 μm, as well
as in the molecular oxygen A-band at 0.76 μm. OCO-2
crosses the equator at 1:36 p.m. local time, with the cycle for
a near repeat of observations of 16 d or 233 orbits. OCO-2
carried out observations in three modes of nadir, glint, and
target. After the first year, alternating nadir/glint observa-
tions are carried out on all orbits except for scintillation
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observations over the majority of the Pacific and Atlantic
Oceans. Specifically, we use the OCO2_L2_Lite_FP dataset
version 11 (Kiel et al., 2019), characterized by a spatial re-
solution of 2.25 km×1.29 km. The dataset used in this study
covers the time period from January 1, 2015 to December 31,
2019, with data gaps observed between August 1, 2017 and
September 18, 2017. In this study, the XCO2 data did not
differentiate between nadir and glint observation methods,
selecting data with a quality flag of “good quality” (QA=0).
To align with the horizontal resolution of the GEOS-Chem
model, we mapped the satellite data onto a consistent
2°×2.5° latitude/longitude grid, by averaging observations
within each grid cell.

2.2 Surface CO2 from ObsPack

We utilized CO2 surface observations sourced from the Ob-
sPack data products (Masarie et al., 2014; Schuldt et al.,
2022). The ObsPack framework consolidates atmospheric
greenhouse gas observations from various sampling plat-
forms, modeled on the collaborative GLOBALVIEW pro-
duct initiated in 1996 to aid carbon cycle modeling studies.
There were only 10 stations within China, and after ex-
cluding marine and border areas, data were available for just
6 stations: WLG, LFS, LAN, XGL, JSA, and SDZ stations.
We selected four of these in the main text based on their
orientation, vegetation cover, and anthropogenic emission
intensity, and the others (JSA and SDZ) are in Appendix
Figure S1 (https://link.springer.com). Detailed locations
(latitudes and longitudes) and observation time information
for these stations are provided in Table 1 and Figure 1b. We
used these four stations as representatives of the surface CO2

concentrations in various regions of China, namely, WLG
station for western China, LFS station for northern China,
LAN station for eastern China, and XGL station for south-
western China.

2.3 GEOS-Chem model and its simulation experi-
mental designs

The GEOS-Chem model enables the simulation of atmo-
spheric CO2 concentration on a broad scale across both space
and time. For this study, we used GEOS-Chem version
13.2.0, which integrates archived GEOS weather data on a
linear latitude and longitude grid to calculate horizontal and
vertical transport processes (Bukosa et al., 2023). The me-
teorological driving fields are sourced from MERRA-2 re-
analysis data, featuring a 3-h temporal resolution for 3D
fields and a 1-h resolution for 2D fields. To initialize the
model, we conducted a one-year spin-up restarting from an
assimilation study (Wang et al., 2019) to generate the re-
quired restart file dated 2015-01-01 for our study. The model
outputs time-averaged data hourly and generates a file

monthly. All other parameters were set to default.
For our atmospheric CO2 concentration simulations, we

took some emission data from the Harmonized Emissions
Component (HEMCO) version 3.5.0 (Keller et al., 2014; Lin
et al., 2021). Specifically, we sourced fossil fuel emissions
from the Open-source Data Inventory for Anthropogenic
CO2 (ODIAC) (Oda and Maksyutov, 2011), ship emissions
from the Common Education Data Standards (CEDS)
(Hoesly et al., 2018), aircraft emissions from Aircraft
Emissions Inventory Code 2019 (AEIC 2019) (Olsen et al.,
2013), and open fire emissions from Global Fire Emissions
Database 4.1s (GFED 4.1s) (Randerson et al., 2018). In ad-
dition, we utilized land and ocean carbon sources and sinks
obtained from the posterior product optimized by the Global
Carbon Assimilation System version 2 (GCASv2) (Jiang et
al., 2021). Figure 1 shows the annual average values for
fossil CO2 emissions and terrestrial CO2 sinks in 2015. It
highlights China’s significant contribution, representing ap-
proximately 27.8% of global fossil CO2 emissions, totaling
9.68 Gt CO2, and 23.0% of global terrestrial CO2 sinks, se-
questering 1.68 Gt CO2. This underscores the crucial role of
both China’s fossil CO2 emissions and terrestrial CO2 sinks
in the global carbon budget.
In order to further investigate the impact of achieving net-

zero carbon emissions on XCO2 in China and to better un-
derstand the individual contributions of fossil CO2 emissions
and terrestrial CO2 sinks, we designed the following four
experiments. They included a control experiment (referred to
as CTL) and three sensitivity experiments (referred to as
EXP1, EXP2, and EXP3, respectively).
(1) CTL: All emissions are used normally from 2015 to

