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Abstract
Background: Air pollution in China has raised great concerns due to its adverse effects on air quality, human health, and climate. Emissions of air pollutants
(APs) are inherently linked with CO2 emissions through fossil-energy consumption. Knowledge of the characteristics of APs and CO2 emissions and their
relationships is fundamentally important in the pursuit of co-bene�ts in addressing air quality and climate issues in China. However, the linkages and
interactions between APs and CO2 in China are not well understood.

Results: Here, we conducted an ensemble study of six bottom-up inventories to identify the underlying drivers of APs and CO2 emissions growth and to explore
their linkages in China. The results showed that, during 1980-2015, the power and industry sectors contributed 61–79% to China’s overall emissions of CO2,
NOx, and SO2. In addition, the residential and industrial sectors were large emitters (77–85%) of PM10, PM2.5, CO, BC, and OC. The emissions of CH4, N2O and
NH3 were dominated by the agriculture sector (46–82%), while the share of CH4 emissions in the energy sector increased since 2010. During 1980-2015, APs
and greenhouse gases (GHGs) emissions from residential sources generally decreased over time, while the transportation sector increased its impact on
recent emissions, particularly for NOx and NMVOC. Since implementation of stringent pollution control measures and accompanying technological
improvements in 2013, China has effectively limited pollution emissions (e.g., growth rates of –10% per year for PM and –20% for SO2) and slowed down the
increasing trend of carbon emissions from the power and industrial sectors. We also found that areas with high emissions of CO, NOx, NMVOC, and SO2 also
emitted large amounts of CO2, which demonstrates the possible common sources of APs and GHGs. Moreover, we found signi�cant correlations between CO2

and APs (e.g., NOx, CO, SO2, and PM) emissions in the top 5% high-emitting grid cells, with more than 60% common/overlapped grid cells during 2010–2015.

Conclusions: We found signi�cant homology in spatial and temporal aspects for CO2, and NOx, CO, SO2, and PM emissions in China. We targeted sectorial and
spatial APs and GHGs emission hot-spots, which help for management and policy-making of collaborative reductions of them. This comprehensive analysis
over 6 datasets improves our understanding of APs and GHGs emissions in China during the period of rapid industrialization from 1980 to 2015. This study
helps elucidate the linkages between APs and CO2 from an integrated perspective, and provides insights for future synergistic emissions reduction.

1 Background
Air pollution has raised great concerns in regard to climate [1, 2], air quality [3], and human health [4, 5]. As a large emitter of greenhouse gases (GHGs), China
is also facing a great pressure due to environmental problems [6–8]. The Chinese government has issued guidelines to coordinate the reduction of pollution
and GHGs emissions to achieve the goal of carbon peak before 2030 and carbon neutrality before 2060 [9]. Several air pollutants (APs), such as BC and ozone
precursors tend to amplify warming by absorbing and scattering radiation and modifying cloud formation and optical properties [10–13]. APs emissions
could thus in�uence the size of the CO2 budget to limit warming [14]. As APs and GHGs are often emitted by homologous sources [15, 16], synergy between
pollution and carbon emissions control measures is imperative. Moreover, the inclusion of air quality co-bene�ts in climate policies could yield notable
implications for respiratory health and food security [17–19]. Knowledge of spatiotemporal variations and exploration of the possible linkages between APs
and GHG are crucial �rst steps to effectively mitigate both air pollution and climate change.

An emissions inventory is generally developed to provide fundamental information to better understand the sources and trends of anthropogenic emissions.
Gridded emissions are applied as inputs into Earth system models (ESMs) and chemistry transport models (CTMs). The accuracies of emissions inventories
largely depend on their associated methodology and input data (Andres 2019). Alternatively, satellite data have been widely used to derive up-to-date
anthropogenic emissions (e.g. SO2, NOx, and NH3) at the local, regional and global scales [20–23]. Satellite-based observations provide a good overview of the
total amount of emissions, but remain limited in explaining emissions source contributions. Several efforts have been made to study the linkage between APs
and GHGs and the potential synergy of emissions control [24–26]. Actions to mitigate APs can simultaneously reduce co-emitted CO2, thus generating co-
bene�ts to accomplish climate change mitigation [27, 28]. Moreover, certain short-lived APs are strongly reduced by mitigation measures to limit CO2

emissions [14]. Concerns have been raised regarding integrated assessment of APs and GHG emissions originating from speci�c sources such as transport
[29–31], waste [32, 33], cement industry [34, 35], and power plants [36, 37]. However, because of economic growth and air pollution regulations, the emissions
characteristics of GHGs and source-related components change over time and by location [38, 39]. In addition, current available emissions inventories differ in
species, magnitude of emissions estimates, spatiotemporal resolutions, spatial coverage, list of compounds and sector-speci�c details of source calculations
[40]. Possible interactions among different species are not fully understood due to multiple source categories and physical/chemical processes [27, 30].

Anthropogenic emissions of GHGs and APs in China have undergone major increases over recent decades due to rapid economic growth, industrialization,
and urbanization. In 2019, the major APs emissions in China contributed approximately 14%-28% to global emissions [41]. Moreover, the GHGs (mainly
characterized as CO2, CH4, and N2O in this study) emissions in China contributed 15%-29% to global emissions [41]. China is facing the dual challenges of
simultaneously reducing air pollution and carbon emissions [19, 42]. To improve the air quality, stringent air pollution control measures were implemented by
the Chinese government after the State Council of China released the ‘Air Pollution Prevention and Control Action Plan’ in 2013 and the ‘Three-Year Action Plan
to Win the Blue Sky Defense Battle’ in 2018. Since 2013, the growth trend of PM2.5 concentrations in China has been curbed by recent clean air measures, at

an average decreasing rate ranging from 4.0–5.2 µgm−3 yr−1 [43, 44]. Except for particulate emissions, the effectiveness of clean air policies has also been
observed in terms of multi-pollutants emissions and the source contributions, such as SO2 and NOx emissions stemming from the industrial and power
sectors [45, 46].

