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 12 

Abstract 13 

As CO2 is a primary driving factor of climate change, the mole fraction and source–sink 14 

characteristics of atmospheric CO2 over China are constantly inferred from multi-source and multi-15 

site data. In this paper, we compared ground-based CO2 measurements with satellite retrievals and 16 

investigated the source–sink regional representativeness at China’s four WMO/GAW stations. The 17 

results indicate that, firstly, atmospheric CO2 mole fractions from ground-based sampling 18 

measurement and Greenhouse Gases Observing Satellite (GOSAT) products reveal similar 19 

seasonal variation. The seasonal amplitude of the column-averaged CO2 mole fractions is 20 

smaller than that of the ground-based CO2 at all stations. The extrema of the seasonal cycle of 21 

ground-based and column CO2 mole fractions are basically synchronous except a slight phase 22 

delay at Lin’an (LAN) station. For the two-year average, the column CO2 is lower than ground-23 

based CO2, and both of them reveal the lowest CO2 mole fraction at Waliguan (WLG) station. 24 

The lowest (~4 ppm) and largest (~8 ppm) differences between the column and ground-based 25 

CO2 appear at WLG and Longfengshan (LFS) stations, respectively. The CO2 mole fraction and 26 

its difference between GOSAT and ground-based measurement are smaller in summer than in 27 

winter. The differences of summer column CO2 among these stations are also much smaller 28 

than their ground-based counterparts. In winter, the maximum of ground-based CO2 mole 29 

fractions and the greatest difference between the two (ground-based and column) datasets 30 
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appear at the LFS station. Secondly, the representative areas of the monthly CO2 background 31 

mole fractions at each station were found by employing footprints and emissions. Smaller 32 

representative areas appeared at Shangdianzi (SDZ) and LFS, whereas larger ones were seen at 33 

WLG and LAN. The representative areas in summer are larger than those in winter at WLG 34 

and SDZ, but the situation is opposite at LAN and LFS. The representative areas for the stations 35 

are different in summer and winter, distributed in four typical regions. The CO2 net fluxes in 36 

these representative areas show obvious seasonal cycles with similar trends but different 37 

varying ranges and different time of the strongest sink. The intensities and uncertainties of the 38 

CO2 fluxes are different at different stations in different months and source-sink sectors. Overall, 39 

the WLG station is almost a carbon sink, but the other three stations present stronger carbon 40 

sources for most of the year. These findings could be conducive to the application of multi-source 41 

CO2 data and the understanding of regional CO2 source–sink characteristics and patterns over China. 42 

Keywords: Atmospheric CO2; Flask sampling observation; GOSAT; Source–sink characteristic; 43 

Atmospheric background station  44 

 45 

1. Introduction 46 

CO2 contributes more than 50% of the total climate forcing caused by long-lived greenhouse 47 

gases, which is the primary driving factor of climatic changes involving surface temperature, 48 

hydrological cycle, sea level rise, and extreme weather events (IPCC-AR5, 2013). The global 49 

average tropospheric mole fraction of monthly CO2 was approximately 404 parts per million 50 

(ppm) in April 2016, and the rate of increase was at a record high during 2015 and 2016 51 

(www.esrl.noaa.gov/gmd/ccgg/trends/). The anthropogenic CO2 emissions from fossil-fuel 52 

combustion and cement production amounted to approximately 9.1 PgC in 2010, and about 55% 53 

of these emissions were absorbed by the terrestrial ecosystem and ocean (Ballantyne et al., 2012; 54 

Peters et al., 2011). As unprecedented population growth and resource consumption have led to 55 

highly increased CO2 emissions since the early 1980s, it is significant to understand further the 56 

patterns of atmospheric CO2 mole fraction and source–sink characteristics over China through 57 

multi-source and multi-site data (Piao et al., 2009; Zhang et al., 2014c). 58 

The mole fraction of CO2 is almost the same everywhere, but relatively small differences, 59 

especially near the surface, are caused by recent emissions and removals (Zhang et al., 2013b). 60 



The variation and source–sink characteristics of CO2 over China have been investigated by 61 

using observation data from different platforms and statistical data (Xu et al., 2017). In the 62 

framework of the World Meteorological Organization’s Global Atmosphere Watch 63 

(WMO/GAW), atmospheric greenhouse gases have been observed continuously at four 64 

background stations in China (WLG: Waliguan, SDZ: Shangdianzi, LAN: Lin’an, LFS: 65 

Longfengshan) (Fang et al., 2014; Liu et al., 2009; Zhou et al., 2006). The traceable, comparable, 66 

and high-precision CO2 data obtained at these stations have been used widely in many studies, 67 

such as source–sink inversion studies (Jiang et al., 2013; Zhang et al., 2014a). Although the 68 

variation of CO2 mole fraction can be obtained accurately by the WMO/GAW network of 69 

ground stations, this measurement with sparse spatial coverage is time consuming and easily 70 

affected by surrounding environment (Liu et al., 2014). Satellite remote sensing has been used 71 

to monitor CO2 column mole fraction since 2002 because it has the advantages of spatial 72 

coverage, speed, and continuity (Boesch et al., 2011; Buchwitz et al., 2004; Clerbaux et al., 73 

2009; Jiang et al., 2010; Kulawik et al., 2010; Tangborn et al., 2013; Xu et al., 2017; Yokota et 74 

al., 2009; Zhang et al., 2015). However, satellite retrievals of CO2 (and other greenhouse gases) 75 

cannot be calibrated. They are only useable if systematic biases, many of which remain 76 

unknown, can be reduced to extremely low levels, to less than 0.1 ppm in the case of CO2 (Fang 77 

et al., 2016; Masarie et al., 2001). Several detectors have been launched into space, including 78 

the Atmospheric Infrared Sounder (AIRS), the Scanning Imaging Absorption Spectrometer for 79 

