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A B S T R A C T   

The Fenwei Plain is one of China’s most polluted regions, with poor atmospheric dispersion conditions and an 
outdated energy structure. After implementing multiple policies in recent years, significant reductions in air 
pollutant concentrations were observed. In this study, based on the Lagrangian-Bayesian inversion framework 
FLEXINVERT, we constructed a variable resolution inversion system focusing on the Fenwei Plain and inferred 
the carbon monoxide (CO) emissions using in-situ atmospheric CO observations from April 2014 to March 2020. 
We analyzed the spatiotemporal variations of the CO emissions and discussed their causes, especially the effect of 
the “Three-year Action Plan on Defending the Blue Sky” (TAPDBS). Before the policy, CO emissions temporarily 
increased, and the overall decrease in CO emissions per unit of Gross Domestic Product (GDP) slowed down. 
When the policy was implemented, CO emission fluxes declined sharply, with an average drop of 28%, 
accompanied by an even higher 37% decrease of CO emission per GDP. The reasons for the decline in CO 
emissions in Shanxi, Shaanxi and Henan are diverse. The decrease in energy intensity is the reason for CO 
emission reduction in Shannxi and Henan province but not in Shanxi province. This research fills the gap in 
emission information in recent years and confirms that TAPDBS has brought a breakthrough in both economic 
development and air quality protection in the Fenwei Plain.   

1. Introduction 

To alleviate severe air pollution in the mainland of China, the 
toughest-ever air pollution control measures in China’s history, the “Air 
pollution prevention and control action plan”, (2013), short as APAPPC, 
was formulated and drove the general decrease in anthropogenic 
emissions in China (Ding et al., 2019). From 2013 to 2017, the annual 
average PM2.5 concentrations in Beijing-Tianjin-Hebei (BTH), Yangtze 
River Delta (YRD), and Pearl River Delta (PRD) had decreased from 106 
μg/m3 to 64 μg/m3, from 67 μg/m3 to 44 μg/m3, and from 47 μg/m3 to 

34 μg/m3, respectively (State Council of China, 2018). There was, 
however, one region where air quality fluctuated abnormally: the Fen-
wei Plain. 

The Fenwei Plain is located in north-central China and belongs to the 
river valley area. The relatively enclosed basin topography is not 
conducive to the diffusion of pollutants. (Huang et al., 2019; Cao and 
Cui, 2021). Furthermore, coal accounts for nearly 90% of energy con-
sumption in the Fenwei Plain (Ministry of Ecology and Environment of 
the People’s Republic of China, 2019). Due to the outdated energy 
structure and poor meteorological dispersion conditions, improving air 
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quality in the Fenwei Plain is challenging. After 2014, air pollutant 
concentrations in the Fenwei Plain exceeded those in the BTH area, the 
Sichuan Basin, the YRD area, and the PRD area (Wei et al., 2018; Li et al., 
2020). To reverse the increase in air pollution, in 2018, the Fenwei Plain 
was listed for the first time as the key area for air pollution prevention in 
the “Three-year action for defending the blue sky”, (2018), short as 
TAPDBS which optimized the industrial, energy, transportation, and 
land-use emissions. Intensive supervision has been conducted in key 
areas already since June 2018, effectively curbing illegal emissions. It is 
confirmed that the air quality in most cities of the Fenwei Plain in 2018 
was better than in 2017 (Zhang et al., 2019). 

In recent years, research on the air pollution problem in the Fenwei 
Plain has just started. Huang et al. (2019) conducted spatial autocor-
relation analysis and spatial regression analysis of PM2.5 to reveal the 
year-to-year variation from 2015 to 2017. Li et al. (2020) statistically 
analyzed the evolution of the mass concentration of particulate matter in 
2017 and confirmed that primary pollution was more severe there. 
Wang et al. (2022) investigated the interannual trends of PM, SO2, and 
NOx from the iron and steel industry. These studies summarized the 
pollution characteristics and sources by analyzing the observations or 
the emission changes. However, the sources and actual changes of pri-
mary fossil fuel combustion emissions have not been fully explored, 
primarily due to the implementation of TAPDBS. 

