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Abstract
The study on how the variations in CO2 sources and sinks can affect the CO2 concentration over East Asia would be useful to provide
information for policymaker concerning carbon emission reduction. In this study, a nested-grid version of global chemical transport model
(GEOS-Chem) is employed to assess the impacts of variations in meteorological parameters, terrestrial fluxes, fossil fuel emissions, and biomass
burning on inter-annual variations of CO2 concentrations over East Asia in 2004e2012. Simulated CO2 concentrations are compared with
observations at 14 surface stations from the World Data Centre for Greenhouse Gases (WDCGG) and satellite-derived CO2 column density
(XCO2

) from the Gases Observing SATellite (GOSAT). The comparison shows that the simulated CO2 column density is generally higher than
that of GOSAT by 1.33 � 10�6 (annual mean point by point biases averaged over East Asia). The model reasonably captures the temporal
variations of CO2 concentrations observed at the ground-based stations, but it is likely to underestimate the peaks-to-troughs amplitude of the
seasonal cycle by 50% or more. The simulated surface CO2 concentration in East Asia exhibits the largest inter-annual variation in December-
JanuaryeFebruary (DJF). The regional mean absolute deviation (MAD) values over East Asia are within (4.4e5.0) � 10�6 for all seasons.
Model sensitivity simulations indicate that the inter-annual variations of surface CO2 concentrations are mainly driven by variations of
meteorological parameters, and partly modulated by the inter-annual variations of terrestrial fluxes and fossil fuel emissions in local regions. The
variations of the terrestrial fluxes and fossil fuel emissions may account for ~28% of the inter-annual variation of surface CO2 concentration in
southern China. The inter-annual variations of the peaks-to-troughs amplitude are dependent on variations of meteorological parameters,
terrestrial fluxes and fossil fuel emissions in local regions. The influence of biomass burning emissions is relatively weak.
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1. Introduction

Carbon dioxide (CO2) is one of the most important long-
lived greenhouse gases in the atmosphere. Its spatio-
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temporal variations are affected by human activities (i.e.,
fossil fuel consumption, cement production, and land use
change), as well as the exchanges between atmosphere and
biosphere/ocean. East Asia, especially China, has been
developing rapidly in the past few decades, accompanied by
increased anthropogenic emissions. The atmospheric CO2

levels in China hit new highs (up to 407 � 10�6) in 2017, with
a relatively high annual growth rate due to large anthropogenic
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Asia might play a critical role in the regional carbon budget
(Le Qu�er�e et al., 2018). However, there still exist large un-
certainties in the magnitude and spatio-temporal pattern of
terrestrial carbon sinks at continental and regional scales
resulted from the complex interactions between biosphere and
atmosphere (Piao et al., 2009a, 2009b; Zhang et al., 2014;
Jiang et al., 2016; Thompson et al., 2016). With rising sci-
entific and political concerns about the regional effects of the
carbon cycle, it is very essential to understand the high-
resolution CO2 spatial distribution and variation of CO2, and
a more objective estimate for the impact of the carbon flux on
the CO2 concentration variations in East Asia may help the
policymakers about the carbon emission reduction and climate
adaptation.

Chemical transport model (CTM) is a common tool for
studying the variation of atmospheric CO2 concentrations at
global/regional scale. The CO2 volume fraction in CTM is
driven by prior inputs of CO2 fluxes, including fossil fuel
emission, biofuel emission, biomass burning emission, oceanic
and terrestrial fluxes etc., and mediated by atmospheric
transport. In order to investigate the spatio-temporal variation
of the CO2 concentration, many studies focused on evaluating
the applicability of chemical transport models in CO2 simu-
lations by using atmospheric CO2 ground-based observations
as well as satellite-based CO2 column density (XCO2

) mea-
surements (Feng et al., 2011; Zhang et al., 2015; Li et al.,
2017). For instance, Feng et al. (2011) assessed the global
chemical transport model (GEOS-Chem) simulation of CO2

by using surface observations, aircraft measurements and
satellite data from Atmospheric Infrared Sounder (AIRS)
during 2003e2006. In East Asia, Li et al. (2017) evaluated the
regional chemical model (CMAQ) simulation of the CO2

concentration in 2012 by using GOSAT observations and
ground measurements. However, due to the large uncertainties
in regional carbon sources and sinks, the performance of high-
resolution CTM in simulating the spatio-temporal variation of
CO2 remains unclear, especially the inter-annual variation over
East Asia.