Atmospheric Cartography (SCIAMACHY), the Greenhouse Gases Observing Satellite 80 

(GOSAT), the second Orbiting Carbon Observatory (OCO-2), and the Chinese Carbon Dioxide 81 

Observation Satellite (TanSat) (Aumann et al., 2003; Bovensmann et al., 1999; Chen et al., 82 

2017; Frankenberg et al., 2015; Kuze et al., 2009). The retrievals from these satellites need to 83 

be compared to calibrated in-situ (at the surface and in the vertical column) measurements to 84 

discover, and then eliminate, retrieval biases. Currently, atmospheric transport models are used 85 

to combine the two types of data and study their level of compatibility, but this method has its 86 

own limitations because transport model biases cause discrepancies in addition to those 87 

between the two types of data (Baker et al., 2010; Chevallier et al., 2011; Chevallier et al., 2009; 88 

Cogan et al., 2012; Houweling et al., 2004; Jiang et al., 2013; Lauvaux et al., 2009; Miller et 89 

al., 2007; Nassar et al., 2011; Peters et al., 2007; Pillai et al., 2010; Reuter et al., 2011; Streets 90 



et al., 2013; Zhang et al., 2014a). Here, we use satellite retrievals of atmospheric CO2 over four 91 

WMO/GAW stations in China to reveal the CO2 pattern and assess the coherence of different 92 

datasets (Zhou et al., 2013). 93 

The pattern of CO2 mole fraction at each station is highly correlated to the source and sink 94 

characteristics of CO2 in a specific area, which is called “source–sink regional 95 

representativeness.” The key for this representativeness is to find the representative area, which 96 

has been explored at the WLG station through simulation results (Cheng et al., 2017a). The 97 

representative area and source–sink characteristics of this area are important for understanding 98 

the regional differences of CO2 mole fraction, evaluating the site layout, and developing 99 

emission reduction strategies because of the differences in the stage of economic development 100 

and the diverse climates in China (Xu et al., 2017). Some studies have focused on the 101 

representativeness of fluxes, radiation, temperature, and air pollutants (e.g., Xu et al., 2015). 102 

Researches on the patterns and sources of CO2 mole fraction at the WMO/GAW stations in 103 

China have also been conducted by using the method of isotope tracing and individual 104 

trajectories (Xia et al., 2015; Zhang and Zhou, 2013). However, to the best of our knowledge, 105 

there are no comparison studies on the representative areas of CO2 background mole fractions 106 

at the four WMO/GAW stations in China, as well as the source–sink characteristics in the 107 

representative areas. 108 

This study aims to examine the variation of CO2 mole fractions using calibrated in-situ 109 

sampling observations and the GOSAT retrieval products and compare the source–sink regional 110 

representativeness of the CO2 background mole fractions at China’s four WMO/GAW stations. 111 

Section 2 introduces the sites, CO2 sampling, GOSAT products, and the statistical analysis 112 

methods for source–sink regional representativeness. Section 3 presents the results with 113 

discussion and consists of two parts: (1) a comparison of CO2 mole fraction between the surface 114 

observations at the four WMO/GAW stations and the GOSAT products and (2) an evaluation 115 

of the representative areas of CO2 background mole fractions and a comparison of the source–116 

sink characteristics corresponding to the CO2 background mole fractions at the four 117 

WMO/GAW stations. Finally, the summary and conclusions are presented in Section 4. 118 

   119 

2. Data and Methods 120 



2.1. Sites and CO2 sampling observations 121 

Atmospheric CO2 samples were collected by flasks during 2009–2011 at the four stations of 122 

the WMO/GAW network in China (Fig. 1). The population and gross domestic product 123 

(http://data.stats.gov.cn/) of the provinces affiliated with these sites are also shown by the table 124 

inserted into Fig. 1. These stations are global or regional background stations, representing 125 

atmospheric conditions in different climate features, vegetation types, and economic zones in 126 

China (Fang et al., 2014; Liu et al., 2009).  127 

The WLG station (36°17ʹ N, 100°54ʹ E; 3810 m asl) is located on the northeastern edge of 128 

the Tibetan Plateau (Liu et al., 2014). This station is isolated from industrial and population 129 

centers. Yak and sheep grazing is the main economic activity in summer. The area surrounding 130 

the WLG station has maintained its natural environment of arid/semi-arid grassland and desert 131 

steppe and has a typical plateau continental climate with predominant wind directions of 132 

southwest in winter and northeast/southeast in summer (Zhang et al., 2013a; Zhou et al., 2005).  133 

The SDZ station (40°39ʹ N, 117°07ʹ E; 293 m asl) is about 120 km northeast of Beijing. The 134 

area surrounding the SDZ station consists primarily of shrubs, orchards, and farmland. No large 135 

industrial zone exists within 30 km of the station. The dominant wind directions are ENE in 136 

autumn and winter and WSW in spring and summer (An et al., 2012).  137 

The LAN station (30°18ʹ N, 119°44ʹ E; 138.6 m asl) lies on the top of a hill in Zhejiang 138 

Province and is surrounded by forest, farming areas, and hilly land with a humid subtropical 139 

monsoon climate. There are no large villages within 3 km of the station. The prevailing winds 140 

there are northeasterly and southwesterly winds (Pu et al., 2014).  141 

The LFS station (44°44ʹ N, 127°36ʹ E; 330.5 m asl) is located on the top of Mt. Longfengshan 142 

in Heilongjiang Province. Agricultural areas lie to the north and west of LFS, and extensive 143 

forested land exists to its east and south. No large cities or industrial zones exist within 40 km 144 

of the station. LFS is dominated by a temperate continental monsoon climate (Liu et al., 2009). 145 