Previous studies have provided a general overview of APs and GHGs emissions and their variations across China [47–49] or in heavily polluted regions such
as the Beijing-Tianjin-Hebei (BTH) region [50, 51], the Yangtze River Delta (YRD) region [52, 53], and Shanxi Province [54, 55]. However, the linkages and
interactions between APs and GHGs at the national scale are not well characterized. Therefore, quantifying the characteristics and changes of APs and GHGs
emissions and revealing their relationships at large spatiotemporal scales are fundamentally important to improve the air quality and realize climate change
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mitigation. Here, we conducted a comprehensive study, comprehensively considering APs and GHGs emissions to identify the underlying drivers and linkages.
Based on the most comprehensive public emissions inventories, we presented a detailed evaluation of the major emission sources, including the agriculture,
power, industrial, residential, transportation, and waste sectors. We also aim to characterize trends, drivers and homology of anthropogenic GHGs and APs
emissions in China and provide scienti�c basis for addressing both air quality and climate problems more effectively from an integrated perspective.

2 Data And Methods
To explore the spatial patterns and trends of GHGs and APs emissions and their linkages in China, we analyzed six global and regional bottom-up inventories
including 5 gridded datasets and 1 tabular dataset. The 5 gridded inventories considered in this study included the Community Emission Data System (CEDS
v20210421) [41], Emissions Database for Global Atmospheric Research (EDGAR v5.0) [56], Multi-resolution Emission Inventory for China (MEIC v1.3) [43],
Peking University (PKU v2) [57], and Regional Emissions Inventory in Asia (REAS v3.2) [58]. The statistical tabular dataset was retrieved from the published
study of Zhao [59]. Speci�cally, CEDS v20210421 is a global annual emission inventory based on a mosaic approach that provides country-level emissions by
fuel and sector of the GHGs (i.e., CO2, CH4, and N2O) and APs (e.g., CO, NOx, SO2, NH3, BC, OC, and NMVOC) during 1750-2019 [41]. EDGAR v5.0 was developed
by the European Commission’s Joint Research Centre (JRC) and the Netherlands Environmental Assessment Agency (PBL), which provides sectoral and
country-level emissions of GHGs (i.e.  CO2, CH4, and N2O) and APs including ozone precursor gases (e.g., CO, NMVOC, and NOx), acidifying gases (e.g., NOx,
and SO2), and primary particulates (e.g., PM2.5, PM10, BC, and OC) during 1970-2015 [60]. PKU v2 is a global monthly emission inventory that includes GHGs
(i.e., CO2 and CH4) and APs (e.g., PM2.5, PM10, CO, NOx, SO2, TSP, NH3, BC, OC, PAHs) during 1960-2014 based on 64 to 88 (except CH4) individual
sources [61, 62]. REAS v3.2 produces monthly Asian inventories of sector-speci�c emissions of CO2, PM2.5, PM10, CO, NOx, SO2, NH3, BC, OC and NMVOC
during 1950-2015 [58]. In MEIC v1.3, a technology-based approach is implemented by Tsinghua University to produce monthly anthropogenic emissions
inventories over mainland China for CO2, PM2.5, PM10, CO, NOx, SO2, NH3, BC, OC, and NMVOC in 2008 and 2010-2017 [45, 63]. In addition, we also used one
statistical tabular dataset constructed by Zhao, Zhang (59], which contains a national-scale and sector-speci�c emissions for CO2 and pollutants (e.g. PM2.5,
PM10, CO, NOx, SO2, BC, and OC) over the period of 2000-2014 in China [64]. To evaluate the characteristics of emissions under the different inventories on a
common scale, speci�c anthropogenic sectors were aggregated into six categories (i.e., the agriculture, power, industrial, residential, transportation, and waste
sectors). Further details on the inventories adopted in this study are listed in Table 1. The differences and uncertainties of different inventories were showed in
Fig. S5 and Table S1.

To quantify the spatial characteristics of CO2 and APs emissions, we conducted target analysis in seven high-emitting areas, including the Beijing-Tianjin-
Hebei region and surrounding provinces (Henan and Shandong) (BTHs), the YRD region, the Pearl River Delta (PRD) region, the Cheng-Yu (CY) region, the
Fenwei Plain (FP), Northeast China (NE), and the Triangle of Central China (TC). Moreover, the top 5% high-emitting grid cells derived from speci�c emissions
were collected to explore the spatial linkages between carbon and pollutant emissions. Speci�cally, the spatial locations of the top 5% high-emitting grids for
APs were identi�ed and then compared to the exact locations of the top 5% CO2 high-emitting grids to identify common grids.

Table 1 Key features of the emissions inventories considered in this study.
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Reference [57] [41] [60] [43

NA denotes not applicable.

3 Results And Discussions

3.1 Temporal variations of air pollution and greenhouse gases emissions in China
The ensemble mean anthropogenic GHG emissions in China exhibited high growth rates in the 2000s, and later, the increase rates declined during 2010-2015
(Fig. 1a). CO2 and CH4 emissions exhibited relatively low growth rates before 2000, with annual average growth rates (AAGRs) of 4.5% and 1.0%, respectively,
and these rates increased notably during 2000-2009 (AAGRs: 9.4% and 3.1%, respectively) but thereafter gradually increased during 2010-2015 (AAGRs: 2.6%
and 2.1%, respectively). Fossil fuel combustion, coal mining, and livestock are major drivers of the trends of CO2 and CH4 emissions in China [65-67]. Recent
trends of emissions have stabilized or decreased mostly due to industrial structure updating, combustion e�ciency improvement, and emissions
control [67, 68]. CH4 emissions differ widely among existing inventories, and the emissions estimates for 1980 and 2015 range from 25.3-41.5 Mt CH4 yr-1 and
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51.1-60.6 Mt CH4 yr-1, respectively. This result probably occurs because of the higher estimates in EDGAR obtained based on higher emission factors for rice
cultivation and coal mining [65, 66]. N2O emissions continued to steadily increase, with an AAGR of 2.8% (before 2000) and the rate declined thereafter, with
AAGRs of 2.3% and 1.9% in the 2000s and 2010-2015, respectively. However, a clear discrepancy was found in N2O emissions since 2007 among the
inventories, which resulted from the continuing upward trend in CEDS (AAGR: 2.8%) and the downward trend in EDGAR (AAGR: -0.3%) during 2007-2015 (Fig.
S1). These results are attributed to the differences in source categories, input activity data, and emission factors between the currently available emissions
inventories [40, 69]. The N2O emissions in the agriculture and energy sectors reported by the Food and Agriculture Organization (FAO), indicated a slightly
increasing trend (AAGR: 0.8%) during 2007-2015. As the nationwide reduction in N-fertilizer applied per area has almost been offset by the expansion of the
sowing area, the growth rate of N2O emissions stemming from croplands declined after 2003 and then plateaued until 2014 [70]. 