Some efforts have been made to investigate the contribution
of terrestrial ecosystems to the atmospheric CO2 concentration
based on chemical model simulations. Randerson et al. (1997)
and Nevison et al. (2008) indicated that the terrestrial flux
contributes 40%e80% to both seasonal and inter-annual var-
iations of CO2 in the Northern Hemisphere. However, the
contribution of terrestrial ecosystems to the CO2 concentration
is contingent on the prescribed terrestrial carbon flux in the
model. Several studies have analyzed the impacts of the
terrestrial flux uncertainty on the CO2 concentration, and the
results showed that large discrepancies in the prescribed
terrestrial flux could lead to biases over 5 � 10�6 in the CO2

concentration near surface (Fujita et al., 2003; Chen et al.,
2013; Messerschmidt et al., 2013).

The data assimilation using CTM model system and ob-
servations offers a good way to provide optimized CO2 fluxes.
Therefore, some works of CO2 simulations have tried to use
the optimized estimates of terrestrial fluxes derived from the
data assimilation systems to reduce the uncertainties
associated with terrestrial fluxes (Nassar et al., 2010; Feng
et al., 2011; Deng and Chen, 2011; Kou et al., 2015). Only
a few studies focused on East Asia. Kou et al. (2015) reported
that terrestrial fluxes could elevate the CO2 concentration in
North China and Southeast China in winter (Decem-
bereFebruary, DJF) by over 5 � 10�6 while reduce it by over
7 � 10�6 in summer (JuneeAugust, JJA) by using a regional
CTM (RAMS-CMAQ) with and without terrestrial fluxes in
East Asia. Nevertheless, the contribution of terrestrial eco-
systems to the inter-annual variation of the atmospheric CO2

concentration over East Asia has not been addressed in most
modeling studies. In addition, excluding of the inter-annual
variation of terrestrial fluxes might be an important source
of uncertainties for further carbon flux assimilation, since the
terrestrial fluxes have been reported to exhibit a significant
inter-annual variation because of the changes in meteorolog-
ical parameters (e.g., temperature and precipitation), land
cover and land use (Zeng et al., 2005; Piao et al., 2009a; Sitch
et al., 2015; Wang et al., 2016).

In this study, a comprehensive CO2 simulation in East Asia
during 2004e2012 is conducted by using a nested version of
global chemical transport model with the optimized terrestrial
fluxes from CarbonTracker. The main goals of this study are to
investigate the variation of atmospheric CO2 concentration,
and to quantify impacts of the major CO2 sources and sinks on
the atmospheric CO2 concentration at both seasonal and inter-
annual scales, which helps to better understand the carbon
sources and sinks, as well as regulate the carbon emissions.

2. Methods and data
2.1. Methods

2.1.1. Model description
The CO2 concentration over East Asia (11�Se55�N,

70�e150�E) is simulated by using the nested grid global
chemical transport model (GEOS-Chem v10-01, http://www.
geos-chem.org), which is driven by the GEOS-5 assimilated
meteorological fields from the Goddard Earth Observing
System (GEOS) of the NASA Global Modeling and Assimi-
lation Office. The nested GEOS-Chem model has a horizontal
resolution of 0.5� latitude by 0.667� longitude and 47 vertical
layers. The chemical boundary conditions are taken from the
GEOS-Chem global simulations performed at the horizontal
resolution of 2� latitude � 2.5� longitude. The GEOS-Chem
simulation of CO2 has been previously used in the forwards
simulations of CO2 (Shim et al., 2011; Cogan et al., 2012;
Chen et al., 2013) and inversion studies (Feng et al., 2009;
Nassar et al., 2011; Deng et al., 2014). The GEOS-Chem
CO2 simulation is developed by Suntharalingam et al.
(2004), and further undated by Nassar et al. (2010). In this
study, the CO2 is transported as a tracer with the prior CO2

fluxes from fossil fuel combustion and cement production,
biomass burning, biofuel burning, ocean exchanges, terrestrial
exchanges, shipping, aviation and chemical productions from
the oxidation of carbon monoxide, as well as methane and
non-methane volatile organic compounds.

http://www.geos-chem.org
http://www.geos-chem.org
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2.1.2. Numerical experiments
The following CO2 simulations from 2004 to 2012 are

conducted to identify the contributions of variations in
emissions and meteorological parameters to the seasonal and
inter-annual variations of CO2 in East Asia. As suggested by
Nassar et al. (2010), our model simulations are initialized on
January 1st, 2003, with a globally uniform CO2 field of
373.71 � 10�6 that based on the monthly mean sea surface
CO2 concentration at Mauna Loa Observatory in Hawaii from
NOAA-ESRL. After one year spin-up simulation from this
initialized state, a more realistic initial distribution of atmo-
spheric CO2 in January 2004 is derived and used to drive all
the simulations.