 146 

Fig. 1. Geographical locations of the four WMO/GAW stations in China (black dots). The 147 

population (POP) and gross domestic product (GDP) in the affiliated provinces are shown in the 148 

inserted table. 149 

 150 

At the four stations mentioned above, discrete surface CO2 data from flask sampling and 151 

analysis have been obtained through the method recommended by WMO/GAW (Liu et al., 152 

2014). To ensure the quality of the samplings, the flask is subjected to a 24 h vacuum test, filled 153 

with dry balance gas, flushed with local air, and then pressurized to ~6.5 psi above ambient 154 

pressure. Sampling begins in the morning (~8:00) local time at the WLG station and in the 155 

afternoon (~14:00) at the other three regional stations when atmospheric conditions are suitable 156 

for capturing “background” characteristics (Liu et al., 2009). Air samples, collected 157 

approximately weekly, are transported to the Greenhouse Gases Research Laboratory of the 158 

China Meteorological Administration (CMA) for analysis. Generally, the CO2 mole fractions 159 

are determined by a cavity ring down spectroscopy system (a non-dispersive infrared 160 

spectroscopy observation system before October 2009). The CO2 values are calibrated by the 161 

reference gas and working high and low standard gases, which are traceable to the WMO X2007 162 



standard scale. Due to sampling, storage, or measurement problems, CO2 selection is an 163 

important part of the data post-processing, such as for quality control, screening, and curve-164 

fitting. Partially because of its simplicity, the CO2 dataset from flask sampling is reliable and 165 

internationally comparable with high precision (Fang et al., 2015a; Li et al., 2014; Masarie et 166 

al., 2001; Tans et al., 1989; Xia et al., 2015; Zhou et al., 2003). 167 

     168 

2.2. GOSAT products 169 

Designed specifically to retrieve the mole fractions of greenhouse gases (e.g., CO2), the 170 

Greenhouse Gases Observing Satellite (GOSAT) was launched to sun-synchronous orbit in 171 

2009. It observes a same place every three recurrent days. Column-averaged CO2 dry air mole 172 

fraction can be retrieved from the shortwave infrared bands recorded by the sensor of the 173 

Fourier transform spectrometer (FTS) onboard GOSAT (Miao et al., 2013). The optimal 174 

estimation retrieval algorithm is used to obtain GOSAT Level 2 (L2) products (O'Dell et al., 175 

2012; Yoshida et al., 2011), estimating column-averaged CO2 over a specific observation point 176 

and at a specific time. The GOSAT Level 3 (L3) products, providing a monthly global 177 

distribution of column CO2 (2.5 × 2.5 degrees of grid as a unit), are generated by applying 178 

statistical processing to the FTS L2 products. The data products (V02.xx) derived from GOSAT 179 

observations have approximately a 2 ppm standard deviation when compared with ground-180 

based observations and in situ airborne measurement data (Lei et al., 2014). The GOSAT L2/L3 181 

data products (V02.21), available at http://data2.gosat.nies.go.jp/index_en.html, were used in 182 

this study.  183 

    184 

2.3. Source–sink regional representativeness analysis 185 

For the CO2 background mole fractions at monthly scale at the four WMO/GAW stations in 186 

China, a statistical method was used to explore their source–sink regional representativeness. 187 

The key to the method is to determine the area where maximum correlation exists between time 188 

series of atmospheric CO2 mole fractions and regional emissions. The representative source–189 

sink regions can be found through simulations of the FLEXible PARTicle dispersion model 190 

(FLEXPART) and the Carbon Tracker 2015 model (CT2015). The method is carried out in 191 

following steps. 192 



Firstly, an emission sensitivity function or transport climatology is calculated by 3-hourly 193 

backward simulation of FLEXPART (Stohl et al., 2005). As most emissions appear in the layer 194 

adjacent to the surface, the emission sensitivity function in this layer is of particular interest 195 

and is here abbreviated as “Footprint,” which is determined by the particle residence time in 196 

grid cell and denotes the influence of the potential source on the observation site. Footprint 197 

)(ms  with 1° × 1° horizontal resolution, corresponding to the th
m  CO2 mole fraction, can 198 

be calculated by releasing 50,000 particles at the observation site during the 3-hourly interval 199 

and following them backward for 7 days. There is a one-to-one correspondence between 200 

footprints and CO2 mole fractions. If the number of selected CO2 data in one month is M , the 201 

monthly footprint )( jismon ,  in a particular surface grid cell )( ji,  is calculated as 202 

∑
=

=
M

m

mon mjisjis
1

)()( ,,,                           (1) 203 

where )( jismon ,  represents the frequency of air masses in grid cell )( ji,   arriving at the 204 

observation site. Based on the variable )( jismon ,  , we assume a threshold value ( rT  ) of 205 

footprint and define a logic matrix )( jiLmon ,  as the mask grid. 206 
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Secondly, the spatial and temporal distributions of gridded CO2 fluxes and mole fractions 208 

can be retrieved by the CT2015 model using the “top-down” method (Peters et al., 2007). The 209 

Carbon Tracker (CT) model, updated approximately once a year, is a CO2 measurement and 210 

modeling system that tracks CO2 emissions to the atmosphere (sources) and removals from the 211 

atmosphere (sinks) around the world (http://www.esrl.noaa.gov/gmd/ccgg/carbontracker/). The 212 

sources and sinks of CO2 consist of four sectors in CT2015: land biosphere (“bio”), wildfire 213 

(“fires”), fossil fuel emissions (“ff”), and ocean (“ocean”). At a specific time and place, the 214 

simulated CO2 mole fraction ( c ) is contributed by the initial well-mixed CO2 mole fraction 215 

and the transport of fluxes from all global regions for a past period of time (Jiang et al., 2013; 216 