Most pollution in the form of carbon and sulfur emissions comes from 
burning fossil fuels such as coal, oil, and gas. Globally, fossil-fuel-related 
emissions account for about 65% of the excess mortality (Lelieveld et al., 

2019). Quantifying changes in fossil fuel emissions is of primary 
importance for air pollution control. CO is mainly emitted from fossil 
fuel combustion, an ideal indicator of primary emissions with a rela-
tively long lifetime in the troposphere. However, due to the large un-
certainty (Feng et al., 2020) and significant time lag (Li et al., 2017) of 
the emission inventory, it is difficult to investigate recent emission 
changes. “Top-down” method uses spatially distributed atmospheric 
observations to constrain the emissions, which have been widely used in 
estimating the fluxes of greenhouse gases and emissions of atmospheric 
pollutants (Evangeliou et al., 2018, 2020; Jia et al., 2021b; Feng et al., 
2021; Jiang et al., 2021; Wang, H. M. et al., 2022). In the Fenwei Plain, 
each city has a long time series of hourly CO observations, which is 
suitable for inversion. 

FLEXINVERT is a “top-down” Lagrangian-Bayesian inversion 
framework aimed to optimize the land-atmosphere fluxes (Thompson 
and Stohl, 2014). It has the advantages of high efficiency and variable 
resolution in emission inversions, and could infer emissions from 
intercontinental to regional scales (Thompson et al., 2015; Jia et al., 
2021b). It has been applied to estimate the emissions of fossil fuel 
combustion products, greenhouse gases and trace gases, such as BC, 
CH4, CHCl3 and SF6 (Brunner et al., 2017; Thompson et al., 2015, 2017; 
Evangeliou et al., 2018; Fang et al., 2019). 

In this study, we investigate the changes of CO emissions in the 
Fenwei Plain from April 2014 to March 2020. FLEXINVERT (Thompson 
and Stohl, 2014; Thompson et al., 2015), was used to constrain the CO 
emission fluxes at high resolution, and the characteristics and causes for 

Fig. 1. (a) Annual average provincial CO concentrations in mainland China in 2020 (mg/m3) and the location of the Fenwei Plain (demarked by thick black line); (b) 
The height of the terrain in the Fenwei Plain (unit: m); (c) Time-series of CO concentrations from 2014 to 2020 for major urban groups. The solid gray dotted line 
indicates the annual average of the entire country. The colors of the dashed boxes in Fig. 1(a) correspond to the dotted line in Fig. 1(c), with the Fenwei Plain in red, 
BTH in yellow, the YRD in purple, and the PRD in green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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variations in CO emissions were analyzed. 

2. Method and data 

2.1. Research area and the emission sources of CO 

The Fenwei Plain is located in north-central China (Fig. 1(a)) and is 
surrounded by the Qinling Mountains, the Loess Plateau, the Lvliang 
Mountains, and the Taihang Mountains, with a topography resembling 
an inverted L-shape, making it the fourth-largest plain in China (Fig. 1 
(b)). The lowest elevation within the Fenwei Plain is only 323 m, while 
surrounding mountain chains reach heights of 1500 m and more. The 
Fenwei Plain is about 70,000 km2 and has 11 large cities, including Xi’an 
(XA), Weinan (WN), Tongchuan (TC), Baoji (BJ), and Xianyang (XY) in 
Shaanxi Province, Yuncheng (YC), Linfen (LF), Lvliang (LL), and Jinz-
hong (JZ) in Shanxi Province, and Sanmenxia (SMX) and Luoyang (LY) 
in Henan Province. The population of the Fenwei Plain is about 55 
million. Its population is comparable to the one of the Pearl River Delta, 
the most economically developed region in China (China population 
census yearbook, 2020). 

The Fenwei Plain is one of the most polluted regions in China (Fig. 1 
(c)). The proportion of coal in energy consumption is much higher than 
the national average. Fenwei Plain relies on the heavy chemical in-
dustry, which located many enterprises in the thermal power, iron and 
steel, and coking industries with large output. Small and medium-sized 
enterprises are concentrated, with backward equipment and poor 
pollution control. Besides, road transport is the primary source of traffic 
pollution. (Shaanxi Provincial Bureau of Statistics; Shanxi Provincial 
Bureau of Statistics; Shaanxi Provincial Bureau of Statistics). 

From the most recent MEIC 2017 CO emission inventory, industrial, 
residential, transportation, and power sector account for 42%, 37%, 
17%, and 4% of the total CO emissions in the Fenwei Plain, respectively 
(Dai et al., 2022). We also statistics the CO emission contribution of 
different sectors in the BTH, YRD, and PRD from the 2017 MEIC emis-
sion inventory (Table S1). Similar to the Fenwei Plain, the industrial 
sector is also the sector with the highest CO emission share in these 
regions. However, the contribution of CO emissions from the residential 
sector in the Fenwei Plain far exceeds that of these three regions, being 
8%–16% higher than that of the other regions. 