VAll is the control simulation with variations in meteoro-
logical parameters, fossil fuel emissions, biomass burning
emissions, terrestrial fluxes, and ocean fluxes from 2004 to
2012. Boundary conditions for CO2 are updated from the
coupled global VAll simulations performed at the horizontal
resolution of 2� latitude � 2.5� longitude. VMet is the simu-
lation with changes in meteorological parameters during
2004e2012, while fossil fuel emissions, biomass burning
emissions, terrestrial fluxes and ocean fluxes are fixed at the
2004 level. Boundary conditions for this nested sensitivity
simulations are taken from the coupled global VMET simu-
lations performed at the horizontal resolution 2�

latitude � 2.5� longitude. VTer is the simulation with changes
in terrestrial fluxes during 2004e2012 over East Asia, while
meteorological parameters, fossil fuel emissions, biomass
burning emissions and ocean fluxes are fixed at the 2004 level.
VFF is the simulation with changes in fossil fuel emissions
during 2004e2012 over East Asia, while meteorological pa-
rameters, biomass burning emissions, terrestrial fluxes and
ocean fluxes are fixed at the 2004 level. VBB is the simulation
with changes in biomass burning emission during 2004e2012
Table 1

Summary of emission inventories used in GEOS-Chem simulations.

Flux type Flux data description

Fossil fuel combustion

and cement production

Open-source Data Inventory for Atmospheric

CO2 emissions (ODIAC) with monthly and i

variation for 2004e2012

Biofuel burning Yevich and Logan annually biofuel burning, w

in year 1995 during the simulation

Biomass burning Global Fire Database (GFED) v4 Emission w

inter-annual variation for 2004e2012

Terrestrial flux Carbon Tracker 2015 (3-hourly) with inter-an

for 2004e2012
Ocean flux Scaled monthly ocean exchange with inter-an

for 2004e2012

Shipping emission Monthly variation of International Comprehe

Atmosphere Data Set (ICOADS), which are fi

2004

Aviation emission Aviation fuel burn spatial and seasonal distri

AEIC scaled with global annual CO2 emissio

calculated from the IEA, which are fixed in y

Chemical source GEOS-Chem CO2 chemical source with mon

and fixed in year 2004
over East Asia, while meteorological parameters, fossil fuel
emission, terrestrial flux and ocean flux are fixed at the 2004
level. The boundary conditions for the nested sensitivity
simulations of VTer, VFF and VBB are taken from the coupled
global VAll simulations performed at the horizontal resolution
2� latitude � 2.5� longitude for 2004. It should be noted that
the inter-annual variations in meteorological parameters can
influence the CO2 concentration in two ways. First, CO2 fluxes
vary with meteorological parameters. Second, variations of
meteorological parameters can influence the CO2 transport.
The sensitivity simulation VMet is performed to examine the
sensitivity of CO2 to inter-annual variations of transport that
induced by changes in meteorological parameters. The effects
of climate-driven changes in the CO2 sources and sinks (e.g.,
terrestrial fluxes, oceanic fluxes, biomass burning) are
included in those priori flux data.

2.1.3. Analysis method
To analyze the inter-annual variations of CO2, we quantify

the impact of variations in CO2 emissions and meteorological
parameters on inter-annual variations of the atmospheric CO2

concentration near surface by using the mean absolute devi-
ation (MAD) and absolute percent departure from the mean
(APDM), respectively, representing the absolute inter-annual
variation of the CO2 concentration (Fu and Liao, 2012; Mu
and Liao, 2014).
2.2. Data

2.2.1. Emissions
The global emissions of CO2 used in GEOS-Chem model

are listed in Table 1, including fossil fuel emissions, biomass
burning emissions, biofuel burning emissions of CO2 from
heating, cooking and removal of agriculture waste, terrestrial
Global annual flux

averaged over

2004e2012

(Pg C per year)

Reference

nter-annual

8.41 Oda and Maksyutov

(2011)

hich are fixed 0.82 Yevich and Logan

(2003)

ith daily and 1.89 van der Werf et al.

(2010)

nual variation �4.15 Peters et al. (2007)

nual variation �2.06 Takahashi et al.

(2009)

nsive Ocean-

xed in year

0.29 Corbett and Koehler

(2003, 2004)

bution from

n totals

ear 2005

0.21 Simone et al. (2013)

and Olsen et al.

(2013)

thly variation 1.14 Nassar et al. (2010)
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flux, ocean flux, the global CO2 emissions from shipping,
aviation emissions, and the chemical source of CO2 based on
CO loss rate. To account for the inter-annual variation of
terrestrial fluxes, we update the terrestrial exchanges in the
model with the optimized estimations of the terrestrial fluxes
at the time resolution 3-hourly and the horizontal resolution
of 1� latitude � 1� longitude from the CarbonTracker 2015
(CT2015) (http://carbontracker.noaa.gov; Peters et al., 2007).