Regarding APs, the ensemble mean of NOx, NMVOC, and SO2 emissions revealed large variations, and CO, NH3, and PM emissions exhibited relatively small
variations, but BC and OC indicated negligible variations during 1980-2015 (Fig. 1b). The notable increase in SO2 emissions was mainly caused by emissions
originating from coal combustion in power plants in the 2000s, but considerable reductions subsequently occurred after 2006 due to the introduction of �ue
gas desulfurization (FGD) systems and the improvement in fuel combustion e�ciency [18, 71]. The SO2 emissions exhibited a steep decreasing trend (AAGRs:
-5.5%) during 2006-2015, with a peak value of 33.7 Mt in 2006 (Fig. 1b). Furthermore, SO2 emissions were estimated to continue to decrease (AAGR: -19.6%
during 2013-2017, Fig. s1) because of the shutdown of small coal-�red industrial boilers and the replacement of residential coal use with electricity and
natural gas in recent years [45]. NOx emissions increased rapidly in the 2000s (AAGR: 7.2%), but decreased from 2012 onward (AAGR: -4.6%, Fig. 1b). These
results are attributed to the introduction of denitri�cation technology (selective catalytic reduction, SCR) in large power plants and regulations targeting road
vehicles [58]. NMVOC emissions maintained an almost continuous increase trend, with an AAGR of 2.9% during 1980-2015 (Fig. 1b). This growth was mainly
due to the persistent growth in emissions from the industrial sector and solvent use [69], with a lag in effective emissions controls in current policies [45]. PM,
such as PM2.5 and PM10, exhibited a consistent trend with that of SO2, with peaks reached in approximately 2005. Later, particulate pollution decreased along
with SO2 due to the installation of FGD systems in power plants. Since 2013, the implementation of clean air policies has led to considerable PM2.5 and PM10

emissions reductions (AAGRs: -9.5% and -12.1%, respectively) during 2013-2017, which are consistent with the results from previous studies [43, 63]. The
implementation of stringent pollution control policies in China has effectively reduced growth rates, despite an increase in fossil fuel consumption and vehicle
numbers [72, 73]. 

BC and OC contain relatively higher uncertainties among the APs because of the lack of su�cient information on the energy consumption, combustion
technology, and emissions rate in the rural residential sector [51, 57, 74]. The differences among the various inventories range from 63% to 71% in 2015 (Fig.
S2). In speci�c sectors, there are also considerable discrepancies in NOx, SO2 and PM emissions originating from industrial sources, and the differences
among the current inventories range from 40%-98% in 2015 (Fig. S2). The uncertainties in NOx and PM emissions are attributed to the emissions from cement

production and industrial boilers [75]. CO emissions also indicate a large discrepancy in residential sources, and the estimates range from 29.4-67.1 Mt yr-1 in
2015. As evidenced by the substantial emissions of APs and GHGs in China and their consequences for climate change and public health, reliable inventories
are of great importance in both understanding emission sources and supporting GHGs reduction and air quality improvement.

3.2 Sectoral contributions to the changes in GHGs and APs emissions across China
Quanti�cation of the relative contributions of the different sectors and the evolution of high-emitting sources over time allowed us to target sector-speci�c
emissions reductions. The temporal changes of the ensemble mean GHGs emissions across China in the 1980s, 1990s, 2000s, and after 2010 were
comprehensively determined based on the different inventories. Regarding the speci�c sources, the power and industry sectors played a dominant role in CO2

emissions growth, contributing 33.3%-57.1% to the increase during the different periods (Fig. 2a). CH4 emissions growth was mainly driven by the power
sector (31.5%-86.7%), and the impact of the emissions of the waste sector increased after 2010 (Fig. 2b). CH4 emissions from coal production were curbed by
closing a large number of small mines and increasing the e�ciency in larger coal mines since 2010 [68]. In contrast, most of the N2O emissions originated
from agricultural sources, while industrial sources increased their impact on recent emissions, accounting for 62.6% of the growth after 2010 (Fig. 2c). 

In terms of speci�c sectors, the power and industrial sectors contributed the most (61-79%) to CO2, NOx, and SO2 emissions, while the residential and industrial
sectors were large emitters (77-85%) of PM10, PM2.5, CO, BC, and OC during 1980-2015 (Fig. S2). These results further con�rmed that certain APs and CO2 are
homologous, as they are all strongly associated with fossil-energy combustion [15]. CH4, N2O and NH3 were dominated by the agriculture sector (46-82%),
while the energy sector increased its share of CH4 emissions after 2010 (Fig. 2b). The shares of both APs and GHGs emissions decreased in the residential
sector, especially CO, BC, and NMVOC emissions, with the proportions decreasing by more than 30%. These results are probably attributed to the reduced
emissions originating from biofuel combustion in recent years [58]. As the number of vehicles increased, the transportation sector increased its impact on
recent emissions. For example, in terms of NOx and NMVOC emissions, the transportation sector contributed 9% and 14%, respectively, to the total emissions
in 1980, and the contribution rates later increased to 18% and 27%, respectively. However, APs emissions stemming from transportation increased less than
did CO2 emissions because of vehicle technology improvement and fuel sulfur content reduction [30].