2019.
(2) EXP1: The total carbon fluxes of fossil CO2 emissions

and terrestrial CO2 sinks in China are set to zero from 2015 to
2019.
(3) EXP2: Only fossil CO2 emissions are set to zero in

China from 2015 to 2019.
(4) EXP3: Only terrestrial CO2 sinks are set to zero in

China from 2015 to 2019.
Thus, EXP1-CTL can elucidate the impact of China’s net

CO2 emissions on XCO2 under ideal net-zero emission
conditions. Meanwhile, EXP2-CTL and EXP3-CTL deline-
ate the effects of China’s fossil CO2 emissions and terrestrial
CO2 sinks, respectively, on XCO2 variations. The output of
these experiments consists of 72-layer CO2 concentration
data with a spatial resolution of 2°×2.5° (latitude×longitude)
and a temporal resolution of 1 h. To facilitate direct com-
parison with satellite-observed XCO2 data, a transformation
of the 72-layer CO2 concentration into XCO2 is imperative.
Since the GEO-Chem uses the hybrid sigma-pressure co-

ordinate system vertically, we first calculated the actual air
pressure value corresponding to the center point of each layer
based on the surface atmospheric pressure from MERRA-2.
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Then, we interpolated the simulated CO2 concentration re-
sults from the 72 layers of GEO-Chemmodel to the 20 layers
of OCO-2 based on the air pressure. Finally, we obtained
modeled XCO2 based on the apriori CO2 profile, column
averaging kernel, and pressure weights of OCO-2 (Connor et
al., 2008). Specifically, we computed the GEOS-Chem

modeled XCO2 as follows:

( )( )p h A X XXCO = XCO + , (1)
j

j j m p j2 2

where pXCO2 represents the XCO2 apriori value, hj re-
presents the pressure weights, Aj represents the column

Figure 1 Input data for fossil CO2 emissions and terrestrial CO2 sinks in 2015. (a) The annual average fossil CO2 emissions from ODIAC in 2015; (b) the
annual average terrestrial CO2 sinks from GCAS in 2015. Additionally, the red triangles in (b) indicate the locations of the used ObsPack stations in this study.

Table 1 Information for the observation stations used in this study

Station Latitude, longitude Start date Stop date Province

WLG 36.29°N, 100.90°E 1990-08-05 2021-12-29 Qinghai

LFS 44.73°N, 127.60°E 2009-01-01 2016-12-31 Heilongjiang

LAN 30.30°N, 119.73°E 2009-01-02 2016-12-31 Zhejiang

XGL 28.01°N, 99.44°E 2010-08-02 2016-12-31 Yunnan
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averaging kernel. Xm and Xp represent the GEO-Chem si-
mulation value and the CO2 priori profile, respectively. And j
denotes the levels (20 layers).

2.4 Curve fitting for atmospheric CO2 concentration

Changes in atmospheric CO2 concentration primarily consist
of short-term fluctuations, seasonal cycle, interannual and
decadal variations, and long-term trends. To analyze the
trends and seasonal cycle of CO2 concentrations, we for
simplicity decompose the time series using a curve-fitting
method (Press et al., 1988; Thoning et al., 1989). The
function applied in this study is presented as:

[ ]f t a a t c n t( ) =  +  + sin(2 + ) , (2)
n

n n0 1
=1

4

where the constant term a0 represents the background con-
centration of XCO2 during the study period. The coefficient
of the primary term a1 signifies the linear trends, i.e., the
long-term growth rate of XCO2, while the remaining har-
monic terms are related to the seasonal cycle. cn is the har-
monic term coefficient, and harmonics of a yearly cycle
represents the annual oscillation. The function fits the data
based on the methods of general linear least squares re-
gression and determines a0, a1, and cn. In this study, we
calculated the seasonal cycle amplitude (SCA) by averaging
the differences between the peak and trough of the harmonic
term amplitude across multiple years. Meanwhile, the trend
of time series was the polynomial part of the function plus
the long-term filter of the residuals.