2.2. Atmospheric transport 

The Lagrangian FLEXible PARTicle Dispersion model (FLEXPART) 
was applied to simulate the source-receptor relationship (SRR) field, 
which quantitatively describes the sensitivity of the “receptor” (a mea-
surement site here) to the “source” element (Stohl, 1998; Seibert and 
Frank, 2004; Lai and Chen, 2007). The lowest model level SRR describes 
the receptor sensitivity to surface emissions (Kljun et al., 2002; Stohl 
et al., 2003; Ding et al., 2009; Jia et al., 2021a). The in situ observations 
across China were used to inverse the national emissions, from which we 
extracted and analyzed the inversion results for the Fenwei Plain (more 
details in Section 2.4). 

As meteorological input data, European Centre for Medium-Range 
Weather Forecasts operational meteorological analyses were used. 
Although the lifetime of CO in the troposphere is usually 1–2 months, 
only a weak influence of Asian emissions affected mixing ratios of CO at 
ages of ten days and older (Stohl et al., 2003). Therefore for backward 
traceability of CO, a combination of SRR around a week and “back-
ground” concentration was usually adopted. Several previous studies 
have adopted this kind of simulation method (Stohl, 2006; Ding et al., 
2009 and 2013; Jia et al., 2021a). The backward period was set to 
10-day. The Copernicus Atmosphere Monitoring Service (CAMS) global 
atmospheric composition reanalysis monthly average CO concentration 
field from 2014 to 2020 was adopted, and the background CO concen-
trations were prescribed at the termination points of the 10-day back 
trajectories (Inness et al., 2019). These background concentrations were 

added to the concentration resulting from emission contributions during 
the last ten days before comparisons with the measurements can be 
made. The loss of CO during the 10-day simulation period by the reac-
tion between CO and the hydroxyl radical (OH) was also considered. For 
this, the monthly average OH field simulated with GEOS-Chem within 
the FLEXPART software was utilized at a spatial resolution of 4◦ × 5◦

(Bey et al., 2001). Since the shallow night-time atmospheric boundary 
layer is difficult to simulate, we only used daytime (0900–1800 LST) 
measurements. Additionally, FLEXPART was only started every 3 h 
during this period. 

2.3. Bayesian inversion 

This study adopts the Lagrangian-Bayesian inversion framework 
FLEXINVERT to determine the monthly CO emissions in the Fenwei 
Plain from April 2014 to March based on a bottom-up prior CO emission 
inventory, atmospheric transport modeling, and observation data. 
FLEXINVERT can constrain the historical emission inventory by the 
proximity of the observed data and resolve the emission at the same time 
as the observed data. It is based on Bayesian statistical principles to 
optimize a prior emission fluxes to fit atmospheric observations within a 
certain uncertainty. The FLEXINVERT is based on SRRs calculated by 
FLEXPART. In consideration of the fact that the CO transport is a linear 
problem, the matrix operator can be expressed as equation (1), 

yobs =Hx + ε (1)  

where yobs is a vector holding the measured CO concentrations, H is the 
SRR matrix, x is a matrix of emission fluxes, and ε is a combined model 
and observation error vector. 

Based on the Bayesian statistical optimization method (Thompson 
and Stohl, 2014), we can construct a cost function of Eq. (2), in which xb 
is the prior emission, B is the prior error covariance matrix, and R is the 
covariance matrix of model-data mismatch errors, including measure-
ment errors, transport model errors, and observation representation 
errors. 

J(x)=
1
2
(x − xb)

T B− 1(x − xb) +
1
2
(
Hx − yobs)T R− 1( Hx − yobs) (2) 

By minimizing the cost function Eq. (2), we could obtain the poste-
rior emissions of CO as Eq. (3), 

x= xb + BHT ( HBHT + R
)− 1

(y − Hxh) (3) 

More information of the prior error covariance matrix B and the 
observation errors covariance matrix R is in Supplementary Text S2 and 
S3. 