After the implementation of strict control measures, APs emissions began to decline or a negative growth was observed afterward. For example, the industrial
sector contributed 84.9% to the decline in CO emissions during 2010-2015, which was bene�cial for the improvement in the combustion e�ciency and
regulation tightening [76]. The power and industrial sectors contributed 45.8% and 51.5%, respectively, to SO2 emissions reduction since 2010 (Fig. 2l), which
resulted from the phasing out of shaft kilns in cement production [77, 78] and from the introduction of ultra-low emissions standards for coal-�red power
plants [73]. These results indicated that mitigation measures were the dominant factor contributing to pollution emissions reduction and reducing carbon
emissions originating from the power and industrial sectors. 
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In regard to BC and OC, residential sources dominated the variation in total emissions, contributing more than 60% to emissions reduction since 2010 (Fig.
2d,i). NH3 emissions exhibited similar features to those of N2O emissions, with agriculture as the largest source, but its share gradually declined during 1980-
2015. In terms of PM, PM10 and PM2.5 emissions increased steadily due to the growth in emissions in the industrial sector during 1980-2009 (Fig. 2j,k).
Recently, PM emissions have experienced substantial changes since 2010, which can be attributed to the integrated effect of emissions reduction in the power,
industrial, and residential sectors. The reduction in emissions of certain APs could also lead to a decrease trend in PM emissions during 2010-2015. For
example, BC is a major component of primary PM2.5, whereas SO2 and NOx (precursors of sulfate and nitrate aerosols, respectively) are crucial precursors in
the formation of secondary PM2.5 [58]. 

3.3 Spatial relationship between CO2 and APs emissions in high-emitting areas
The �ve available gridded emissions inventories of CEDS, EDGAR, MEIC, PKU, and REAS were analyzed to explore the spatial characteristics of CO2 and APs
emissions. Regions with high anthropogenic emissions generally host a large population and rapid economic and industrialized development. Therefore,
seven high-emitting areas were analyzed to identify the major sources and possible linkages between pollutants and CO2 emissions via multiple inventories
(Fig. 3). During 2010-2015, the BTHs and YRD regions were the main contributors to the national total emissions (Fig. 3d,e). The ensemble mean CO2

emissions from the BTHs and YRD regions contributed 21.9% and 16.6%, respectively, to the total emissions, while the emissions in the PRD region only
contributed 2.7%. Given the great demand for energy and motorization in metropolitan areas, high carbon emissions are often accompanied by high
emissions of APs. For example, the highest APs emissions were generally located in the BTHs and YRD regions, accounting for 19.5%-23.7% and 9.0%-16.8%,
respectively, of the total APs emissions. The CY, FP, NE, and TC regions contributed approximately 3.5%-10.2% to the total emissions, while the PRD region only
contributed 1.1%-4.0%. Speci�cally, nearly all of the CO2 high-emitting areas attained relatively high emissions level of CO, NOx, NMVOC, and SO2. These close
linkages occur because these emissions are largely contributed by power and industrial sources (Fig. 2). Because of the common sources, control measures
targeting speci�c APs should be considered complementary to CO2 mitigation strategies [14, 24]. The consistent spatial patterns of pollutants and CO2

emissions reveal the importance of synergy in controlling emissions in high-emitting areas and of setting source-speci�c emissions reduction targets.

To further identify the relationship between CO2 and APs emissions at the grid cell level, the numbers of the top 5% high-emitting grids (representing emissions
hotspots) were extracted from CO2 inventories to detect the consistency and difference between CO2 and APs emissions. As shown in Fig. 4, the highest

correlation was found between CO2 and NOx, with the coe�cient of determination (R2) mostly remaining above 0.9, and the numbers of common grid cells of
CO2 and APs hotspots reached more than 70% of all grid cells during 2010-2015 (Fig. 4). Strong correlations were observed between CO2 and CO, SO2, and PM

emissions, with R2 values generally exceeding 0.6, and the common grid cells accounted for more than 60% of the total number of grid cells. These results
revealed that there occurred highly consistent patterns in source locations and high-emission intensity areas. These results were probably due to that the
power and industrial sources were the dominant contributors (Fig. 2). There appeared to be a limited correlation between CO2 and BC or OC based on MEIC,

PKU, and REAS, with R2 values ranging from 0.1 to 0.5. This is because the dominant contributor to BC and OC emissions was the residential sector. However,
a strong correlation was observed between CO2 and BC or OC based on EDGAR and CEDS. This could be attributed to the power and industrial sources largely
contributing to BC and OC in EDGAR. Similarly, the relationship between CO2 and NMVOC emissions was in�uenced by the different emission sources. Solvent

use and industry dominated the growth in NMVOC emissions (Li 2019), while CO2 was mainly driven by the power and industrial sectors. Hence, the R2 values

generally ranged from 0.42-0.75. NH3 emissions hotspots indicated a weak relationship with CO2 (R2<0.3) and the smallest number of common grids

(28%-39%). The agriculture sector was the major contributor to NH3 emissions (Fig. 2a,h). The relatively higher positive correlation (R2=0.54) between NH3 and
CO2 based on PKU was largely because PKU mainly considered emissions from combustion and industrial sources but did not include agriculture [61].

3.4 Relationships between the changes in CO2 and APs emissions over time 
China’s emissions have dramatically changed, especially after the implementation of control targets for the emissions of speci�c APs and carbon emissions in
recent years. To quantify the relationships between CO2 and APs emissions changes over time, 6 inventories, including CEDS, EDGAR, MEIC, PKU, REAS, and
Zhao, were evaluated at the sectoral level during 2010-2015. As illustrated in Fig. 5, in the residential sector, effective controls of APs and CO2 emissions were
observed based on MEIC and PKU, which were located in the third quadrant. In the power and industrial sectors, pollution generally exhibited negative changes
with CO2 emissions growth, which were mainly located in the fourth quadrant (Fig. 5c,d,f,h-k). This further con�rmed that actions to mitigate air pollution were
more effective than was limiting CO2 emissions. However, for NMVOC and NH3, emissions still increased with CO2, which was located in the �rst quadrant.
This could be because NMVOC and NH3 emissions were mainly driven by persistent growth due to the industry and solvent use and the lack of relevant
emissions controls over SO2, NOx, and PM [45, 46, 69]. 