3. Results

3.1 Model performance

To better understand the impact of net-zero CO2 emissions

on China’s CO2 concentration, we evaluated the performance
of GEOS-Chem model simulations (Figure 2). OCO-2 sa-
tellite observations of XCO2 reveal a noticeable upward
trend from 398 ppm in 2015 to 412 ppm in 2019 over China,
exhibiting a trend slope of 2.60 ppm yr−1 (p<0.01). Ad-
ditionally, satellite-observed XCO2 exhibits a distinct sea-
sonal cycle, with a peak in April and a minimum in August,
demonstrating a SCA of 8.78±0.67 ppm. This variation is
due to ecosystems absorbing CO2 in the summer when
photosynthesis exceeds respiration, and releasing CO2 in the
winter when respiration dominates. The GEOS-Chem mod-
eled XCO2 also shows a significant upward trend of
2.83 ppm yr−1 (p<0.01) and a clear seasonal cycle, with the
SCA of 7.39±0.70 ppm, consistent with the OCO-2 ob-
servations. Comparing the GEOS-Chem simulated and
OCO-2 observed XCO2, their relationship closely aligns with
the 1:1 line with an actual slope of 0.95, showing their root
mean square error (RMSE) of 1.51 ppm and a coefficient of
determination (R2) of 0.89. It highlights the strong agreement
between the modeled and observed XCO2 concentrations.
Furthermore, we conducted a comparison between the

GEOS-Chem simulated near-surface CO2 concentration and
surface observations from ObsPack at four in-situ stations
(Figure 3). At WLG station, which serves as an atmospheric
background baseline monitoring site, a clear upward trend in
CO2 concentration (2.51 ppm yr−1, p<0.01) is observed, ac-
companied by a pronounced seasonal cycle similar to sa-
tellite-observed XCO2. The comparison between simulated
and observed surface CO2 shows RMSE of 2.65 ppm and R2

of 0.75. Conversely, at LFS, LAN, and XGL stations, the
surface CO2 concentrations do not exhibit clear trends due to
the short duration of observations, all ending in December
2016. Nonetheless, a strong seasonal cycle is evident at LFS
stations, with RMSE of 7.82 ppm (R2=0.70). The LAN sta-
tion, located in the Yangtze River Delta region, reflects more
pronounced effects of fossil CO2 emissions, resulting in a

Figure 2 Comparison between GEOS-Chem simulated and OCO-2 observed XCO2 in China. (a) Time series of OCO-2 observations (grey dots and black
lines) and the GEOS-Chem simulations (blue dots and lines). Their original values are shown in dots, with the smoothed fitted curves in dashed lines, and the
trends in solid lines. The inserted subplot represents the seasonal cycle of OCO-2 observations (the black line) and the GEOS-Chem simulations (the blue
line), with monthly XCO2 as a multi-year monthly average. (b) Scatter plots for the observed and simulated XCO2. The unit of XCO2 is in ppm.
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weaker seasonal cycle with a RMSE of 7.74 ppm (R2=0.51).
Meanwhile, XGL, located in the southwestern mountainous
area, exhibits the weakest SCA of 4.63±8.09 ppm, suggest-
ing RMSE of 2.31 ppm (R2=0.59). Overall, GEOS-Chem
basically demonstrates reasonable performance in simulating
surface CO2 concentrations, although with larger RMSE
compared to XCO2.

3.2 Impact of ideal net-zero CO2 emissions

Figure 4 shows the changes in XCO2 in China under the ideal
net-zero CO2 emissions (EXP1) relative to the CTL simu-
lation. Clearly, we can find that the simulated results in
EXP1 show a remarkably significant decrease in trend.
Quantitatively, the linear trend in EXP1 is 1.81 ppm yr−1