Zhang et al., 2014a). According to the time of selected CO2 values, the monthly net fluxes 217 

)( jiFmon ,  [mol/(m2
·s)] in each grid cell can be extracted from the CT2015 model. Both monL  218 



and monF  are global 180 × 360 grids/matrices (latitude × longitude). Hence, monthly regional 219 

emissions can be calculated as 220 

∑∑
= =

=
180

1

360

1i j

monmonarea jiLjiFjiaE ),(),(),(                   (3) 221 

where ),( jia  is the area of the 
th),( ji  grid. 222 

Finally, the correlation coefficient ( r ) of the time series of regional emissions ( areaE ) and 223 

CO2 mole fractions ( c ) at each station on a monthly scale can be calculated iteratively on the 224 

basis of different threshold values of footprint. As a result, the best footprint threshold value 225 

( RT  ) and the maximum correlation ( R  ) can be found through correlation analysis and 226 

numerical iteration. The representative source–sink region is confined by the best footprint 227 

threshold value as follows: 228 

)(),(),(, RrmonTmon TTjiLjiL
R

==                    (4) 229 

which shows the area where emissions have the greatest influence on the atmospheric CO2 mole 230 

fractions in a particular month for a specific observation station. The area of the representative 231 

source–sink region is: 232 

∑ ∑
= =

=
180

1

360

1i j

Tmon jiLjiaA
R
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                   (5) 233 

Based on the emission and the area of the representative source–sink region, regional fluxes 234 

areaF  can be estimated: 235 

AEF areaarea /=                                (6) 236 

The different sectors ( k  ) of source and sink in the representative source–sink region 237 

[ ),(,, jiF
R

Tkmon ] can also be obtained by: 238 

),(),(),( ,,,, jiLjiFjiF
RR

TmonkmonTkmon =               (7) 239 

         240 

3. Results and discussion 241 

3.1. Contrast analysis of CO2 sampling observation and GOSAT product 242 

3.1.1. Comparison of GOSAT L2 product with CO2 mole fraction derived from the four 243 



WMO/GAW stations in China 244 

Fig.2 shows the qualified CO2 mole fractions from September 2009 to August 2011 at the 245 

WLG, SDZ, LAN, and LFS stations in China, separately obtained from flask sampling and 246 

GOSAT L2 products. If more than one data point is available at a given station in a day, it is 247 

averaged. The GOSAT data were selected when horizontal distance between a given station and 248 

the geographic location of a GOSAT measurement was less than 500 km. Relatively, fewer 249 

GOSAT CO2 data can be collected at LAN in summer and at LFS in winter, which may be 250 

attributed to the influence of the cloud, the locations of the two stations, and data selection 251 

procedures of GOSAT. GOSAT does not work for high latitudes in winter, because FTS SWIR 252 

(ShortWave InfraRed) requires sunlight with the Sun sufficiently high above the horizon (Bréon 253 

and Ciais, 2010). In order to decrease the uncertainty of a single measurement, the CO2 mole 254 

fractions were smoothed by the curve-fitting method of Thoning et al. (1989) (Fig. 2). 255 

The two datasets, from flask sampling and GOSAT, presented similar patterns of seasonal 256 

variation at all four stations. The correlation coefficient Rʹ ranges from 0.68 (WLG site) to 0.95 257 

(SDZ site). The minimum CO2 mole fraction appears in late summer and the maximum occurs 258 

in spring or winter. Seasonal variations of atmospheric CO2 at the four WMO/GAW stations 259 

are dominated mainly by the exchange with the land biosphere. The occurrence time of the 260 

seasonal CO2 maximum is related to human activities, different regional terrestrial ecosystems, 261 

and local meteorological conditions (Fang et al., 2014).  262 

The mean differences (MD=3.7~7.5ppm) are positive at the four stations, probably because 263 

the two datasets separately provide CO2 dry air mole fractions at the surface and estimates of 264 

the CO2 column-averaged dry air mole fractions. The column-averaged CO2 mole fractions are 265 

manifest in the lower amplitude of the seasonal cycle which is produced at the surface and 266 

attenuated at higher altitudes (Jiang et al., 2016). A slight phase delay can also be expected, but 267 

this is not very clear except at LAN station from Fig. 2. It can be further identified by the fact 268 

that the ground-based CO2 is significantly less than the column CO2 in summer because of the 269 

strong uptake by rice plants and forests at LFS.  270 

There are some differences in CO2 mole fractions among these stations. For ground-based 271 

CO2, the seasonal amplitudes (peak-to-peak value) range in a diminishing sequence from LFS, 272 

SDZ, LAN, to WLG. Differing from the regional background stations of LAN and LFS, the 273 



maximum of CO2 mole fractions at WLG is low, which may be due to the site’s high altitude 274 

and its location far from industrial zones and large cities (Liu et al., 2009). The biggest Rʹ=0.95 275 

and RMSD=9.8ppm appear at SDZ and LFS stations, respectively. WLG station presents the 276 

smallest values of Rʹ=0.68, RMSD=4.4ppm, and MD=3.7ppm. So, generally speaking, the 277 

characteristics of GOSAT column CO2 are similar to the ground-based CO2, but the differences 278 

of the seasonal amplitudes and levels of GOSAT column CO2 among these stations are smaller. 279 

   280 

  281 

Fig. 2. Comparison of CO2 mole fraction between flask sampling observation (black squares) and 282 