Pollutants emissions stemming from the waste sector tended to increase with CO2 among the inventories. The total amount of municipal solid waste
continues to grow with the population, urbanization, and industrialization levels [79]. The amount of solid waste treatment increased by 25% during 2010-
2015, and the level consistently increased to 10.11 Mt in 2019 [80]. Although the power and industrial sectors are the dominant emission sources in China,
transportation has contributed a growing share to the total emissions due to the increase in motorization (Fig. S2). In the transportation sector, pollutants
emissions based on PKU, MEIC, and Zhao re�ected negative changes with CO2 growth (in the fourth quadrant, as shown in Fig. 5a,b,f-h), except for NOx and
NH3 (in the �rst quadrant, as shown in Fig. 5d,e). In the agriculture sector, emissions indicated low interannual variability among the inventories, except for
PKU. This discrepancy was mainly attributed to PKU only including the enhanced contributions of both fossil fuel and biomass combustion to the agricultural
emissions. 
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After the implementation of stringent air quality control measures for several years after 2011, the majority of pollutants exhibited a decreasing trend.
Moreover, compared to the 2000s, the growth in CO2 emissions has successfully declined in recent years (Fig. S4). During 2000-2009, APs emissions were
positively correlated with CO2, and the trends were generally located in the �rst quadrant (Fig. S4). It is encouraging to �nd that China’s efforts to mitigate both
air pollution and climate change have taken effect. To further reduce pollutants emissions, more effective strategies are needed to strengthen controls on
NMVOC and NH3 emissions and emissions originating from vehicle and waste sources.

4 Conclusions
Driven by the increase in energy consumption, urbanization, and vehicle number, air pollution and carbon emissions in China have increasingly become a
serious problem, especially due to their negative impacts on air quality, human health, and climate change. Knowledge of spatiotemporal characteristics and
exploration of possible links between APs and GHGs are imperative to effectively mitigate both air pollution and climate change. Through analysis of six
global and regional bottom-up inventories, the results in this study revealed that CO2, NOx, and SO2 emissions were closely linked because they were all mainly
driven by the power and industrial sectors during 1980-2015. In regard to PM10, PM2.5, CO, BC, and OC, the residential and industrial sectors were the largest
contributors to the total emissions. Both APs and GHGs exhibited a decreasing emissions share stemming from residential consumption, especially for CO, BC,
and NMVOC, with the proportions decreasing more than 30%. However, the transportation sector increased its impact on recent emissions, particularly in NOx

and NMVOC emissions. After the implementation of strict pollution control policies in 2011, along with technological improvements, the emissions of most
APs and CO2 were reduced or negative growth was accomplished in the power and industrial sectors. Spatially, seven high-emitting areas all indicated high-

level emissions of CO, NOx, SO2, and NMVOC in line with CO2 emissions. Moreover, strong correlation relationships (R2 > 0.6) were found between CO2 and PM,
CO, NOx, CO, and SO2 emissions in the top 5% high-emitting grid cells during 2010-2015. The emissions of major APs and CO2 revealed highly consistent
patterns in terms of source allocation and emission intensity. To further reduce pollutants and carbon emissions, ongoing efforts are needed to coherently
consider the drivers and trends of APs and CO2 emissions and their linkages to simultaneously address climate change and air pollution problems.

Declarations
Data availability. The data used in this paper are provided in the supplement. And are also available at https://doi.org/10.6084/m9.�gshare.16614016.v3.

Author contributions. XHL, WZ and QXC conceived and designed the study. XHL, QXC and RQY collected and analyzed the data sets. XHL led the paper writing
with contributions from all coauthors.

Competing interests. The authors declare that they have no con�icts of interest.

Acknowledgments. This work was supported by the National Key R&D Program of China (No. 2017YFB0504000), the National Natural Science Foundation of
China (No. 41975118), and the Innovation Group Project of the Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai) (311021001).

References
1. Haines A, Amann M, Borgford-Parnell N, Leonard S, Kuylenstierna J, Shindell D. Short-lived climate pollutant mitigation and the Sustainable Development
Goals. Nature Climate Change. 2017;7(12):863-9.

2. Baker LH, Collins WJ, Olivié DJL, Cherian R, Hodnebrog Ø, Myhre G, et al. Climate responses to anthropogenic emissions of short-lived climate pollutants.
Atmos Chem Phys. 2015;15(14):8201-16.

3. Stohl A, Aamaas B, Amann M, Baker LH, Bellouin N, Berntsen TK, et al. Evaluating the climate and air quality impacts of short-lived pollutants. Atmospheric
Chemistry and Physics. 2015;15(18):10529-66.

4. Apte JS, Marshall JD, Cohen AJ, Brauer M. Addressing global mortality from ambient PM2. 5. Environmental science & technology. 2015;49(13):8057-66.

5. Butt E, Turnock S, Rigby R, Reddington C, Yoshioka M, Johnson J, et al. Global and regional trends in particulate air pollution and attributable health burden
over the past 50 years. Environmental Research Letters. 2017;12(10):104017.

6. Friedlingstein P, O'sullivan M, Jones MW, Andrew RM, Hauck J, Olsen A, et al. Global carbon budget 2020. Earth System Science Data. 2020;12(4):3269-340.

7. Saunois M, Stavert AR, Poulter B, Bousquet P, Canadell JG, Jackson RB, et al. The global methane budget 2000–2017. Earth System Science Data.
2020;12(3):1561-623.

8. Silver B, Reddington CL, Arnold SR, Spracklen DV. Substantial changes in air pollution across China during 2015–2017. Environmental Research Letters.
2018 2018/11/13;13(11):114012.

9. MEE. Guiding Opinion on Coordinating and Strengthening the Work Related to Climate Change and Environmental Protection. Ministry of Ecology and
Environment 2021:http://www.mee.gov.cn/xxgk2018/xxgk/xxgk03/202101/t20210113_817221.html.

10. Ramanathan V, Feng Y. Air pollution, greenhouse gases and climate change: Global and regional perspectives. Atmospheric environment. 2009;43(1):37-
50.



Page 7/11

11. Krotkov NA, McLinden CA, Li C, Lamsal LN, Celarier EA, Marchenko SV, et al. Aura OMI observations of regional SO 2 and NO 2 pollution changes from
2005 to 2015. Atmospheric Chemistry and Physics. 2016;16(7):4605-29.

12. Stjern CW, Samset BH, Boucher O, Iversen T, Lamarque JF, Myhre G, et al. How aerosols and greenhouse gases in�uence the diurnal temperature range.
Atmos Chem Phys. 2020;20(21):13467-80.

13. Fry MM, Naik V, West JJ, Schwarzkopf MD, Fiore AM, Collins WJ, et al. The in�uence of ozone precursor emissions from four world regions on tropospheric
composition and radiative climate forcing. Journal of Geophysical Research: Atmospheres. 2012;117(D7): https://doi.org/10.1029/2011JD017134.