Figure 3 Comparison between GEOS-Chem simulated and station-observed surface CO2 concentration at WLG (a), LFS (b), LAN (c), and XGL (d). The
left column shows the time series of GEOS-Chem simulated results (blue dots) and ObsPack observations (black dots). The right column shows the
relationship between the observed and simulated CO2 concentrations. The unit of a1 is ppm yr−1 and the unit of SCA is ppm.
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(p<0.01), compared to 2.83 ppm yr−1 (p<0.01) in CTL, re-
presenting a decrease of 1.02 ppm yr−1. In other words, ap-
proximately 64% of the increasing XCO2 trend in China is
induced by CO2 emissions outside China transported by at-
mospheric circulations. The cumulative amount of XCO2

under net-zero CO2 emissions is reduced by 5.39 ppm over
the course of 5 years, which is smaller than China’s cumu-
lative CO2 emissions from fossil fuels, amounting to
6.15 ppm (approximately 47.85 Gt CO2). In contrast, the
change in the SCA of XCO2 is less pronounced with
6.75±0.70 ppm in EXP1 compared to 7.39±0.81 ppm in
CTL, suggesting that China’s carbon sources and sinks have
a weaker influence on its SCA of XCO2. Overall, the com-
bined effect of China’s net-zero CO2 emissions from fossil
CO2 emissions and terrestrial CO2 sinks would reduce the
linear trends of XCO2 by approximately 35.89%, and di-
minish the SCA over China by approximately 9.91% (Table
1).
Spatially, the impact of China’s net-zero CO2 emissions is

evident in the regional trends of XCO2, with widespread
decreasing trends observed (Figure 5a). Specifically, stron-
ger reductions in XCO2 trends are observed over northern
and southern China, while the weakest reductions happen
over the Tibetan Plateau. Interestingly, this pattern differs
from the spatial distributions of fossil CO2 emissions and

terrestrial CO2 sinks in China ( Figures 1 and 5a). It is most
probably due to the influence of atmospheric circulations,
such as the East Asian monsoon (Appendix Figure S2). For
instance, strong fossil CO2 emissions over North China can
be greatly transported into Central China by prevailing
northeasterly winds in winter (Appendix Figures S2–S4).
Consequently, although local fossil CO2 emissions are weak
over Central China, reductions in XCO2 trends are most
pronounced in this region. This phenomenon is further
supported by year-by-year relative changes (Appendix Fig-
ure S4a–S4e).
Similarly, changes in the SCA of XCO2 display hetero-

geneity in its spatial distribution (Figure 5b). In detail, the
SCA in Northern and Northeastern China experiences a
more significant decrease, while slight changes in the SCA
occur in southern China under net-zero emissions. These
changes in the SCA of XCO2 are closely related to the
seasonal cycle of terrestrial CO2 sinks. In winter, weak
carbon sources are observed in northern and northeastern
China, while strong carbon sinks are present in summer
(Appendix Figure S5), suggesting pronounced seasonal
variations in these regions, which correspond well to the
locations showing strong changes in the SCA of XCO2

(Figure 5b). In contrast, southern China shows carbon se-
questration throughout the year, resulting in relatively weak

Figure 4 XCO2 changes in China under ideal net-zero carbon emissions. (a) The original XCO2 (dots), smoothed fitted curves (dashed lines), and trend
lines (solid lines) of XCO2 in the control simulation (CTL, blue dots and lines) and ideal net-zero emission experiment (EXP1, red dots and lines); (b)
seasonal cycle of XCO2 in CTL (blue line) and EXP1 (red line); (c) difference in XCO2 between EXP1 and CTL, including original values (black dots), trends
(pink line), and seasonal cycles (purple line).
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changes in the SCA of XCO2. Additionally, in western China
where there is no significant seasonal difference in CO2

sinks, the SCA of XCO2 is reduced to some extent under net-
zero emissions, which is due to modulations in atmospheric
circulations.

3.3 Individual contributions of fossil CO2 emissions
and terrestrial CO2 sinks to XCO2 variations

We conducted further analysis to assess the individual im-
pacts of surface CO2 fluxes from fossil CO2 emissions and
terrestrial CO2 sinks in China. Utilizing the results from the
experiment (EXP2) with zero anthropogenic fossil CO2

emissions, we find that the linear trends of XCO2 is
1.67 ppm yr−1 (p<0.01), with a corresponding SCA of
7.95±1.34 ppm (Figure 6). Compared with those values ob-
tained in the CTL of 2.83 ppm yr−1 (p<0.01) and
7.39±0.81 ppm, respectively, the linear trends of XCO2 in
China decreases by 1.16 ppm yr−1, while the SCA show a
slight increase of 0.59 ppm. Consequently, without fossil