2.2.2. Satellite observations
The data from version 7.3 of the GOSAT/ACOS XCO2

Level 2 (GOSAT/ACOS_L2_Lite_FP.7.3) from April 2009 to
December 2012 is used, which is processed by using the
Atmospheric CO2 Observations from Space (ACOS) algo-
rithms developed by the Orbiting Carbon Observatory (OCO)
team (Osterman et al., 2017). XCO2

is expressed as the
number of gas molecules in a column above a unit surface
area. GOSAT XCO2

retrievals have previously been evaluated
by the comparison with ground-based measurements of XCO2

from the Total Carbon Column Observing Network
(TCCON) stations (Wunch et al., 2011a; Lindqvist et al.,
2015; Kulawik et al., 2016). The validations against
TCCON sites data have shown that the mean bias between
ACOS and TCCON data is less than 1.5 � 10�6 (Wunch
et al., 2011b). Compared with GOSAT XCO2

retrievals, the
simulated CO2 volume mixing ratios are converted to
Xco2 mod at the corresponding time and locations of the ob-
servations following the method of Connor et al. (2008) as
follows.

Xco2 mod¼Xa
CO2

þhTAðx� xaÞ¼ hTxa þ hTAðx� xaÞ ð1Þ

where Xa
CO2

represents the priori column-averaged dry-air
mole fraction, hT represents the transpose of pressure
weighting function of GOSAT, A represents the averaging
kernel matrix of the GOSAT, x is the modeled vertical profile
of CO2 interpolated at the vertical levels of GOSAT, and xa is
the prior CO2 profile of GOSAT.

2.2.3. Observed ground-based CO2 concentrations
We also collected the atmospheric CO2 observations at

14 sites in East Asia from NOAA Earth System Research
Laboratory (ESRL, http://www.esrl.noaa.gov/gmd/ccgg/)
and World Data Center for Greenhouse Gases (WDCGG,
http://ds.data.jma.go.jp/gmd/wdcgg/), for which measure-
ments are available from 2004 to 2012. A summary of the
Asian surface sites used is shown in Table 2, and the
geophysical location of those sites and the study domain are
shown in Fig. 1.

3. Model evaluation
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Here we firstly assessed the spatial and temporal varia-
tions in CO2 sources and sinks for better understanding the
model performance in simulating CO2 concentration. As

http://carbontracker.noaa.gov
http://www.esrl.noaa.gov/gmd/ccgg/
http://ds.data.jma.go.jp/gmd/wdcgg/


Fig. 2. Horizontal distributions of seasonal mean terrestrial fluxes in winter (Dece

JJA), and autumn (SeptembereNovember, SON) of 2004 over East Asia (a); annu

2004e2012 in East Asia and China (b).

Fig. 1. Geophysical locations of the 14 sites (red triangle) and the regions,

including Northeast China (NE), North China (NC), Southeast China (SE),

Central China (CC), South China (SC), Southwest China (SW), and Northwest

China (NW).
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shown in Fig. 2a, the terrestrial fluxes are positive across
most of East Asia in winter, indicating the carbon is released
from the terrestrial ecosystem to the atmosphere due to the
relative weak photosynthesis and strong respiration of vege-
tation under the cold temperature. While the terrestrial fluxes
in summer are negative across East Asia, resulting from the
enhanced temperature and radiation. The seasonal distribu-
tion pattern of terrestrial fluxes is quite consistent with pre-
vious findings (Yu et al., 2013). The annual terrestrial flux
shows larger inter-annual variations than fossil fuel emis-
sions, and the biosphere land sink in East Asia increases by
0.11 Pg C per year between 2004e2007 and 2008e2012.
This increasing trend of the land sink in East Asia has also
been identified in Thompson et al. (2016). For 2004e2012,
the mean terrestrial flux of CT2015 in East Asia (China) is
�0.62 Pg C per year (�0.53 Pg C per year), which is close to
mbereFebruary, DJF), spring (MarcheMay, MAM), summer (JuneeAugust,

al CO2 emissions of fossil fuel, biomass burning and terrestrial ecosystem for
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the upper limit of Jiang et al. (2016) (Table 3). Overall, the
net CO2 flux over East Asia shows an increasing trend in
2004e2012 (Fig. 2b).
3.2. Comparisons with satellite XCO2
data
The simulated GEOS-Chem XCO2
is compared with the