14. Rogelj J, Meinshausen M, Schaeffer M, Knutti R, Riahi K. Impact of short-lived non-CO2 mitigation on carbon budgets for stabilizing global warming.
Environmental Research Letters. 2015;10(7):https://doi.org/10.1088/748-9326/10/7/075001.

15. Nam K-M, Waugh CJ, Paltsev S, Reilly JM, Karplus VJ. Carbon co-bene�ts of tighter SO2 and NOx regulations in China. Global Environmental Change.
2013;23(6):1648-61.

16. Yang J, Zhao Y, Cao J, Nielsen CP. Co-bene�ts of carbon and pollution control policies on air quality and health till 2030 in China. Environment
International. 2021 2021/07/01/;152:https://doi.org/10.1016/j.envint.2021.106482.

17. Rao S, Pachauri S, Dentener F, Kinney P, Klimont Z, Riahi K, et al. Better air for better health: Forging synergies in policies for energy access, climate change
and air pollution. Global Environmental Change. 2013;23(5):1122-30.

18. Huang R-J, Zhang Y, Bozzetti C, Ho K-F, Cao J-J, Han Y, et al. High secondary aerosol contribution to particulate pollution during haze events in China.
Nature. 2014;514(7521):218-22.

19. Peng W, Yang J, Lu X, Mauzerall DL. Potential co-bene�ts of electri�cation for air quality, health, and CO2 mitigation in 2030 China. Applied energy.
2018;218:511-9.

20. Liu F, Zhang Q, Zheng B, Tong D, Yan L, Zheng Y, et al. Recent reduction in NO x emissions over China: synthesis of satellite observations and emission
inventories. Environmental Research Letters. 2016;11(11):https://doi.org/10.1088/748-9326/11/11/114002.

21. Itahashi S, Yumimoto K, Kurokawa J-i, Morino Y, Nagashima T, Miyazaki K, et al. Inverse estimation of NO x emissions over China and India 2005–2016:
contrasting recent trends and future perspectives. Environmental Research Letters. 2019;14(12):https://doi.org/10.1088/748-9326/ab4d7f.

22. Dammers E, McLinden CA, Gri�n D, Shephard MW, Graaf SVD, Lutsch E, et al. NH 3 emissions from large point sources derived from CrIS and IASI satellite
observations. Atmospheric chemistry and physics. 2019;19(19):12261-93.

23. Wang Y, Wang J, Xu X, Henze DK, Qu Z, Yang K. Inverse modeling of SO 2 and NO x emissions over China using multisensor satellite data–Part 1:
Formulation and sensitivity analysis. Atmospheric Chemistry and Physics. 2020;20(11):6631-50.

24. Rogelj J, Schaeffer M, Meinshausen M, Shindell DT, Hare W, Klimont Z, et al. Disentangling the effects of CO2 and short-lived climate forcer mitigation.
Proceedings of the National Academy of Sciences. 2014;111(46):16325-30.

25. Bowerman NH, Frame DJ, Huntingford C, Lowe JA, Smith SM, Allen MR. The role of short-lived climate pollutants in meeting temperature goals. Nature
Climate Change. 2013;3(12):1021-4.

26. West JJ, Smith SJ, Silva RA, Naik V, Zhang Y, Adelman Z, et al. Co-bene�ts of mitigating global greenhouse gas emissions for future air quality and human
health. Nature climate change. 2013;3(10):885-9.

27. Hu X, Sun Y, Liu J, Meng J, Wang X, Yang H, et al. The impact of environmental protection tax on sectoral and spatial distribution of air pollution emissions
in China. Environmental Research Letters. 2019;14(5):054013.

28. Anenberg SC, Schwartz J, Shindell D, Amann M, Faluvegi G, Klimont Z, et al. Global air quality and health co-bene�ts of mitigating near-term climate
change through methane and black carbon emission controls. Environmental health perspectives. 2012;120(6):831-9.

29. Suarez-Bertoa R, Mendoza-Villafuerte P, Riccobono F, Vojtisek M, Pechout M, Perujo A, et al. On-road measurement of NH3 emissions from gasoline and
diesel passenger cars during real world driving conditions. Atmospheric Environment. 2017 2017/10/01/;166:488-97.

30. Fuglestvedt J, Berntsen T, Myhre G, Rypdal K, Skeie RB. Climate forcing from the transport sectors. Proceedings of the National Academy of Sciences.
2008;105(2):454-8.

31. Thambiran T, Diab RD. Air pollution and climate change co-bene�t opportunities in the road transportation sector in Durban, South Africa. Atmospheric
Environment. 2011;45(16):2683-9.

32. Sharma G, Sinha B, Pallavi, Hakkim H, Chandra BP, Kumar A, et al. Gridded emissions of CO, NO x, SO2, CO2, NH3, HCl, CH4, PM2. 5, PM10, BC, and
NMVOC from open municipal waste burning in India. Environmental science & technology. 2019;53(9):4765-74.



Page 8/11

33. Wiedinmyer C, Yokelson RJ, Gullett BK. Global emissions of trace gases, particulate matter, and hazardous air pollutants from open burning of domestic
waste. Environmental science & technology. 2014;48(16):9523-30.

34. Yang X, Teng F, Wang G. Incorporating environmental co-bene�ts into climate policies: a regional study of the cement industry in China. Applied energy.
2013;112:1446-53.

35. Liu J, Tong D, Zheng Y, Cheng J, Qin X, Shi Q, et al. Carbon and air pollutant emissions from China's cement industry 1990–2015: trends, evolution of
technologies, and drivers. Atmos Chem Phys. 2021;21(3):1627-47.

36. De Gouw JA, Parrish DD, Frost GJ, Trainer M. Reduced emissions of CO2, NOx, and SO2 from US power plants owing to switch from coal to natural gas
with combined cycle technology. Earth's Future. 2014;2(2):75-82.

37. Qian H, Xu S, Cao J, Ren F, Wei W, Meng J, et al. Air pollution reduction and climate co-bene�ts in China’s industries. Nature Sustainability. 2021
2021/05/01;4(5):417-25.