CO2 emissions, the linear trends of XCO2 can be reduced by
approximately 40.81%, whereas the SCA increases slightly
by about 7.57% (Table 2). These findings highlight the
dominant role of changes in fossil CO2 emissions in driving
the reductions in the increasing trends of XCO2 in the context
of ideal net-zero CO2 emissions.
Figure 6d and 6e show the spatial patterns of changes in

trends and the SCA of XCO2 in China under EXP2 relative to
CTL, respectively. Notably, without fossil CO2 emissions,
the reductions in linear trends of XCO2 are significantly
stronger, even surpassing −46% in certain regions, and ex-
hibiting a spatial pattern closely resembling that under net-
zero CO2 emissions (Figures 6d and 5a). Conversely, the
SCA strengthens, especially over the southwestern regions
(Figure 6b). Compared with Eastern China, where XCO2

declines sharply throughout the year, Southern China has a
smaller decline in XCO2 in the spring and a large decline in
the other seasons (Appendix Figure S6), making the effect of
zero fossil CO2 emissions on the SCA of XCO2 in South-
western China more significant.

Figure 5 Relative changes in trends and seasonal cycle amplitude (SCA) of XCO2 in China between EXP1 and CTL. (a) Relative changes in trends in
China; (b) relative changes in the SCA of XCO2.
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Figure 6 XCO2 changes in China under zero fossil CO2 emissions (EXP2). (a) The original values, smoothed fitted curves, and trend lines of XCO2 in CTL
(blue dots and lines) and EXP2 (red dots and lines); (b) seasonal cycle of XCO2 in CTL (blue line) and EXP2 (red line); (c) difference in XCO2 between
EXP2 and CTL; (d) relative changes in trends of XCO2 between EXP2 and CTL; (e) relative changes in the SCA of XCO2.

Table 2 Changes in trends (a1) and seasonal cycle amplitude (SCA) of CO2 concentrations in China relative to the control experiment

CO2 concentrations Locations Changes EXP1 EXP2 EXP3

XCO2 China
a1 −35.89% −40.81% 4.92%

SCA −9.91% 7.57% −16.61%

Surface CO2

WLG
a1 −41.88% −47.85% 6.11%

SCA −20.36% 24.10% −32.88%

LFS
a1 −54.37% −37.60% −16.66%

SCA −58.82% −6.49% −49.31%

LAN
a1 −44.64% −46.63% 1.89%

SCA −57.93% −32.32% −28.08%

XGL
a1 −34.59% −49.41% 15.04%

SCA −35.21% 12.30% −45.92%
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In contrast, Figure 7 demonstrates the impact of zero ter-
restrial CO2 sinks in China (EXP3). Absence of terrestrial
CO2 sinks results in the linear trends of 2.97 ppm yr−1

(p<0.01) in XCO2 in China, showing a slight increase of
0.14 ppm yr−1 compared to that in CTL. Consequently,
China’s terrestrial CO2 sinks mitigate the increasing trend in
XCO2 by approximately 4.92%, although this effect is much
smaller than that of fossil CO2 emissions. Conversely, ter-
restrial CO2 sinks contribute to an enhanced SCA by
1.23 ppm, or approximately 16.61% (nearly twice the effect
of fossil CO2 emissions).
Spatially, the absence of terrestrial CO2 sinks leads to an

increase in the linear trends of XCO2 across China, especially

in the western regions (Figure 7d). The mitigating effects are
consistent with the overall expression of carbon sinks in
China (Figure 1b), and the spatial pattern of annual XCO2

increase was generally consistent with the vegetated areas
(Appendix Figure S4k–S4o). However, terrestrial CO2 sinks
peak in summer in the eastern part of China (Figure 1b),
coinciding with prevailing southwesterly and southeasterly
winds associated with the East Asian summer monsoon
(Appendix Figure S2b), blowing atmospheric CO2 inland.
Consequently, stronger reductions in XCO2 trends are ob-
served in the western part of China under the effect of multi-
year accumulation (Figure 7d and Appendix Figure S7i–S7l).
Conversely, the spatial pattern of SCA without terrestrial

Figure 7 XCO2 changes in China under zero terrestrial CO2 sinks (EXP3). (a) The original values, smoothed fitted curves, and trend lines of XCO2 in CTL
(blue dots and lines) and EXP3 (red dots and lines); (b) seasonal cycle of XCO2 in CTL (blue line) and EXP3 (red line); (c) difference in XCO2 between
EXP3 and CTL; (d) relative changes in trends of XCO2 between EXP3 and CTL; (e) relative changes in the SCA of XCO2.
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CO2 sinks resembles the pattern under ideal net-zero emis-
sions (Figure 5b).