2.4. Observation data and prior emissions 

Hourly CO measurements from the Ministry of Ecology and Envi-
ronment’s air quality national control points were used as the observa-
tion data, which are from 2014 to 2020. The pollutants in the Fenwei 
Plain are not only from local emission contributions but also from 
regional transport. If only the Fenwei Plain observations are considered, 
the contribution of regional transport will be weakened, leading to 
incorrect inversion estimates. To ensure the accuracy of the inversion 
results due to atmospheric transport, we used the national emission 
inventory as the prior emission and national observation sites during the 
inversion process. Feng et al. (2022) also inversed the national emissions 
during their research for the YRD, which used the forward-simulated 
concentration field as a high-precision boundary condition for the 
YRD to optimize the regional emission fluxes. 

Considering that most of the national control sites are concentrated 
in the urban center area with minor differences in CO concentrations, it 
would be inefficient to run FLEXPART backward from all these sites. 
Therefore, before the inversion calculation, the station observation data 
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were thinned according to the distance between the national control 
stations. The data thinning method is detailed in Supplementary Text S1. 

After the data thinning, about 9% of the sites were kept outside the 
inversion to verify FLEXINVERT inversion results, named independent 
sites. Figures S1(b) and S1(c) show the spatial distribution of all inver-
sion and independent sites in 2019. Based on the SRRs (Fig. 2(b)) for 
these sites throughout the inversion period, a variable resolution grid 
(Fig. 2(a)) with a resolution ranging from 0.2◦ × 0.2◦–1.6◦ × 1.6◦ was 
generated within the nested region to improve the computational effi-
ciency of the inversion. 

Most of the time, it is hard to access the timely CO emission inventory 
due to the time lag. The “top-down” method enables the inversion of 
emissions for the observed time period when only historical inventory 
and recent observations are available. In this study, we adopt the PKU 
global CO anthropogenic emission inventory of 2014 as a prior emission 

for the inversion, which has a spatial resolution of 0.1◦ × 0.1◦ and a 
temporal resolution of a month (Zhong et al., 2017; Wang et al., 2014). 
The difference between prior emissions is one of the important sources 
of uncertainty in the posterior emissions. To estimate uncertainty in this 
regard, we also conducted inversion experiments with MEIC emission 
inventory for one month. More details are present in Supplementary 
Text S2, S3 and S4, including the errors of the prior, observation 
covariance matrix, and uncertainty analysis. 

2.5. The summary of TAPDBS policy 

TAPDBS is grounded in the industrial structure, energy structure, 
transportation structure and land use, with very detailed engineering 
measures and timelines in each city. Table S3 takes Jinzhong, Shanxi 
Province, as an example and collates the comprehensive air pollution 

Fig. 2. (a) Inversion grid with variable resolution. Red stars and blue stars are inversion sites and independent sites, respectively. (b) SRRs (in seconds) for all sites 
and time steps. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Probability density distributions of the differences between the prior and posterior simulated concentrations and observations at independent sites for 
representative months of all seasons in 2015 (a–d), 2017 (e–h), and 2019 (i–l). 
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management plan for autumn and winter 2018–2019. The following are 
examples of policies generalized to the emission sector: (1) for the in-
dustry sector, upgrading chemical park enterprises, eliminating 6 
million tons of coking capacity, and completing the transformation of 
sulfur dioxide, soot, and dust ultra-low emissions in a steel (production 
capacity of 2.5 million tons). (2) for the residential sector, burning 
natural gas, electricity, centralized heating and other ways to replace the 
burning of loose coal and completed the treatment of loose coal burning 
in 84,300 households by the end of October 2018. (3) for the trans-
portation sector, increasing railroad capacity by 6 million tons in 2018, 
using 314 pure electric vehicles by the end of December 2018, and 
banning gasoline and diesel fuel below Phase VI from 2019. (4) for the 
power sector, implementing the standards of Shanxi Province for coal- 
fired generating units; shutting down outdated coal power units. 

3. Results and discussion 

3.1. The performance of emissions inversions 

We used the reduced chi-square value χ2 to validate the model and 
evaluated the improvement of the simulated atmospheric CO concen-
trations against independent observations. 