GOSAT L2 product (gray dots) at China’s four WMO/GAW stations. Blue and red lines are fitting 283 

curves. Rʹ, RMSD, and MD denote the correlation coefficient, root mean square difference, and 284 

mean difference (Flask minus GOSAT), respectively, between the fitting CO2 mole fractions of the 285 

two datasets. 286 

     287 

3.1.2. Spatial distribution of atmospheric CO2 mole fractions  288 

There is a higher spatial coverage for the current GOSAT CO2 measurement, although the 289 

accuracy and precision of GOSAT CO2 mole fraction are lower than those of the surface flask 290 

sampling observation. The spatial distributions of column CO2 over China in summer and 291 

winter as well as in the two years (September 2009–August 2011) were extracted from the 292 

GOSAT L3 products (Fig. 3). The whitened portions in the figure represent places where data 293 

do not exist within the range of 500 km from the processed points. The difference of the GOSAT 294 
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column CO2 spatial distribution is significant over China, with low mole fractions in summer 295 

and high mole fractions in winter. In summer, higher CO2 mole fractions are concentrated 296 

mainly in the southern and eastern coastal regions of China, while lower values are distributed 297 

in Inner Mongolia and Northeast China. However, column CO2 is higher in most parts of China 298 

in winter, except for Qinghai and parts of Tibet, Gansu, and Inner Mongolia. From the two-year 299 

average (Fig. 3c), the column CO2 distribution presents a significant spatial gradient from east 300 

to west, with CO2 mole fractions distributing from high to low, respectively. This pattern is 301 

consistent with the result retrieved from SCIAMACHY, and the seasonal differences may be 302 

connected with regional Normalized Difference Vegetation Index (NDVI) and air temperature 303 

(Wang et al., 2015).  304 

The mean CO2 mole fractions from the sampling measurement at the four WMO/GAW 305 

stations and the matched grids (2.5° × 2.5°) of GOSAT L3 product are also shown by the 306 

overlain tables, respectively (Fig. 3). For the two-year average (Fig. 3c), full column CO2 is 307 

lower than CO2 mole fraction adjacent to the surface, but the difference between them remained 308 

approximately within the region of 4–8 ppm at these WMO/GAW stations. The CO2 mole 309 

fraction at the WLG station is the lowest among the four stations, whether for flask sampling 310 

or for GOSAT retrievals. The largest differences (~8 ppm) of CO2 mole fraction between flask 311 

data with GOSAT appear at LFS station.  312 

In summer (Fig. 3a), full column CO2 is lower than CO2 mole fraction observed by flask 313 

sampling at all stations except LFS. Compared with the values in winter or the two-year average, 314 

the CO2 mole fraction and its difference between full column and surface are smaller in summer. 315 

The maximum and minimum CO2 mole fraction in the two datasets occur at LAN and LFS, 316 

respectively, but the differences of full column CO2 at these stations are much smaller than 317 

those of their surface counterpart. In winter (Fig. 3b), full column CO2 is lower than ground-318 

based CO2. The maximum of ground-based CO2 mole fractions and the largest difference 319 

between the two datasets appear at the LFS station, perhaps due to heating in Northeast China.  320 

Overall, we estimate that there may be stronger anthropogenic emissions at the SDZ and 321 

LAN stations and weaker sinks at the WLG station, i.e., weaker sources at the WLG and LFS 322 

stations but stronger sinks at the SDZ, LAN and LFS stations. The estimation of stronger 323 

terrestrial CO2 sinks at regional background stations can be confirmed by the distribution of 324 



gross primary production (Sun et al., 2018). This is also consistent with previous studies in the 325 

southeast and northeast China (Liu et al., 2012; Zhang et al., 2014b). 326 

 327 

  328 
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(b)Winter
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 329 

Fig. 3. Spatial distribution of CO2 mole fractions from GOSAT L3 products (a) in summer (June, 330 

July, August) and (b) in winter (December, January, February) and (c) in September 2009–August 331 

2011. Black dots denote the four WMO/GAW stations. Overlain tables show the mean CO2 mole 332 

fractions from flask sampling at these stations and the matching grid cells of GOSAT retrievals. 333 

 334 

3.2. Source–sink regional representativeness 335 

The spatial and temporal patterns of atmospheric CO2 mole fractions are closely related to 336 

CO2 source and sink as well as the transport of the atmosphere. Based on the steps of the 337 

statistical method introduced in Section 2.3 and the simulations of FLEXPART and CT2015, 338 

the source–sink regional representativeness of the atmospheric CO2 background mole fractions 339 

at the four WMO/GAW stations in China were compared. 340 

3.2.1. Footprint 341 

The footprints for summer and winter at the four WMO/GAW stations indicate the sensitivity 342 

to surface emissions during the transport of the previous 7 days (Fig. 4). The description “7 343 

days” is a compromise between the enough large spatial coverage and the calculation time of 344 

footprint simulation (An et al., 2014). An emission area with a higher footprint value has a 345 

larger impact on the observation site. There are pronounced differences between summer and 346 

winter footprints for all four sites, which are closely related to the seasonal transition of air 347 

mass transport over China. Due to the influence of summer monsoon, the high footprint values 348 

(>4) at WLG in summer are distributed mainly in western China, although air masses from 349 

Southeast Asia and the Bay of Bengal play a role in the atmospheric CO2 mole fraction (Xu et 350 

al., 2013). The high footprint values (>4) in winter are concentrated to the west of the WLG 351 
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station, which is a consequence of the dominant westerlies and consistent with atmospheric 352 

transport patterns for a large area of western China (Li et al., 2014). At the SDZ station, the 353 

high footprint values (>4) are distributed mainly in its southeast and northwest in summer and 354 

in its northwest in winter, which is probably associated with the Pacific Subtropical High in 355 

summer and the Siberian High in winter, respectively. The distribution of high footprint values 356 