3.4 Surface CO2 concentration changes under ideal
net-zero emissions

Figure 8 shows the simulated surface CO2 concentrations
under ideal net-zero emissions for four stations: WLG, LFS,
LAN, and XGL, and simulated concentrations for JSA and
SDZ in Appendix Figure S8. Compared to the linear trends

of 2.96 ppm yr−1 and the SCA of 10.06±2.67 ppm at WLG in
CTL, net-zero emissions result in variations of surface CO2

concentrations, decreasing to 1.72 and 8.01±0.31 ppm, re-
spectively. Thus, the surface CO2 concentration at the at-
mospheric background baseline monitoring site WLG has
seen a reduction of 6.6 ppm from 2015 to 2019, similar to the
accumulated reduction of 5.39 ppm in XCO2 (Figure 4a).
Relatively, China’s net-zero CO2 emissions result in a de-
crease of approximately 41.88% in the increasing CO2 con-
centration at WLG, with fossil CO2 emissions and terrestrial

Figure 8 Changes of surface CO2 in the trend and SCA under the ideal net-zero CO2 emissions are four stations for WLG (a), LFS (b), LAN (c), and XGL
(d). The left column is the smoothed fitted curves (dashed lines) and the trend line (solid line) in CTL (blue) and EXP1 (red). The center column is their
seasonal cycle. The right column is the difference between the two scenarios, including magnitudes (dots), trends (pink line), and seasonal cycles (purple
line). The unit of a1 is ppm yr−1 and the unit of SCA is ppm.
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CO2 sinks accounting for −47.85% and 6.11%, respectively
(Table 2). In addition, net-zero CO2 emissions substantially
reduce the SCA by 20.36%, a much stronger effect than that
observed in XCO2. Individually, zero fossil CO2 emissions
lead to a 24.10% increase in SCA, while the absence of
terrestrial CO2 sinks causes a significant 32.88% reduction in
SCA.
At the LFS and XGL stations, the trends and seasonal

cycles of surface CO2 concentrations are similar to those at
the WLG station (Figure 8b and 8d). Under net-zero CO2

emissions, reductions in increasing CO2 concentrations are
consistently dominated by fossil CO2 emissions, accounting
for −37.60% and −49.41%, respectively. Meanwhile, re-
ductions in the SCA are both driven by terrestrial CO2 sinks,
explaining −49.31% and −45.92%, respectively.
At last, the LAN station, situated in the Yangtze River

Delta, a region with high fossil CO2 emissions, behaves
somewhat differently. Net-zero CO2 emissions result in an
accumulated reduction in surface CO2 concentration of
15 ppm, much larger than the other three stations. Compared
with 2.76 ppm yr−1 in CTL, the linear trend in net-zero
emissions is reduced to 1.53 ppm yr−1, a decrease of 44.64%.
The seasonal cycle also varies significantly, with SCA re-
duced by 57.93% to 9.49±0.70 ppm under net-zero emis-
sions compared with 22.55±8.82 ppm in CTL. However, its
SCA reduction is dominated by fossil CO2 emissions
(−32.32%) rather than terrestrial CO2 sinks (−28.08%).
In general, under the net-zero CO2 emissions, reductions in

trends of surface CO2 concentrations at stations are com-
parable to the reduction in XCO2 in China (Table 2). How-
ever, reductions in the SCA of surface CO2 concentrations at
stations exhibit a much stronger magnitude than that in
XCO2, suggesting that variations in surface CO2 concentra-
tions are more susceptible to changes in surface carbon
sources and sinks on a shorter time-scale.