3.1.1. Evaluation using chi-squared statistics 
Section 2.3 shows the steps of the inversion, that is, to solve the 

optimal value of the cost function Equation (2), which means we can 
verify the model’s reliability by calculating the value of the cost function 
at the optimum. To evaluate each hypothesis of the error covariance 

matrix in Equation (2), we used the reduced chi-square value χ2, which 
represents the value of the cost function at the optimum (equivalently 
the weighted sum of squares divided by the number of observations) 
(Thompson et al., 2015; Wang et al., 2017; Philip et al., 2019). Ideally, 
χ2 equals 1, indicating that the posterior solution is within the specified 
uncertainty. The different hypothesis of the error covariance matrix in 
Equation (2) affects the value of χ2. Thompson et al. (2015) accounted 
for the value of χ2 between 2.6 and 3.9 in their East Asia 2000–2011 
methane emission inversion experiment. Jia et al. (2021b) calculated χ2 

around 1 in their study of BC emissions in eastern China during COVID. 
We evaluated the settings of B and R in Equation (2) by the value of χ2 

and found χ2 values slightly below 1, between 0.5 and 0.8. When the 
measurement error is 0.2 mg/m3, and the prior error covariance matrix 
B is 125 Tg/a, the reduced chi-square value is closer to the ideal 
uncertainty. 

3.1.2. Evaluation against independent observations 
We evaluated the improvement in the emission estimates. Fig. 3 

shows the probability density distribution of the difference between 
observed and simulated CO concentrations at independent sites for 
representative months of four seasons in 2015, 2017, and 2019. We used 
the frequency distribution of the error (μ) to characterize the accuracy of 
the simulation results. Positive (negative) values of μ indicate an over-
estimation (underestimation) of the simulation results compared to the 
observations, and the absolute values of μ indicate the accuracy of the 
simulation results. The mean values of μ are negative both for prior and 
posterior emissions in the representative months, indicating that the 
emissions are underestimated to some extent. However, the absolute 

Fig. 4. Comparison of observed CO concentrations with modeled CO concentrations at all sites in the Fenwei Plain in January(a), March(b), July(c), and October(d) 
of 2014. Black dots are prior emissions, and red dots are posterior emissions. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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values of μ are much smaller when using the posterior emissions, which 
confirms that the posterior emissions are superior to the prior emissions. 

3.2. The comparison between prior and posterior emissions 

We constrained the CO emission fluxes in the Fenwei Plain to explore 
the reason for significant fluctuations in atmospheric CO concentrations 
(Supplementary Text S5). The spatial and temporal characteristics of 
bottom-up and top-down CO emissions were analyzed. Fig. 4(a–c) shows 
the prior and posterior emissions, as well as the spatial distribution of 
their differences in 2014. The prior emission underestimates the CO 
emission fluxes across the Fenwei Plain by an average of 2.8 kg/m2/ 
year, with the most considerable underestimation in LF at 24.7 kg/m2/ 
year. The ratio of increase from the prior emission to the posterior 
emission averaged over the entire plain is 77%. The PKU emission in-
ventory was established through the “bottom-up” approach, in which 
unavoidable lags and biases exist. Saikawa et al. (2017) found that CO 
emissions varied the most among five anthropogenic air pollutants in 
China. Zhang et al. (2009) and Kurokawa et al. (2013) assessed the 
uncertainty in China’s CO emission inventory at ±70% and ±84%, 
respectively. Feng et al. (2020) also confirmed that the MEIC emission 

inventory underestimates the CO emissions in central China, and the 
posterior emission is 150% higher than the emission inventory. The CO 
emissions in Fenwei Plain for January 2014 are 1019.01 kt/month in the 
PKU inventory. However, the posterior emission in this study is 4738.27 
kt/month, which is 360% higher than the prior emission. By comparing 
the simulated CO concentrations with the prior and the posterior 
emissions against observations at the inversion sites, we evaluated 
emissions improvement. The simulation results of the prior and poste-
rior emissions for the representative months of the four seasons in 2014 
(January, April, July, and October) verify that the prior emissions un-
derestimate the CO emissions in Fenwei Plain (Fig. 4). The root means 
square errors (RMSEs), the normalized mean errors (NMEs), and corre-
lation coefficients (r) of the posterior emissions show significant 
decreases. 

To assess the accuracy of emissions for the polluted and slightly 
polluted seasons, respectively, RMSEs between simulated and observed 
CO values from 2014 to 2019 were calculated (Fig. 5(d–g)). Although 
biomass burning (BB) also emits CO, its contribution is very limited in 
the Fenwei Plain. Cao et al. (2005) counted CO emissions from BB by 
provinces in China, which only accounted for about 6.5% of all CO 
emissions in Shaanxi, Shanxi, and Henan provinces. Therefore, the 

Fig. 5. Inversion results and their validation at the independent sites in 2014: (a) the prior, (b) posterior emissions, and (c) the difference; RMSE of simulated and 
observed concentrations (mg/m3): the prior emission(d), the posterior emission (e) in polluted season, and the prior emission (f), the posterior emission (g) in slightly 
polluted season. 