(>4) at LAN in summer is related to clean air masses from the sea, but relatively colder air masses 357 

containing CO2 emitted in the east of China are prone to reach the LAN station in 7 days in winter 358 

(Cheng et al., 2017b). The high footprint values (>4) at LFS in summer, with a distribution 359 

similar to that at the LAN station, are distributed mainly in Northeast China, northeastern Inner 360 

Mongolia, and the Sea of Japan, but the high values (>4) in winter are primarily limited to the 361 

northwest of the LFS station. The footprint distributions at three regional stations (SDZ, LAN, and 362 

LFS) are similar to some degree in winter because of the effect of northwesterly air flows. Therefore, 363 

along with the atmospheric circulation switching between seasons, there are different potential 364 

source areas for the four WMO/GAW stations (An et al., 2014; Lu et al., 2012). 365 

 366 

Fig. 4. Footprint distributions in logarithmic units (log10s) for summer (top row) and winter (bottom 367 

row) of 2009 at the WMO/GAW stations. Black dot represents the location of station. 368 

      369 

3.2.2. Data verification and screening 370 

Before the CO2 background extraction from CT2015 simulation results, the results were 371 

compared with surface observation values at the four WMO/GAW stations. We used the 372 

simulated CO2 mole fractions with a 3° × 2° horizontal grid for a 3-hour interval in the vertical 373 



layer adjacent to the surface. Outliers in simulation appear because of the “model data mismatch” 374 

(MDM), which can be described in different ways and partly defines the rejection criterion 375 

(Zhang et al., 2014a; Zhang et al., 2014b). In the post-processing of the CO2 simulation data, 376 

we eliminated outliers when the simulation results exceeded the range of monthly observed 377 

average CO2 mole fraction ±3 times the standard error of the monthly mean. We selected the 378 

qualified CO2 simulation results and matched them with the sampling observations within 1.5 379 

h in the grid cells of each station. Fig. 5a shows the linear regression analysis of atmospheric 380 

CO2 mole fractions between observation and simulation at the four WMO/GAW stations from 381 

March 2008 to February 2011. The correlation coefficient Rʹʹ2 at each station ranges from 0.68 382 

(LAN site) to 0.88 (WLG and SDZ sites). The slope of the linear fitting is close to 1 for all 383 

stations. Fig.5b presents the residuals (simulation minus observation) of CO2 mole fractions at 384 

each station. The fluctuations of the residual are smaller at WLG and SDZ stations than at the 385 

other two stations from the aspect of the 10th (90th) and the 25th (75th) percentiles. The median 386 

and mean values of residuals are less than 2ppm at the four WMO/GAW stations. The bigger 387 

deviations mostly appear in the highest and lowest CO2 mole fractions between observations 388 

and simulations. In spite of this, previous studies showed that there are no significant 389 

differences in capturing the background variation at these stations as a whole through the low-390 

resolution (3°×2°) and high-resolution (1°×1°) simulations (Cheng et al., 2013). So it is possible 391 

that the patterns of atmospheric CO2 background mole fraction near the surface can be extracted 392 

from the CT2015 results.  393 



 394 

 395 

Fig. 5. Comparison of CO2 mole fractions between single flask sampling observation and CT2015 396 

simulation from March 2008 to February 2011: (a) linear regression analysis of CO2 mole fractions 397 

at WLG (black), SDZ (red), LAN (blue), and LFS (gray); (b) Lower (upper) error bars, boxes, 398 

hyphens inside the boxes, and circles are the 10th (90th), 25th (75th) percentiles, the medians, and 399 

the mean values of the residuals (simulation minus observation) of CO2 mole fractions at each 400 

station, respectively. 401 

  402 

The atmospheric CO2 background mole fractions at a specific station reflect the regional 403 

atmospheric conditions, which can be obtained from the qualified CO2 simulation results above. 404 

There are many different approaches for filtering time series of CO2 data (Fang et al., 2015b). 405 

With the statistical extraction method of Robust Extraction of Background Signal (REBS), the 406 
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qualified time series of simulated CO2 mole fractions can be screened into background and non-407 

background (Ruckstuhl et al., 2012). We selected the CO2 background mole fractions from 408 

March 2009 to February 2010 (Fig. 6), which were smoothed by the curve-fitting method of 409 

Thoning et al. (1989). The bandwidth was set to 60 days in the algorithm of REBS until the 410 

differences between CO2 background mole fractions and fitted values were within 2 times the 411 

standard deviation of the CO2 simulation background. However, the seasonal CO2 background 412 

trends at the four WMO/GAW stations could be well captured by the “fitting curve”. For 413 

example, the maximum and minimum seasonal fluctuations appear at the LFS and WLG 414 

stations, respectively, matching the observation. The minimum of CO2 mole fractions occurs 415 

about in August because of stronger photosynthesis of plants in the growing season, and the 416 

maximum occurs in spring or winter (Li et al., 2017). The monthly average of the fitted results 417 

is used as specific time series to study the source–sink regional representativeness of CO2 418 

background mole fractions at the four WMO/GAW stations in the following. 419 

 420 

 421 

Fig. 6. Simulated CO2 background mole fractions (“bg”) and fitting curves (“fit”) obtained by 422 

screening the qualified CT2015 data at the WMO/GAW stations. 423 
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3.2.3. Representative area 425 

According to the method of source–sink regional representativeness, we obtained the areas 426 

where the source and sink have the greatest impact on the monthly CO2 fitted background mole 427 

fractions at the four WMO/GAW stations. In the process of statistical analysis, we used the 428 

monthly average data of 1° × 1° footprints from FLEXPART and 1° × 1° fluxes from CT2015 429 

during the period from March 2009 to February 2010. The representative source–sink area was 430 

estimated through the best footprint threshold value. After a series of iterative calculations and 431 

correlation analysis, the best footprint threshold values ( RT  ) and the maximum correlation 432 

coefficients (R) were separately determined at the four WMO/GAW stations, as shown in Table 433 

