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Abstract Chinese air pollution has increased in this
century along with the rapid socioeconomic development
and resulting anthropogenic emissions. While recent
emission control measures have shown encouraging re-
sults and have reduced the levels of sulfur dioxide and
primary aerosols, the concentrations of other air pollutants
continue to grow, particularly secondary pollutants in-
cluding ozone and secondary aerosols. Meanwhile, a va-
riety of intentional and unintentional socioeconomic
events have temporarily changed the pace, and even the
signs, of growth of air pollution. These events include the
short-term emission restrictions imposed during the
Sino-African Summit, the Beijing Olympics and Para-
lympics, the Shanghai World Exposition (Shanghai Expo),
the Guangzhou Asian Olympics, and the Shenzhen Uni-
versiade, as well as the unintentional emission reductions
associated with the recent economic recession and the
annual Chinese New Year. This paper presents a brief
overview of trends and temporary perturbations of Chi-
nese air pollution since 2000, summarizing studies on
anthropogenic emission inventories, atmospheric meas-
urements, and inverse modeling. It concludes with rec-
ommendations for future research.
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1 Introduction

China has become the second largest economy in the
world after the United States (U. S.) due to rapid eco-
nomic growth and urbanization, which in this century has
resulted in an average double-digit growth rate in gross
domestic production (GDP; Fig. 1). These economic gains
come at the high cost of air pollution and other environ-
mental problems. Anthropogenic emissions from a variety
of air pollutants have increased dramatically (Lei et al.,
2010; Lin et al., 2010a; Lu et al., 2011; Zhang et al., 2007,
2009a; Zhao et al., 2008), deteriorating air quality in both
urban and rural areas (De Smedt et al., 2010; Ding et al.,
2008; Guo et al., 2011; Lin et al., 2010a; Lin and McElroy,
2011; Richter et al., 2005; Wang et al., 2009; Xu et al.,
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2008) (see also Fig. 1).

The Chinese government has made tremendous efforts
to reduce air pollution, implementing control measures in
coal-fired power plants, the cement industry, urban heat-
ing facilities and transportation, and phasing out small
and highly emitting devices (Lin et al., 2010a; Lu et al.,
2011; Zhang et al., 2009a, b). These measures have tradi-
tionally targeted emissions of sulfur dioxide (SO,) and
particulate matter < 10 pm (PM,o), successfully reducing
atmospheric loadings of SO, and PMin recent years (Li
et al.,, 2010; Lin et al., 2010a). However, the control
measures have not been effective for reducing other pol-
lutants, including nitrogen oxides (NOy), volatile organic
compounds (VOC), ozone, and PM < 2.5 um (PM,5) (De
Smedt et al., 2010; Ding et al., 2008; Lin et al., 2010a;
Lin and McElroy, 2011; Xu et al., 2008). Currently, the
government is focused on reducing PM, s and ozone over
the coming years by tightening emission regulations, en-
hancing air quality standards, and improving environ-
mental monitoring.

Several voluntary and involuntary socioeconomic
events have had significant temporary impacts on air pol-
lution, including the Sino-African Summit (Cheng et al.
2008), the Beijing Olympics and Paralympics (Lin et al.,
2010a; Zhang et al., 2009b), the Shanghai World Exposi-
tion (Shanghai Expo) (Hao et al., 2011), the Guangzhou
Asian Olympics, Shenzhen Universiade, the recent eco-
nomic recession, and the annual Chinese New Year (CNY)
(Lin and McElroy, 2011). These events have attracted
worldwide attention, providing excellent opportunities for
analyzing the characteristics of Chinese air pollution and
evaluating the effectiveness of emission control strategies.

The following sections first summarize the existing
anthropogenic emissions inventories for gaseous and aero-
sol pollutants. The analysis is switched then to atmos-
pheric measurements inferring changes in anthropogenic
emissions. Emphasis is made to evaluate the general trend
of air pollution since 2000 in contrast to the temporary
disruptions caused by short-term socioeconomic events.
Recommendations for future research are also provided.

2 Bottom-up emission inventories

Emission trends are determined by variations in emis-
sion activity and emission factors. Over the past decade,
power generation, industrial output, and vehicle numbers
have increased rapidly, reflecting the economic growth of
China, although these factors have been disrupted tempo-
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Figure 1 (a) Yearly variation of GDP and monthly variations of other economic indices of China with respective trend calculation relative to annual
means in 2005. The dotted vertical lines show February when the CNY holidays occur most frequently. Note the perturbation in 2008-2009 associated
with the economic downturn. Data source: the National Bureau of Statistics of China. (b—g) Monthly variations of air pollutants over northern East
China (29-41°N, 110-122.25°E) detected from space: (b, ¢) AOD, (d) tropospheric formaldehyde columns, (e) tropospheric NO, columns, (f) tropo-
spheric ozone columns, and (g) CO mixing ratio at 700 hPa. Values presented for a given month denote the means over the prior 12 months. Also
shown is the trend analysis. The vertical bars indicate seasonal variability in individual years. Data source: www.temis.nl for NO, and formaldehyde
and National Aeronautics and Space Administration (NASA) for other pollutants.