Fig. 6. Monthly CO emissions in Fenwei Plain from 2014 to 2020 (in kt/month), with dark red bars indicating the month with the largest emissions and blue bars 
indicating the month with the lowest emissions in that year. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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significant interannual variations in the posterior emissions are attrib-
uted to the changes in fossil fuel emissions. Due to the considerable 
distinctions in CO emissions between different seasons, it is necessary to 
analyze the emission characteristics by season. Indoor heating is one of 
the main sources of CO, which the period is from October to March in the 
Fenwei Plain. The “Fenwei Plain 2018–2019 Autumn and Winter 
Comprehensive Air Pollution Control Action Plan” also focuses on air 
quality from October to March. Therefore, April to September is defined 
as the slightly polluted season, and October to March is the polluted 
season in the following research. Fig. 5(d)-5(g) shows that at the 
inversion sites, the RMSEs when using posterior emissions are less than 
those when using prior emissions in both polluted and slightly polluted 
seasons, indicating that the posterior emissions are closer to the actual 
emission fluxes. 

3.3. The accelerated decline of CO emissions after TAPDBS 
implementation 

After the independent verification, an exhaustive analysis of the 
posterior emissions was performed to reveal the spatio-temporal char-
acteristics of anthropogenic emissions and their changes in the Fenwei 
Plain in recent years. 

Fig. 6 shows the monthly variation of total CO emissions in Fenwei 
Plain from April 2014 to March 2020. Total emissions were 4.5 × 104 kt 
in 2014, and a significant drop appeared in 2015, with total annual 
emissions dropping to 3.4 × 104 kt, then dropping to 3.0 × 104 kt - 3.1 ×
104 kt in 2016–2018. In terms of monthly posterior emissions, the 
monthly peak values of 2016–2018 do not show significant downward 
trend and even surpass. CO emissions in February 2016 and 2018 are 
3.8 × 104 kt and 4.0 × 104 kt, both higher than the highest monthly 
emissions of 3.6 × 104 kt in 2015. After the implementation of TAPDBS, 
the monthly CO emissions in Fenwei Plain decrease significantly. 

Fig. 7 illustrates the interannual changes of posterior emissions in the 
polluted and slightly polluted seasons from 2014 to 2019. Under 
APAPPC, there is an overall downward trend in CO emissions. However, 
during the polluted season of 2015 (from October 2015 to March 2016), 
CO emissions rose significantly. In fact, the monthly posterior emissions 
in November (2036 kt) and December (2472 kt) 2015 were much lower 
than the average CO emissions (3164 kt) in that polluted season, while 
large amounts of CO were emitted in early 2016, with monthly emis-
sions greater than 3300 kt from January to March. The high emissions 
were accompanied by an atmospheric circulation situation highly un-
favorable for pollutant dispersion (Zhao et al., 2020), resulting in a 
sudden increase in CO concentrations in 2016. Furthermore, the 2017 
polluted season even suffered a significant rebound in total CO emis-
sions compared to the 2016 polluted season, rising by 3.1 × 103 kt, with 
a total increase of 2.9 × 103 kt within 12 months. By 2018 and 2019, CO 
emissions started a rapid decrease in the polluted season (>3.0 ×
103kt/a). In the slightly polluted season, CO emissions experienced a 
planned decline at the beginning of the implementation of the APAPPC 

Fig. 7. Changes in CO emissions from 2014 to 2019 (Orange dashed line rep-
resents CO emission; the bar represents the annual change; green and blue bars 
represent the polluted and slightly polluted seasons, respectively) (unit:103 kt). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 8. (a) CO emission fluxes in GCP polluted seasons (before June 2018); (b) CO emission fluxes in SCP polluted seasons (after June 2018); (c) SCP polluted seasons 
minus GCP polluted seasons; (d) Decrease in SCP polluted season relative to GCP polluted season. 
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in 2013, and then the decline gradually flattened out when the TAPDBS 
was fully implemented. 

The start of TAPDBS implementation was in June 2018, and a sig-
nificant difference in CO emissions does appear before and after this 
time. Considering that the implementation of the new control policy 
may significantly influence on direct emissions, we defined the period 
before June 2018 as the general control policy (GCP) period, and the 
period after June 2018 as the specific control policy (SCP) period. 
Figure S2 compares the average monthly changes of CO, PM2.5, and SO2 
observations under the two control policies. The implementation of SCP 
improves the air quality substantially. The monthly concentration de-
creases are 28%–47% for CO, 43%–67% for SO2, and -1%-44% for 
PM2.5. 