4. Conclusion and discussion

We in this study investigated the impact of ideal net-zero
CO2 emissions on XCO2 and surface CO2 concentrations in
China through sensitivity experiments using the GEOS-
Chem model for the period from 2015 to 2019. GEOS-Chem
provides an effective reproduction of atmospheric CO2

concentrations, simulating an RMSE of 1.51 ppm (R2=0.89)
for XCO2 with OCO-2 observations and an RMSE of
2.65 ppm (R2=0.75) for surface CO2 concentrations with
observations of the WLG station. Compared with results in
CTL, the increasing trend of XCO2 under net-zero emissions
decreases from 2.83 to 1.81 ppm yr−1, representing a reduc-
tion of 1.02 ppm yr−1. This results in a cumulative reduction
of 5.39 ppm in XCO2 over five years. Relatively, China’s
net-zero CO2 emissions reduce the increasing trend of XCO2

by 35.89%, primarily driven by a reduction of fossil CO2

emissions (−40.81%). In addition, the change in the SCA of
XCO2 is less pronounced, decreasing from 7.39±0.70 ppm in
CTL to 6.75±0.70 ppm, a relative reduction of 9.91%. Spa-
tially, stronger reductions in trends of XCO2 are observed
over northern and southern China, while northern and
northeastern China experiences a more significant decrease
in the SCA.
Furthermore, we find that surface CO2 concentrations are

more susceptible to changes in CO2 sources and sinks. Under
China’s net-zero CO2 emissions, the growth of surface con-
centrations significantly slow, even with a reduction of
54.37% at the LFS station. Additionally, the LAN station,
located in a high fossil CO2 emission region, reflects a more
dramatic decrease in surface CO2 concentration (approxi-
mately 15 ppm) compared with the other three stations
(WLG, LFS, and XGL). Meanwhile, the SCA of surface CO2

concentration is markedly reduced by net-zero CO2 emis-
sions, more than twice the reduction observed in XCO2.
It is worth noting that uncertainties exist in these model

simulations, primarily stemming from three sources: input
data for surface fluxes, restart files, and errors in the atmo-
spheric transport model (Fu et al., 2019; Schuh et al., 2019;
Liu et al., 2024). To reduce these uncertainties, we have
taken several measures. For example, we used surface fluxes
from ODIAC, as prescribed in the OCO-2 v10 MIP (Oda et
al., 2018; Byrne et al., 2023), and the optimized results from
GCASv2 (Wang et al., 2019; Jiang et al., 2021). The required
restart file was generated from a one-year spin-up based on
an assimilation study. In addition, the GEOS-Chem model, a
widely recognized global atmospheric chemistry model, was
used due to its proven accuracy in simulating CO2 con-
centrations (Zhang et al., 2017; Mustafa et al., 2021; Alla-
hudheen et al., 2023; Su et al., 2023).
Overall, these ideal simulations imply that China’s com-

mitment to achieving net-zero CO2 emissions represents a
significant stride towards mitigating the escalating con-
centrations of atmospheric CO2 and addressing climate
change. China’s carbon neutrality goal will play a crucial
role in slowing the progression of global warming. However,
it is important to recognize that while China’s efforts to
achieve net-zero CO2 emissions can mitigate a substantial
portion—approximately 35.89%—of the rising XCO2 trend,
it alone is insufficient to effectively combat climate change.
Additionally, carbon emissions from other countries can
impact CO2 concentrations in China via atmospheric trans-
port. For instance, the WLG station, influenced by the
westerly wind belt, shows high sensitivity to surface emis-
sions in Eurasia (Cheng et al., 2017). Therefore, to better
address the challenges of global warming and strive to limit
the rise in global temperatures to 1.5°C (Rogelj et al., 2016;
Roelfsema et al., 2020), concerted and collaborative efforts
from nations worldwide are imperative.
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Despite the commendable strides towards carbon neu-
trality, it is essential to note that the carbon neutrality pro-
posed by various nations does not inherently lead to a
reduction in atmospheric CO2 levels. Achieving net-negative
CO2 emissions is necessary, requiring the implementation of
measures such as CCUS (Chen et al., 2022; Shang and Lv,
2023), among others.
Moreover, it is noteworthy that the primary pathway to

achieving net-zero CO2 emissions involves both reducing
fossil CO2 emissions and enhancing natural CO2 sinks.
Through the idealized experiments outlined in this study
(Figures 4, 6, and 7), it is projected that while the upward
trend in CO2 concentrations diminishes under such im-
plementation pathways, the SCA is anticipated to change
obviously. Understanding the variation in SCA is a focal
point in some recent literatures (Zeng et al., 2014; Wang et
al., 2021).
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