38. Myhre G, Aas W, Cherian R, Collins W, Faluvegi G, Flanner M, et al. Multi-model simulations of aerosol and ozone radiative forcing due to anthropogenic
emission changes during the period 1990–2015. Atmospheric Chemistry and Physics. 2017;17(4):2709-20.

39. Crippa M, Guizzardi D, Muntean M, Schaaf E, Dentener F, Van Aardenne JA, et al. Gridded emissions of air pollutants for the period 1970–2012 within
EDGAR v4. 3.2. Earth Syst Sci Data. 2018;10(4):1987-2013.

40. Janssens-Maenhout G, Crippa M, Guizzardi D, Dentener F, Muntean M, Pouliot G, et al. HTAP_v2. 2: a mosaic of regional and global emission grid maps for
2008 and 2010 to study hemispheric transport of air pollution. Atmospheric Chemistry and Physics. 2015;15(19):11411-32.

41. Hoesly RM, Smith SJ, Feng L, Klimont Z, Janssens-Maenhout G, Pitkanen T, et al. Historical (1750–2014) anthropogenic emissions of reactive gases and
aerosols from the Community Emissions Data System (CEDS). Geoscienti�c Model Development. 2018;11(1):369-408.

42. Dong H, Dai H, Dong L, Fujita T, Geng Y, Klimont Z, et al. Pursuing air pollutant co-bene�ts of CO2 mitigation in China: A provincial leveled analysis. Applied
Energy. 2015;144:165-74.

43. Zhang Q, Zheng Y, Tong D, Shao M, Wang S, Zhang Y, et al. Drivers of improved PM2. 5 air quality in China from 2013 to 2017. Proceedings of the National
Academy of Sciences. 2019;116(49):24463-9.

44. Zhai S, Jacob DJ, Wang X, Shen L, Li K, Zhang Y, et al. Fine particulate matter (PM 2.5) trends in China, 2013–2018: Separating contributions from
anthropogenic emissions and meteorology. Atmospheric Chemistry and Physics. 2019;19(16):11031-41.

45. Zheng B, Tong D, Li M, Liu F, Hong C, Geng G, et al. Trends in China's anthropogenic emissions since 2010 as the consequence of clean air actions.
Atmospheric Chemistry and Physics. 2018;18(19):14095-111.

46. Zhao Y, Zhang J, Nielsen CP. The effects of energy paths and emission controls and standards on future trends in China's emissions of primary air
pollutants. Atmospheric Chemistry and Physics. 2014;14(17):8849-68.

47. Sun W, Shao M, Granier C, Liu Y, Ye C, Zheng J. Long‐term trends of Anthropogenic SO2, NOx, CO, and NMVOCs emissions in China. Earth's Future.
2018;6(8):1112-33.

48. Li M, Liu H, Geng G, Hong C, Liu F, Song Y, et al. Anthropogenic emission inventories in China: a review. National Science Review. 2017;4(6):834-66.

49. Saikawa E, Kim H, Zhong M, Avramov A, Zhao Y, Janssens-Maenhout G, et al. Comparison of emissions inventories of anthropogenic air pollutants and
greenhouse gases in China. Atmospheric Chemistry and Physics. 2017;17(10):6393-421.

50. Zheng H, Cai S, Wang S, Zhao B, Chang X, Hao J. Development of a unit-based industrial emission inventory in the Beijing–Tianjin–Hebei region and
resulting improvement in air quality modeling. Atmospheric Chemistry and Physics. 2019;19(6):3447-62.

51. Qi J, Zheng B, Li M, Yu F, Chen C, Liu F, et al. A high-resolution air pollutants emission inventory in 2013 for the Beijing-Tianjin-Hebei region, China.
Atmospheric Environment. 2017;170:156-68.

52. An J, Huang Y, Huang C, Wang X, Yan R, Wang Q, et al. Emission inventory of air pollutants and chemical speciation for speci�c anthropogenic sources
based on local measurements in the Yangtze River Delta region, China. Atmospheric Chemistry and Physics. 2021;21(3):2003-25.

53. Huang C, Chen C, Li L, Cheng Z, Wang H, Huang H, et al. Emission inventory of anthropogenic air pollutants and VOC species in the Yangtze River Delta
region, China. Atmospheric Chemistry and Physics. 2011;11(9):4105-20.

54. Shen G, Tao S, Wei S, Chen Y, Zhang Y, Shen H, et al. Field measurement of emission factors of PM, EC, OC, parent, nitro-, and oxy-polycyclic aromatic
hydrocarbons for residential briquette, coal cake, and wood in rural Shanxi, China. Environmental science & technology. 2013;47(6):2998-3005.

55. Bai X, Tian H, Liu X, Wu B, Liu S, Hao Y, et al. Spatial-temporal variation characteristics of air pollution and apportionment of contributions by different
sources in Shanxi province of China. Atmospheric Environment. 2021;244:https://doi.org/10.1016/j.atmosenv.2020.117926.



Page 9/11

56. Crippa M, Solazzo E, Huang G, Guizzardi D, Ko� E, Muntean M, et al. High resolution temporal pro�les in the Emissions Database for Global Atmospheric
Research (EDGAR). Nature Scienti�c Data. 2019:doi:10.1038/s41597-020-0462-2.

57. Tao S, Ru M, Du W, Zhu X, Zhong Q, Li B, et al. Quantifying the rural residential energy transition in China from 1992 to 2012 through a representative
national survey. Nature Energy. 2018;3(7):567-73.

58. Kurokawa J, Ohara T. Long-term historical trends in air pollutant emissions in Asia: Regional Emission inventory in ASia (REAS) version 3. Atmospheric
Chemistry and Physics. 2020;20(21):12761-93.

59. Zhao Y, Zhang J, Nielsen C. The effects of recent control policies on trends in emissions of anthropogenic atmospheric pollutants and CO 2 in China.
Atmospheric Chemistry and Physics. 2013;13(2):487-508.

60. Crippa M, Oreggioni G, Guizzardi D, Muntean M, Schaaf E, Lo Vullo E, et al. Fossil CO2 and GHG emissions of all world countries - 2019 Report. EUR 29849
EN, Publications O�ce of the European Union. 2019;Luxembourg( ISBN 978-92-76-11100-9):doi:10.2760/687800, JRC117610.