Next, the CO emission characteristics of the polluted seasons under 
GCP and SCP were compared separately. Fig. 8(a) illustrates the CO 
emissions in the GCP polluted season, from which it can be seen that 
there is a wide region of intense emissions. The maximum CO emission 
fluxes exceed 80 mg/m2/h in six cities, LL, LF, YC, XA, BJ, and LY. The 
implementation of SCP greatly suppresses CO emissions (Fig. 8(b)). Only 
three cities’ CO emission fluxes exceed 80 mg/m2/h during the SCP 
period. The CO emission fluxes decrease by 28% on average and by more 
than 35% in XA, XY, BJ, LF, LL, and LY (Fig. 8(c)). LY is east of 
Zhengzhou, the capital of Henan Province; LL is northeast of Taiyuan, 
the capital of Shanxi Province; and XA is the capital of Shaanxi Province. 
LY, LL, and XA have relatively significant emission reductions. However, 
the cities at the border of the three provinces are the areas with the 
smallest reductions in CO emissions during the polluted seasons under 
SCP. Therefore, it is reasonable to infer that the provincial capital cities 
had the most effective emission control (Fig. 8(d)). 

3.4. Causes of emission reduction 

We further explored the main reasons leading to the reduction of CO 
emissions after the implementation of TAPDBS. Kaya (1990) classified 
the main factors affecting carbon emissions into economic development, 
energy consumption intensity, energy consumption structure, and en-
ergy emissions intensity. These factors can be quantified by statistical 
indicators, such as population and GDP representing economic devel-
opment; the energy consumption per unit of GDP indicating energy 
consumption intensity; the proportion of clean energy consumption 
characterizing energy consumption structure; and carbon emissions 
from each energy source representing energy emission intensity. 
Considering CO is co-emitted with CO2, the above factors may affect CO 
emissions as well. 

The changes in the population are only 0.3%–0.8% from 2014 to 
2019 in the Fenwei Plain (Henan Provincial Bureau of Statistics; Shanxi 
Provincial Bureau of Statistics; Shaanxi Provincial Bureau of Statistics). 
At a relatively constant population, we divided CO emissions by GDP 
and explored the underlying causes of the CO emission decline from 
energy consumption intensity, energy consumption structure, and en-
ergy emissions intensity. It is hereby noted that since the Fenwei Plain 
contains only parts of the three provinces of Shaanxi, Shanxi and Henan, 
in the following, we use the name of each province to represent the part 
of each province in the Fenwei Plain for the convenience of description. 
Fig. 9(a) shows the CO emissions per unit of GDP and the rate of change 
from 2014 to 2019, with a continuous downward trend in CO emissions 
per unit of GDP. The total CO emissions in Shanxi, Henan, and Shaanxi 
decreased by 64%, 76%, and 69%, respectively. Although the CO 
emissions per GDP continue to decrease, the rate of decline is leveled off 

Fig. 9. (a) Interannual decline in CO emissions per GDP (crosses) and change rates (bars) in the Fenwei Plain belonging to Shanxi, Shaanxi, and Henan; (b) Changes 
in energy consumption per GDP for 11 cities in 2018 and 2019 (%); (c) Changes ratio of clean energy consumption in Shanxi, Shaanxi, and Henan in 2018 and 
2019 (%). 

Fig. 10. Annual value (dotted lines) and change rate (bars) in CO emission (red) and non-clean energy consumption (blue) in Shaanxi Province from 2014 to 2019. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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until TAPDBS. The average annual reductions in 2018 were only 17.4%, 
6.0%, and 6.6% in Shanxi, Shaanxi, and Henan. By 2019, the annual 
reductions in CO emissions per GDP in all three provinces exceed 30%, 
with a maximum of 47%. This means that TAPDBS is not just a policy of 
shutting down production to reduce CO emissions but a more scientific 
and flexible one. 