1. The area (A) of the best threshold region, where there is maximum correlation between 434 

regional CO2 emissions and atmospheric CO2 background mole fractions at each station on a 435 

monthly scale, was calculated by Eq. 5. The maximum correlation coefficients ranged from 436 

0.73 (WLG) to 0.94 (LFS). The larger of the best footprint threshold values appeared at the 437 

SDZ and LFS stations, corresponding to the smaller areas of the best threshold region. At WLG 438 

and LAN, the time series of atmospheric CO2 background mole fractions represented larger 439 

space with the smaller of the best footprint threshold values. 440 

The areas of the best threshold region in summer and in winter are also presented in Table 1. 441 

The source–sink regional representativeness of atmospheric CO2 background mole fractions, 442 

i.e., the best threshold area, changes with the seasons at a specific site, depending on the 443 

variation of atmospheric circulations. The representative areas are larger in summer than in 444 

winter at the WLG and SDZ stations, but the situations are opposite at the LAN and LFS stations. 445 

There are larger differences of best threshold area between summer and winter at the WLG (6.3 446 

× 105 km2) and LAN (−9.1 ×105 km2) stations. The maximum and minimum source–sink 447 

regional representativeness occur at the WLG and LFS stations in summer, respectively, but 448 

separately appear at the LAN and SDZ stations in winter. Due to different attributions, the 449 

extrema of representativeness and atmospheric CO2 background mole fraction are not always 450 

synchronous. According to the differences of the best footprint threshold values, the 451 

distributions of best threshold area are significantly different whether in summer or winter or 452 

among different stations. To the best of our knowledge, no researches directly compare the 453 



representative areas at these stations, but the results above are qualitatively comparable with 454 

back-trajectory analyses of the source of CO2 (An et al., 2012; Fang et al., 2015a; Fang et al., 455 

2015b; Zhang and Zhou, 2013). On the whole, the monthly atmospheric CO2 background mole 456 

fractions from March 2009 to February 2010 at the four WMO/GAW stations mainly reflect 457 

variations of the sources and sinks in the best threshold area. Although the best threshold areas 458 

cover many regions in China, additional observation sites are needed to evaluate the CO2 459 

condition. 460 

  461 

Table 1. Source–sink regional representativeness for the monthly CO2 fitted background mole 462 

fractions from CT2015 at the WMO/GAW stations. 463 

Representativeness R RT  

(log10s） 

A (106 km2) 

summer winter 

WLG 0.73 1.5 2.160 1.530 

SDZ 0.78 2.8 0.180 0.123 

LAN 0.87 1.6 2.070 2.980 

LFS 0.94 2.4 0.135 0.389 

 464 

3.2.4. Source and sink in representative region 465 

Fig. 7a shows the monthly averages and standard deviations of CO2 fluxes from March 2009 466 

to February 2010 in the best threshold area, closely associated with the sources and sinks of 467 

atmospheric CO2 background mole fractions at the four WMO/GAW stations in China. There 468 

are obvious seasonal cycles with similar trends among these stations for CO2 fluxes. The 469 

fluctuation feature of the CO2 flux at the WLG station in August is probably a result of air mass 470 

from the higher emission regions in China. There are greater uncertainties of the CO2 fluxes for 471 

these stations between May and September, perhaps partly due to the low-resolution simulation. 472 

Overall, WLG is almost a carbon sink in representative area, but the other three regional stations 473 

are stronger carbon sources for most of the year from the perspective of fluxes. The uncertainty 474 

of the CO2 fluxes is less in representative area of WLG station than that at the other three 475 

stations. The strongest and weakest carbon sinks occur at the LFS and WLG stations, 476 

respectively. Some differences are found in the time of the strongest carbon sink at the different 477 

stations, which is possibly due to the differences of vegetation and growing season. 478 



Additional details can be found by examining the monthly source and sink sectors (“fires,” 479 

“ff,” “bio,” and “ocean”) in the best threshold area of the four WMO/GAW stations. The 480 

contributions of “fires” and “ocean” (not shown in Fig.7) to the atmospheric CO2 background 481 

mole fractions are nearly negligible at each station compared to the influences of fossil fuel 482 

burning (“ff”, Fig.7b) and terrestrial biosphere (“bio”, Fig.7c). The seasonal variation of CO2 483 

background mole fraction is controlled mainly by “bio,” although there are some seasonal 484 

differences in “ff.” The “bio” acts mainly as a carbon sink for these stations between May and 485 

September. The monthly variations of the “ff” fluxes are larger at SDZ and LAN stations than 486 

at the other two stations, which are probably caused by the relatively high regional emissions 487 

and sometimes by the air mass from the relatively clean areas, respectively. Compared with the 488 

uncertainty of the “ff” flux, the uncertainty of the “bio” flux is larger, playing the dominant role 489 

in the uncertainty of the net CO2 flux, especially in the month of the stronger carbon sink. As 490 

typical stations, the four stations have very different CO2 source and sink characteristics (Liu 491 

et al., 2015). Among the four stations, the bigger uncertainties of the “ff” and “bio” fluxes 492 

appear at SDZ and LFS stations, respectively. The intensities of CO2 source and sink are the 493 

weakest at WLG as the consequence of less human activity and semi-arid grassland vegetation. 494 

The strongest CO2 source of 2.85 μ•mol/(m2
·s) with stronger CO2 sink appear at SDZ, probably 495 

because of the Beijing–Tianjin–Hebei economic circle of North China and the shrub vegetation. 496 

The CO2 source and sink at LAN are strong, possibly due to the Yangtze River Delta Economic 497 