observed GOSAT XCO2
retrievals from April 2009 to

December 2012 (Fig. 3). The spatial distributions of the
difference between GEOS-Chem XCO2

and GOSAT XCO2

vary seasonally. In DJF and spring (MarcheMay, MAM), the
simulated XCO2

concentrations exhibit low biases of
�1.0 � 10�6 to �4.0 � 10�6 in North China, North and
South Korea, and parts of Japan, but higher biases in some
places of South China and Southeast China, which is
consistent with the results by Lei et al. (2014). While in
summer (JJA) and autumn (SeptembereNovember, SON),
the simulated XCO2

concentrations are generally over-
estimated in most of East Asia, with the largest high bias up
to (4.0e6.0) � 10�6 relative to GOSAT observations in
Northeast China. The biases can be mostly attributed to the
large uncertainties of the terrestrial flux estimation. The
comparison between the terrestrial flux from CT2015 and the
observations from eight sites in the Chinese Terrestrial
Ecosystem Flux Observation and Research Network (Chi-
naFLUX) (Yu et al., 2006a, 2006b, 2008, 2013) shows that
the terrestrial fluxes of CT2015 fail to reproduce the peak or
valley values of the observed terrestrial flux around summer,
suggesting that CT2015 might underestimate the CO2 ex-
changes between terrestrial ecosystems and the atmosphere.
It may represent a CO2 source and CO2 sink, depending on
the regions. For example, the simulated concentrations are
lower than the observations in Southwest China in summer
(e.g. Xishuangbanna), and this discrepancy could result from
the underestimated terrestrial CO2 source there. While in
Northeast China (e.g. Changbaishan Mountain), the high
Table 3

The terrestrial carbon flux used in this study and that in previous studies.

Citation Carbon flux

(Pg C per year)

Period

Global Deng and Chen (2011) �3.63 ± 0.49 2002e2007

IPCC (2013) �2.63 ± 1.22 2000e2009

Le Qu�er�e et al. (2014) �2.80 ± 0.80 2003e2012
Poulter et al. (2014) �3.90 ± 1.30 2011

Thompson et al. (2016) �3.17

(�3.65 to �2.28)

2008e2012

CT2015 (this study) �5.18 2011

�4.15 2004e2012

East

Asia/Asia

Thompson et al. (2016) �0.46

(�1.18 to �0.01)

2008e2012

Zhang et al. (2014) �1.56

(�1.80 to �1.07)

2006e2010

CT2015 (this study) �0.62 2004e2012

China Zhang et al. (2014) �0.33

(�0.64 to �0.29)

2001e2010

Jiang et al. (2016) �0.45 (�0.51 to �0.39) 2006e2009

CT2015 (this study) �0.53 2004e2012
biases in simulated CO2 concentrations are likely to occur
for the underestimated terrestrial CO2 sink there (not
shown). Previous studies have indicated that the CO2 ex-
change between the upper troposphere and lower strato-
sphere (UTLS) in high latitude and the middle and upper
troposphere in subtropical and mid-latitude could impact the
CO2 distribution in DJF and MAM, but the model tends to
underestimate CO2 in the tropical and subtropical upper
troposphere and overestimate CO2 in the extratropical lower
stratosphere as the model can't correctly capture the effects
of the stratospheric intrusion (Miyazaki et al., 2008; Deng
et al., 2015). Hence the discrepancies of CO2 in the UTLS
may partly account for the latitude-dependent biases be-
tween the simulated and observed XCO2

. Moreover, the dis-
crepancies between simulated and observed XCO2

are
probably due to the overestimated GOSAT XCO2

retrievals
over East Asia, which is suggested by Li et al. (2017).
Overall, the mean point-by-point biases in DJF, MAM, JJA
and SON over the study domain are (0.82 ± 1.79) � 10�6,
(0.39 ± 1.50) � 10�6, (2.50 ± 2.43) � 10�6 and
(1.72 ± 1.65) � 10�6 (mean bias ± standard deviation),
respectively.

Note that the spatial resolution of the CO2 fluxes used is
lower than the nested model resolution (0.5�

latitude � 0.667� longitude). The observed XCO2
is also

compared with the simulated XCO2
from global VAll simu-

lations with the model resolution of 2� latitude � 2.5�

longitude additionally for assessing the potential impact of
the model resolution. As shown in Fig. 3, the spatial distri-
butions of biases between simulations and observations are
similar in both high- and low-resolution simulation, but the
biases from low-resolution simulations are smaller than those
from high-resolution simulations. The differences between
the 2� latitude � 2.5� longitude and 0.5� latitude � 0.667�

longitude simulations indicates that the biases between the
simulated and the observed XCO2