To explore how TAPDBS leads to an increase in CO emission 
reduction per unit of GDP, we calculated the energy consumption in-
tensity (energy consumption per GDP, given in tons of standard coal per 
10,000 yuan) and the energy consumption structure (the proportion of 
clean energy consumption) for 2018 and 2019. The change in energy 
consumption per GDP varies widely among provinces (Fig. 9(b)), with a 
more pronounced drop in Shanxi and Henan but slowed down and even 
increased in Shannxi Province in 2019. It suggests that the decrease in 
energy intensity is responsible for the accelerated reduction in CO 
emissions per GDP in Shanxi and Henan after TAPDBS implementation, 
but not in Shaanxi Province. In addition, we calculated the energy 
consumption structure by the clean energy and non-clean energy con-
sumption ratios in the statistical yearbook (Supplementary Text S6) 
(National Bureau of Statistics, 2020). As shown in Fig. 9(c), the clean 
energy consumption ratios rose slightly in Shanxi Province (0.5%) and 
accelerated in Henan (2.2%) and Shaanxi (1.7%) in 2019. 

Changes in combustion efficiency can significantly affect CO emis-
sions as well. If the decrease in total non-clean energy consumption is 
smaller than the decrease in CO emissions, we can conclude that com-
bustion efficiency is improving. The annual total non-clean energy 
consumption for Shaanxi, Shanxi, and Henan Provinces was calculated 
(Shaanxi Provincial Bureau of Statistics; Shanxi Provincial Bureau of 
Statistics; Shaanxi Provincial Bureau of Statistics). Fig. 10 compares 
Shaanxi province’s total non-clean energy consumption and CO emis-
sions from 2014 to 2019. CO emissions showed a significant decrease of 
30.2% in 2019 in Shaanxi. On the contrary, non-clean energy con-
sumption from 2014 to 2019 increased annually, with an increase of 
5.3% in 2019. Non-clean energy consumption in Shanxi and Henan 
provinces is also rising annually. The significant decrease in CO emis-
sions despite the increasing consumption of non-clean energy is solid 
proof of the continuous improvement in coal combustion efficiency. 

In summary, it can be seen that the decrease in CO emissions per unit 
GDP in Fenwei Plain accelerated after the implementation of TAPDBS. 
Emission reduction measures are not just a matter of shutting down 
production to reduce CO emissions. Still, the reasons for the accelerated 
reduction in Shanxi, Shaanxi, and Henan provinces are not identical. 
The decrease in energy consumption intensity is responsible for the 
accelerated reduction in CO emissions per GDP in Shanxi and Henan, but 
not in Shaanxi Province. The clean energy consumption ratios rose 
slightly in Shanxi Province but accelerated in Henan and Shaanxi. In 
addition, the improvement of energy combustion efficiency also pro-
motes the decrease of CO emissions. 

4. Conclusions 

In this work, top-down high-resolution CO emission fluxes in the 
Fenwei Plain were determined with a Lagrangian-Bayesian inversion 
framework. The focus of this study was on the CO emission changes that 
occurred before and after implementing the TAPDBS in the Fenwei 
Plain. Validated by both inversion and independent observations, the 
posterior emissions are significantly improved compared to the prior 
emissions. The prior emissions underestimate CO emission fluxes across 
the Fenwei Plain, with an average ratio of 77% and the largest under-
estimation occurring in Linfen. 

After implementing APAPPC since 2013, the overall CO emissions in 
the Fenwei Plain declined continuously. However, due to the sudden 
increase in emissions from cities in Shanxi and Shaanxi Provinces, the 
overall CO emissions rose by 3.1 × 103 kt in the 2017 polluted season in 
the Fenwei Plain. Due to the implementation of the TAPDBS in 2018, CO 
emissions in the Fenwei Plain dropped again rapidly. CO emissions in 

the polluted seasons have dropped by 28% in the entire Fenwei Plain. 
The overall trend of CO emissions per unit GDP in the Fenwei Plain 

has been decreasing each year after the APAPPC and accelerated after 
the implementation of TAPDBS. However, the main reasons for the 
accelerated decrease in Shanxi, Shaanxi, and Henan provinces are 
diverse. The decrease in energy consumption intensity is responsible for 
the accelerated reduction in CO emissions per GDP in Shanxi and Henan 
after TAPDBS, but not in Shaanxi Province. The clean energy con-
sumption ratio rose slightly in Shanxi Province but accelerated in Henan 
and Shaanxi due to the policy implementation. Apart from these, the 
improvement of energy combustion efficiency also plays a role in the 
decrease of CO emissions in all three provinces. 

This study is the first to determine the anthropogenic emissions in 
the Fenwei Plain with inverse modelling, which scientifically reveals the 
effects of emission reduction policies. The results of the study confirm 
that TAPDBS has brought a breakthrough in economic development and 
environmental protection in the Fenwei Plain. 
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