Zone and the hilly lands. The strongest CO2 sink of −9.83 μ•mol/(m2
·s) appears at LFS with 498 

weaker source, which might be generated by the forest vegetation and the northeast old 499 

industrial base in China. These discrepancies and similarities among the stations indicate that 500 

the atmospheric CO2 background mole fractions at the four WMO/GAW stations can play a 501 

significant role in understanding regional source–sink characteristics, although it is necessary 502 

to reduce the uncertainty of CO2 source and sink in the best threshold region in future’s studies. 503 
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 506 

Fig. 7. Monthly means and standard deviations of CO2 fluxes from March 2009 to February 2010 507 

in the best threshold area for the four WMO/GAW stations: (a) net fluxes, (b) major source (“ff”), 508 

and (c) major sink (“bio”). “ThresholdArea” denotes the best threshold area. “F” denotes fluxes. 509 

 510 

4. Conclusions 511 

This study compared the atmospheric CO2 mole fractions between surface measurement and 512 

satellite retrieval at four WMO/GAW stations in China and found the representative areas of 513 

the atmospheric CO2 background mole fractions for each station through a statistical method. 514 

Additionally, the source and sink in the representative areas were compared. The main findings 515 

are summarized below. 516 

The CO2 mole fractions from flask sampling and GOSAT L2 products present similar 517 

seasonal patterns at each station from September 2009 to August 2011. For ground-based CO2, 518 

the seasonal amplitude (peak-to-peak value) varies in a diminishing sequence from LFS, SDZ, 519 

LAN, to WLG. The column-averaged CO2 mole fractions are manifest in the lower amplitude 520 

of the seasonal cycle. The extrema of the seasonal CO2 mole fractions from the two datasets 521 

are basically synchronous for the specific stations, except a slight phase delay at LAN station. 522 

The biggest correlation coefficient (Rʹ=0.95) and the root mean square difference 523 

(RMSD=9.8ppm) between the two datasets separately appear at SDZ and LFS stations, and the 524 

smallest values (Rʹ=0.68, RMSD=4.4ppm, and MD=3.7ppm) are found at the WLG station. 525 

The distribution of CO2 mole fractions from the GOSAT L3 products over China during 526 
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September 2009–August 2011 shows significant seasonal difference (low in summer and high 527 

in winter) and spatial gradient (low in the western part and high in the eastern part of China). 528 

Through the comparison of the two-year averages, column CO2 is found lower than ground-529 

based CO2, but at WLG, both of them have the lowest CO2 mole fraction. The lowest (~4 ppm) 530 

and largest (~8 ppm) differences between the two datasets appear at WLG and LFS stations, 531 

respectively. Compared with the winter situation, the CO2 mole fraction and its difference 532 

between full column and surface measurement are smaller in summer. The differences of full 533 

column CO2 between these stations are also much smaller than their surface observations. In 534 

winter, the maximum of ground-based CO2 mole fractions and the greatest difference between 535 

the two datasets appear at the LFS station, perhaps due to the winter heating in Northeast China. 536 

These varying results are probably induced by uptakes and emissions by vegetation and soils 537 

and anthropogenic emissions. 538 

In addition, footprints, which can reflect emission sensitivity, are distributed in different 539 

regions for different seasons and sites due to the summer and winter monsoons. The linear 540 

regression analysis of flask data and simulated results reveals that the CO2 patterns at these 541 

stations can be simulated well by the CT2015 model. The CO2 background mole fractions at 542 

the four stations have been extracted from qualified CO2 simulation results by the screening 543 

method of Robust Extraction of Background Signal and then smoothed by the curve-fitting 544 

method.  545 

While exploring the source–sink regional representativeness of the monthly CO2 fitted 546 

background mole fractions at the WMO/GAW stations, representative areas are found using 547 

footprints and emissions. Smaller representative areas appear at the SDZ and LFS stations with 548 

the larger of the best footprint threshold values, but the opposite case occurs at the WLG and 549 

LAN stations. The representative areas are larger in summer than in winter at the WLG and 550 

SDZ stations, but the situation is opposite at the LAN and LFS stations. The distributions of 551 

best threshold area are significantly different whether in summer or winter or among different 552 

stations. The representative areas for CO2 background mole fractions at the WLG, SDZ, LAN, 553 

and LFS stations are distributed mainly in the western part of China, the Beijing–Tianjin–Hebei 554 

region, the eastern part of China, and northeast China, respectively. 555 

The source and sink in the representative regions were also compared. The flux has obvious 556 



seasonal cycles with similar trends but different seasonal variation ranges at the four stations. 557 

There are also some differences in the time of strongest carbon sink for the different stations. 558 

The intensities of CO2 source and sink are the weakest at WLG; the strongest CO2 source of 559 

2.85 μ•mol/(m2
·s) with stronger CO2 sink occurs at SDZ; the CO2 source and sink at LAN are 560 

strong and close to the intensities at SDZ; and the strongest CO2 sink of −9.83 μ•mol/(m2
·s) 561 

appears at LFS with weaker source. The uncertainties of the CO2 fluxes are different at different 562 

stations in different months and source-sink sectors. Overall, WLG is a carbon sink in the 563 

representative area, but the other three stations present stronger carbon sources during the most 564 

period of the year. The different atmospheric conditions, vegetation types, and economic zones 565 

represented by the four stations contribute to the different sources and sinks in the 566 

representative areas. Thus, the atmospheric CO2 background mole fractions at the four 567 

WMO/GAW stations in China can play a significant role in understanding regional CO2 source–568 

sink characteristics and patterns over China, although it is necessary to reduce the uncertainty 569 

of CO2 source and sink in the best threshold region in future’s studies. 570 
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