might partly be caused by
the downscaling impact of the spatial resolution in the
simulation.
3.3. Comparisons with ground-based measurements
The ability of the GEOS-Chem model to capture the sea-
sonal and inter-annual variations of surface CO2 is assessed by
using the ground-based observations at 14 sites in East Asia
from WDCGG. The model exhibits similar inter-annual trends
in all the 14 sites. The scatterplots for the simulated and the
observed seasonal-mean CO2 concentrations at 14 stations
during 2004e2012 are displayed in Fig. 4. The mean biases of
CO2 concentrations are less than 4.0 � 10�6 in most of the
stations except those sites near the urban regions, e.g. HK, KIS
and MKW. The relative low correlations (0.21e0.50) at sites
of SDZ and KIS as well as the large biases in these sites
indicate a difficulty for the model to reproduce the influence of
local sources and sinks, especially in the regions of big cities.
At the other remote sites, the simulated CO2 concentrations
are consistent with the corresponding observations, with the
correlation coefficients between the simulated and observed



Fig. 3. Biases in the simulated XCO2
(column-averaged dry air mole fraction of CO2) when model results from 0.5� latitude � 0.667� longitude simulations (left);

and from 2.0� latitude � 2.5� longitude simulations (right) are compared with those from GOSAT during Apr. 2009eDec. 2012, respectively (Xco2 mod minus

Xco2 sat).
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CO2 concentrations ranging from 0.58 (LLN) to 0.95 (YON)
(Table 2). The simulated CO2 concentrations generally show
positive biases at most sites (except MKW) in JJA, whereas
CO2 concentrations show a high or low bias in other seasons
(Fig. 4). The averaged summertime simulated CO2 concen-
tration at all sites is 4.1 � 10�6 higher than the observations. It
can be inferred that the uncertainties in terrestrial fluxes in JJA
may strongly affect the simulated CO2 concentrations at the
locations where the terrestrial biosphere dominates the sea-
sonal cycle. The shape and phasing of the seasonal cycle in the
model is overall consistent with those in observations. How-
ever, the simulated peaks-to-troughs amplitude of the CO2

seasonal cycle is smaller than the observed amplitude at most
sites, indicating that the GEOS-Chem tends to underestimate
the amplitude of the seasonal cycle over East Asia (as inferred
from the mean amplitude difference between the simulation



Fig. 4. Comparisons of the simulated seasonal mean surface CO2 concentrations with the observations at 14 sites for 2004e2012. The 1:1 line is also shown

(dashed).
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and the observation). The mean value of the ratio between the
simulated and observed peaks-to-troughs amplitude show that
the simulated amplitude of surface CO2 concentrations is
roughly a half of the observed amplitude. The poorest con-
sistency between the simulated and the observed amplitude
appears at LLN and SDZ, where the simulated amplitude



Fig. 5. Horizontal distributions of the simulated surface CO2 concentration in DJF, MAM, JJA and SON over East Asia for 2012 (left); the percentage changes in

the simulated seasonal mean surface CO2 concentrations in East Asia between 2012 and 2004 (right).
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could be one third of the observed amplitude (Table 2). The
substantially negative biases between the simulated and the
observed amplitudes of the CO2 seasonal cycle are also noted
in previous studies in the Northern Hemisphere (e.g. Nevison
et al., 2008). These biases are probably caused by the un-
certainties in the prescribed carbon fluxes as discussed above.
Also listed in Table 3 are the statistical characteristics of the
simulated CO2 concentrations from the 2� latitude � 2.5�

longitude simulation and the observed one. In general, the
evaluations of model results indicate that the GEOS-Chem
model reasonably captures the spatial distributions and tem-
poral variations of the CO2 concentration in East Asia despite
the biases in the simulated concentration.
4. Simulated changes of CO2 concentration
4.1. Seasonal mean of CO2 concentration
The distributions of the simulated seasonal-mean CO2

concentrations in East Asia for 2012 are shown in Fig. 5. The
distributions of the CO2 concentration are similar in all sea-
sons, and the areas with high CO2 concentration are consistent
with the areas with high anthropogenic CO2 emissions. High
CO2 concentrations are simulated in East China, with the
highest ones in the fairly economically developed areas, such
as the Beijing-Tianjin-Hebei regions, the Yangtze River Delta
and the Pearl River Delta megacity clusters. The lowest CO2



Fig. 6. Mean absolute deviation (MAD) of the simulated surface-layer CO2 concentrations (shaded) obtained from simulations of VAll during 2004e2012; the