rarily by the aforementioned short-term socioeconomic
events (Lin et al., 2010a; Zhang et al., 2007) (see also Fig.
1). Meanwhile, the implementation of flue-gas desulfuri-
zation (FGD) systems has significantly reduced emission
factors of SO, in power generation, with additional bene-
fits for primary aerosol control (Lin et al., 2010a; Zhao et
al., 2009). The promotion of precalciner kilns in place of
shaft kilns has increased (decreased) emission factors of
NO, (CO) in cement production due to enhanced combus-
tion efficiency (Lei et al., 2010; Lin et al., 2010a). The
revised emission standard has reduced emission factors of
primary aerosols in the cement industry by up to 67%,
depending on kiln types (Lei et al.,, 2010; Lin et al.,
2010a). The phase-out of small and highly emitting de-

vices has had a significant influence on emission factors
across the heavy industries (Lin et al., 2010a; Lu et al.,
2011; Zhang et al., 2009a). The rapidly strengthening ve-
hicle emission standards have resulted in significant de-
clines of emission factors for most pollutants (Lin et al.,
2010a). In the residential sector, emission factors have
also declined due to the promotion of cleaner burners re-
placing the previous coal/wood/grass burners (Interna-
tional Energy Agency (IEA), 2007; Lin et al., 2010a). The
consequent emission trends are expected to differ to some
extent between air pollutants due to the varying impor-
tance of individual sectors.

Chinese emission inventories accounting for trends
since 2000 are available for a limited number of pollut-
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ants and years (Bond et al., 2004; Lei et al., 2010; Lin et
al., 2010a; Lu et al., 2011; Zhang et al., 2007, 2009a;
Zhao et al., 2008; Huang et al., 2011). According to Lu et
al. (2011), anthropogenic emissions of SO, increased by
61% from 2000 to 2006 and then declined by 9.2% from
2006 to 2010. Emissions of black carbon (BC) and or-
ganic carbon (OC) increased by 72% and 43%, respec-
tively, from 2000 to 2010. Zhang et al. (2007, 2009a) in-
dicated emission growth by 13%-55% from 2001 to 2006
for SO,, NOy, carbon monoxide (CO), VOC, PM;y, PM, s,
BC, and OC, with a larger increase in NOy and smaller
increases in CO and carbon aerosols. Results from Lu et
al. (2011) and Zhang et al. (2007, 2009a) are in broad
agreement with many (but not all) alternate inventories
(see Zhang et al., 2009a; Lu et al., 2011 for details). More
trend analyses are needed to account for the rapidly
changing emissions since 2005. Of particular concern are
emissions of VOC and the contribution of residential and
industrial sources to various pollutants.

Bottom-up estimates are rare in directly calculating
emission reductions during short-term socioeconomic
events, except for the Beijing Olympics (Su et al., 2011;
Wang et al., 2010). Su et al. (2011) found a reduction by
about 45% in VOC emissions in Beijing in August 2008
relative to June. Wang et al. (2010) found daily emissions
of SO,, NO,, PM,y, and VOC during the Olympic Games
to be lower than those in June 2008 by 41%—57%. These
estimates are relatively consistent pointing to the effec-
tiveness of the short-term emission mitigation. Bottom-up
analyses are needed for other socioeconomic events, es-
pecially for comparison with top-down constraints.

3 Atmospheric measurements and top-down
emission constraints

Atmospheric measurements have been used widely to
analyze the characteristics of Chinese air pollution and to
constrain emissions. Ground based measurements are
limited by spatial and temporal coverage, and aircraft
measurements are rare in China. Satellite remote sensing
provides an important tool for air quality analysis, al-
though subject to retrieval errors. To reconcile the lack of
sufficient ground and in situ observations, satellite meas-
urements have been exploited extensively to analyze
Chinese air pollution. Such measurements are employed
here to facilitate the overview of previous studies on pol-
lutant trends and characteristics, as shown in Fig. 1.

3.1 General trend characteristics

Vertical column densities (VCDs) of tropospheric NO,
from a variety of satellite instruments have been em-
ployed to analyze levels, trends, and emissions of NOy
(Lamsal et al., 2011; Lin et al., 2010a; Lin and McElroy,
2011; Richter et al., 2005; Zhang et al., 2007). Richter et
al. (2005) found drastic increases of NO, from 1995 to
2004 over East China (e.g., by ~ 9.6% per year over the
Yangtze River Delta (YRD)), in contrast to the decreasing
trends found over the U.S. and Europe. More recent stud-
ies indicated continuous growth of NO, in China since
2005 (Lamsal et al., 2011; Lin et al., 2010a; Lin and
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McElroy, 2011) (also see Fig. 1). Lin (2012) further sug-
gested anthropogenic emissions to be the dominant source
of NOy in China, with contributions of soil and lightning
emissions not exceeding 25% even in summer. Currently,
the greatest challenge for space-based emission derivation
for NOy is to constrain errors in inverse modeling to de-
velop better comparisons to bottom-up inventories on the
absolute values of NO, emissions.