61. Meng W, Zhong Q, Yun X, Zhu X, Huang T, Shen H, et al. Improvement of a global high-resolution ammonia emission inventory for combustion and
industrial sources with new data from the residential and transportation sectors. Environmental science & technology. 2017;51(5):2821-9.

62. Wang R, Tao S, Shen H, Huang Y, Chen H, Balkanski Y, et al. Trend in global black carbon emissions from 1960 to 2007. Environmental science &
technology. 2014;48(12):6780-7.

63. Zheng Y, Xue T, Zhang Q, Geng G, Tong D, Li X, et al. Air quality improvements and health bene�ts from China’s clean air action since 2013. Environmental
Research Letters. 2017;12(11):https://doi.org/10.1088/748-9326/aa8a32.

64. Xia Y, Zhao Y, Nielsen CP. Bene�ts of China's efforts in gaseous pollutant control indicated by the bottom-up emissions and satellite observations 2000–
2014. Atmospheric Environment. 2016;136:43-53.

65. Lin X, Zhang W, Crippa M, Peng S, Han P, Zeng N, et al. A comparative study of anthropogenic CH4 emissions over China based on the ensembles of
bottom-up inventories. Earth Syst Sci Data. 2021;13(3):1073-88.

66. Peng S, Piao S, Bousquet P, Ciais P, Li B, Lin X, et al. Inventory of anthropogenic methane emissions in mainland China from 1980 to 2010. Atmos Chem
Phys 2016;16:14545-62.

67. Han P, Zeng N, Oda T, Lin X, Crippa M, Guan D, et al. Evaluating China's fossil-fuel CO 2 emissions from a comprehensive dataset of nine inventories.
Atmospheric Chemistry & Physics. 2020;20(19):11371-85.

68. Sheng J, Tunnicliffe R, Ganesan A, Maasakkers J, Shen L, Prinn R, et al. Sustained methane emissions from China after 2012 despite declining coal
production and rice-cultivated area. 2020:doi: 10.21203/rs.3.rs-95281/v1.

69. Li M, Zhang Q, Zheng B, Tong D, Lei Y, Liu F, et al. Persistent growth of anthropogenic non-methane volatile organic compound (NMVOC) emissions in
China during 1990–2017: drivers, speciation and ozone formation potential. Atmospheric Chemistry and Physics. 2019;19(13):8897-913.

70. Shang Z, Zhou F, Smith P, Saikawa E, Ciais P, Chang J, et al. Weakened growth of cropland‐N2O emissions in China associated with nationwide policy
interventions. Global change biology. 2019;25(11):3706-19.

71. Wang Y, Zhang Q, He K, Zhang Q, Chai L. Sulfate-nitrate-ammonium aerosols over China: response to 2000–2015 emission changes of sulfur dioxide,
nitrogen oxides, and ammonia. Atmospheric Chemistry and Physics. 2013;13(5):2635-52.

72. van der A RJ, Mijling B, Ding J, Koukouli ME, Liu F, Li Q, et al. Cleaning up the air: effectiveness of air quality policy for SO 2 and NO x emissions in China.
Atmospheric Chemistry and Physics. 2017;17(3):1775-89.

73. Tang L, Qu J, Mi Z, Bo X, Chang X, Anadon LD, et al. Substantial emission reductions from Chinese power plants after the introduction of ultra-low
emissions standards. Nature Energy. 2019;4(11):929-38.

74. Peng L, Zhang Q, Yao Z, Mauzerall DL, Kang S, Du Z, et al. Underreported coal in statistics: A survey-based solid fuel consumption and emission inventory
for the rural residential sector in China. Applied Energy. 2019;235:1169-82.

75. Zhao Y, Nielsen CP, Lei Y, McElroy MB, Hao J. Quantifying the uncertainties of a bottom-up emission inventory of anthropogenic atmospheric pollutants in
China. Atmospheric Chemistry and Physics. 2011;11(5):2295-308.

76. Zhao Y, Nielsen CP, McElroy MB, Zhang L, Zhang J. CO emissions in China: uncertainties and implications of improved energy e�ciency and emission
control. Atmospheric Environment. 2012;49:103-13.

77. Lei Y, Zhang Q, Nielsen C, He K. An inventory of primary air pollutants and CO2 emissions from cement production in China, 1990–2020. Atmospheric
Environment. 2011;45(1):147-54.



Page 10/11

78. Liu J, Tong D, Zheng Y, Cheng J, Qin X, Shi Q, et al. Carbon and air pollutant emissions from China's cement industry 1990–2015: trends, evolution of
technologies and drivers. Atmospheric Chemistry and Physics 2021;21:1627-47.

79. Tian H, Gao J, Hao J, Lu L, Zhu C, Qiu P. Atmospheric pollution problems and control proposals associated with solid waste management in China: a
review. Journal of Hazardous Materials. 2013;252:142-54.

80. CSY. China Statistical Yearbook. 2020:National Bureau of Statistics of China.

Figures

Figure 1

Temporal variations of the ensemble mean GHGs (a) and APs (b) emissions in China since 1980. The shaded areas represent one standard deviation of the
six inventories used (i.e. PKU, CEDS, EDGAR, MEIC, REAS, Zhao et al., (2013)), and see Table S1 and Fig. S5 for their differences and uncertainties.

Figure 2

Sectoral contributions to the changes in GHGs and APs emissions across China in the 1980s (T1), 1990s (T2), 2000s (T3), and 2010-2015 (T4).

Figure 3

The high-emitting areas of CO2 and APs emissions extracted from gridded maps (i.e., CEDS, EDGAR, PKU, MEIC, and REAS) during 2010-2015. The CO2 and

CO emissions are in units of 103 Mt yr-1 and 10 Mt yr-1, respectively.
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Figure 4

Correlation relationships between CO2 and APs emissions in the top 5% high-emitting grids. The numbers within each grid represent the coe�cient of

determination (R2) and the percent number is the common grid cells of CO2 and APs compared to the top 5% CO2 emissions grids. NA denotes not available.

Figure 5

Relationships between the changes in CO2 and APs emissions over time among the inventories during 2010-2015. The numbers represent the slopes of the
linear regression lines, and the italic numbers indicate the statistical signi�cance (P< 0.05).
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