MAD values of surface CO2 concentrations at the observation sites (colored circles).
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concentrations exhibit in Northwest China. The simulated CO2

concentration is the highest in DJF, with the maximum CO2

concentration exceeding 426 � 10�6 in the Pearl River Delta
and the minimum CO2 concentration below 390 � 10�6 in
western China. The CO2 concentrations in JJA are smaller
than the CO2 concentrations in DJF, which are within the
range of (406e420) � 10�6 over East China, Korea and Japan.
It is mainly because the terrestrial ecosystems show a higher
photosynthesis rate in JJA, and CO2 is largely absorbed by
vegetation during the growing season (Fig. 2a). Also shown in
Fig. 5 are the percentage differences of the simulated seasonal-
mean surface CO2 concentrations between 2012 and 2004. We
find that the large difference is located in the North China
Plain and the Pearl River Delta, with the large increase by
~9% in DJF, which also reflect the increase of CO2 emissions
in those regions during 2004e2012.
4.2. Inter-annual variations of CO2 concentration
Over 2004e2012, the near-surface annual mean CO2 con-
centration in East Asia shows an overall increasing trend
((2.0e3.0) � 10�6 per year). The interannual variations in
surface CO2 over East Asia are shown by MAD values for
DJF, MAM, JJA, and SON (Fig. 6). The MAD (APDM) values
of the surface CO2 concentration are also examined based on
the measurements in East Asia. It is found that the MAD
values of observations vary within the range of
(2.4e8.1) � 10�6 in all seasons. Comparisons between the
simulated and observed MAD values in East Asia show a good
agreement, especially during DJF and SON. In some places in
East China where the CO2 concentration is the highest (e.g. the
North China Plain, the Yangtze River Delta, and the Pearl
River Delta), the MAD/APDM values obtained from simula-
tion VAll are within (6.0e9.0) � 10�6/(1.8%e2.2%) in all
seasons. While the MAD/APDM values over Central China,
Northeast China, Northwest China, and Southwest China are
within (4.0e6.0) � 10�6/(1.1%e1.8%). The inter-annual
variations of the seasonal- and annual-mean surface CO2

concentrations averaged over different regions in East Asia are
summarized in Fig. 7a. The MAD/APDM value of surface
CO2 concentration in simulation VAll is 4.6 � 10�6/(~1.2%)
for annual mean over East Asia.

5. Contribution of the CO2 fluxes to CO2 concentration

To understand the inter-annual variations of the surface-
layer CO2 concentration over East Asia, we further analyze
the MAD values of seasonal- and annual-mean surface CO2

concentrations caused by changes in meteorological param-
eters alone (VMet), variation in terrestrial CO2 fluxes alone
(VTer), variations in fossil fuel emissions alone (VFF), and
variations in biomass burning emission alone (VBB),



Fig. 7. The MAD values of seasonal and annual CO2 concentrations from the simulation VAll (a); the MAD percentage contributions of annual and seasonal CO2

concentration resulting from the variations of meteorological parameters alone (VMet), fossil fuel emissions alone (VFF), terrestrial fluxes alone (VTer) and

biomass burning emissions alone (VBB) in each region of China (bef).
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respectively. It is found that the simulated surface CO2

concentrations in VAll and VMet show similar variations,
indicating that variations in meteorological parameters play a
significant role in shaping the inter-annual variation of sur-
face CO2 concentration. The calculation shows that varia-
tions in meteorological parameters contribute 60%e85% to
the inter-annual variation of the surface CO2 concentration in
different regions (Fig. 7b�f). And the contribution of
terrestrial CO2 fluxes is larger than the contribution of fossil
fuel emissions to the inter-annual variations of the CO2

concentration in North China, Northeast China, Northwest
China and parts of southern China (e.g., Southwest China). In
South China, the contribution of terrestrial CO2 fluxes and
the contribution of fossil fuel emissions to the CO2 concen-
tration are generally comparable in DJF, MAM and SON,
while the variation of terrestrial CO2 flux shows a larger
contribution to the summertime CO2 concentration than the
variation of fossil fuel emissions. In general, variations in
terrestrial fluxes and fossil fuel emissions may contribute up
to 28% to the inter-annual variation of the CO2 concentration
in South China. The inter-annual variations of the CO2

concentration due to variations of biomass burning emissions
alone are generally smaller than those due to variations of
terrestrial fluxes alone. However, the changes in biomass
burning emissions might contribute as much as 7% to the
inter-annual variation of the summertime CO2 concentration
in North China.

The inter-annual variations of the peaks-to-troughs ampli-
tude are estimated as well. Fig. 8 presents the MAD and
APDM values of the seasonal amplitude of the CO2 concen-
tration in VAll, VMet, VTer, VFF and VBB over different
regions. Over 2004e2012, the APDM values of the seasonal
amplitude for different regions in East Asia are within 11%e
27% in VAll, with the largest inter-annual variation in the
southern China (e.g. South China and Southwest China). The
corresponding MAD values are within (0.4e2.2) � 10�6. The
APDM of the CO2 seasonal amplitude in VTer resembles that
in VMet, reflecting that the effects of terrestrial flux variations



Fig. 8. The MAD (a) and the APDM (b) values of seasonal amplitudes of CO2

concentrations from the simulation VAll, VTer, VMet, VFF and VBB averaged

over studied domains.
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alone on shaping the CO2 amplitude could be comparable to
the effects of meteorological parameters variations alone in
most of studies regions. The influences of fossil fuel emissions
are also found to be a significant contributor to forming the
amplitude variation over the eastern China (e.g., North China
and South China) where fossil fuel emissions are quite high.
The APDM of the seasonal amplitude is about 11% owing to
the inter-annual variations of fossil fuel emissions alone in
South China and North China. The effects of the inter-annual
variation in biomass burning could be more remarkable in
local regions. For instance, in North China and Southwest
China, the inter-annual variation of biomass burning emissions
alone leads to a variation of ~6%e8% in the amplitude, while
the variations of the seasonal amplitude in other regions are
relatively insensitive to the variations of biomass burning
emissions.

6. Conclusions and discussion

The spatiotemporal variations of surface CO2 concentra-
tions and the contributions of CO2 sources and sinks on at-
mospheric CO2 concentration in East Asia are investigated
using the nested grid version of the global chemical transport
model (GEOS-Chem) for the period of 2004e2012.

The comparisons of the model simulations with observa-
tions show that the model is reasonably skilled at reproducing
the spatio-temporal (seasonal and annual) variations of at-
mospheric surface CO2 concentrations in East Asia, but with
an obvious overestimation of the summertime CO2 concen-
tration, which might be attributed to the higher uncertainties in
terrestrial fluxes over East Asia. The model has poor perfor-
mance at reproducing the observed peaks-to-troughs ampli-
tude of atmospheric CO2. The average seasonal amplitudes
derived from simulations are roughly 50% or more lower than
those from observations. The simulated surface CO2 concen-
trations are generally increasing over East Asia during
2004e2012, with the overall trend of (2.0e3.0) � 10�6 per
year. The inter-annual variations of the simulated surface CO2

concentration averaged over East Asia are 4.6 � 10�6 for
MAD and 1.2% for APDM. With meteorological parameters
and prescribed CO2 fluxes (fossil fuel emissions, biomass
burning, terrestrial fluxes and oceanic fluxes) varying over
2004e2012, the inter-annual variation in the seasonal ampli-
tude of the CO2 concentration is about 15% for the APDM
over East Asia.

The results indicate that variations in meteorological pa-
rameters play a crucial role in driving the inter-annual varia-
tions of the surface CO2 concentration. However, the
variations of the terrestrial fluxes alone and the variations of
fossil fuel emissions alone also account for up to ~14% and
~17% of the inter-annual variation of the surface CO2 con-
centration in local regions, respectively. The influences of
biomass burning emissions contribute to ~7% of the inter-
annual variation of the summertime CO2 concentration in
North China, while the influences in other regions are rela-
tively small. It is found that the inter-annual variations of the
seasonal amplitude of the CO2 concentration are dependent on
variations in both meteorological parameters and terrestrial
fluxes. The inter-annual effects of fossil fuel emission varia-
tions on the seasonal amplitude are significant over South
China and North China.

Nevertheless, many uncertainties remain in the spatial
distribution of the terrestrial sources and sinks, particularly
their temporal variations. Though the terrestrial fluxes from
Carbon Tracker have been assessed with observations in
some regions (e.g., North America), the uncertainties of
terrestrial biosphere fluxes in East Asia still pose a chal-
lenge to the complete understanding of its impact on the
inter-annual variations of CO2 concentration over these re-
gions. Moreover, besides the changes in vegetation growth
and the corresponding CO2 release and uptake, previous
studies have suggested that the land-use activities such as
deforestation and the intense agriculture may release carbon
to the atmosphere, which could affect the variations of the
CO2 seasonal amplitude in the past several decades (IPCC,
2013; Zeng et al., 2014). Recently, it is reported that the
current aerosol loading over China may affect the terrestrial
carbon fluxes as well as the atmospheric CO2 concentrations
by diffuse radiation fertilization effect and hydrometeoro-
logical feedbacks (Xie et al., 2020), but these effects are not
considered here. The large difference in the seasonal
amplitude between simulation and observations also indi-
cate that reducing the uncertainties in both model simula-
tions and observations is challenging and needs further
investigations.
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