Tropospheric formaldehyde has also been retrieved
from space (although more difficult than NO,) to analyze
levels and trends of VOC emissions (De Smedt et al.,
2010). De Smedt et al. (2010) showed a significant in-
crease of formaldehyde over northern China based on
Global Ozone Monitoring Experiment (GOME) and
SCanning Imaging Absorption SpectroMeter for Atmos-
pheric CHartographY (SCIAMACHY) measurements and
suggested likely drastic growth in anthropogenic VOC
emissions. The trend is however not obvious from the
GOME-2 data (Fig. 1), indicating significant uncertainties
in satellite observations. Retrievals of glyoxal revealed a
potentially dramatic underestimate (up to an order of
magnitude) in bottom-up anthropogenic aromatic emis-
sions (Liu et al., 2012); trend analyses are not available.

CO is measured by multiple space instruments, such as
the Measurements Of Pollution In The Troposphere
(MOPITT), SCIAMACHY, and the Infrared Atmospheric
Sounding Interferometer (IASI) (Fortems-Cheiney et al.,
2011; Liu et al., 2011). Based on the widely used
MOPITT product version 4, Fortems-Cheiney et al. (2011)
found no significant trends of CO at 700 hPa from 2000
to 2009 averaged over East and continental Southeast
Asia. For China, the MOPITT version 4 product also
shows no significant trends, while the version 5 product
suggests that CO concentrations have declined rapidly
since 2003 (Fig. 1), resulting in difficulties in inferring
trends of anthropogenic CO emissions.

Tropospheric ozone has been growing gradually over
East China due to growth in precursor emissions, as ob-
served from ground measurements in Hong Kong, YRD,
and Beijing (Ding et al., 2008; Wang et al., 2009; Xu et al.,
2008). Satellite remote sensing is difficult for surface
ozone detection due mainly to the influence of the strato-
sphere and upper troposphere. The measurement has,
however, been used to study the effect of climate variabil-
ity on tropospheric ozone (Oman et al., 2011). Figure 1
shows the apparent growth, albeit with large interannual
variability, of tropospheric ozone over China since late
2004 that is consistent with increasing emissions of NOy
and VOC.

Space-based measurements are difficult for detecting
anthropogenic SO, due to the influence of volcanic
sources and tropospheric ozone. Limited data have how-
ever been used to analyze the effectiveness of sulfur con-
trol in China after 2007 (Li et al., 2010), and the results
are in broad agreement with ground measurements (Lin et
al., 2012b).

Chinese aerosols are under extensive studies concern-
ing their high loadings and significant adverse environ-
mental impacts (Guo et al., 2011; Huang et al., 2012; Lin
et al., 2010a; Xin et al., 2011; Yang et al., 2011; Zhang et
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al., 2009b, 2012). Although under scrutiny regarding the
data quality, official ground measurements for PM,q in
tens of cities suggest declining PM;, concentrations in
most cities, which is attributable to tightened emissions
controls on primary aerosols (Lin et al., 2010a). By con-
trast, PM, s may have increased gradually due to increas-
ing formation from emitted precursors (Lin et al., 2010a),
as indicated by the growing aerosol optical depth (AOD)
(Guo et al.,, 2011; Lin et al., 2010a; Xin et al., 2011). Fig-
ure 1 shows gradual growth of AOD embedded in large
interannual variability observed from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) and Multi-
angle Imaging SpectroRadiometer (MISR). The interan-
nual variability is associated with variations in meteorol-
ogy, natural (e.g., biomass burning) emissions, and
short-term disruptions in anthropogenic emissions; the
contributions of these factors have yet to be quantified.

3.2 Short-term emission controls for the Beijing
Olympics and other socioeconomic events

The 2008 Beijing Olympics and Paralympics came
with the strictest short-term emission control strategies in
Chinese history substantially reducing emissions in Bei-
jing and the surrounding provinces through traffic restric-
tion and other measures (Zhang et al., 2009b). The emis-
sion disruption provided an excellent opportunity for
studying the nonlinear relationship between emissions and
pollution severity under the influence of varying meteor-
ology and natural emissions (Cermak and Knutti, 2009;
Gao et al,, 2011; Lin et al., 2012b; Mijling et al., 2009;
Shao et al., 2011; Xing et al., 2011; Zhang et al., 2009b).
Top-down constraints suggested that emission reductions
and favorable meteorological conditions are both critical
for air quality improvement (Gao et al., 2011; Xing et al.,
2011; Zhang et al., 2009b). The effect of emission control
on surface ozone exhibited large horizontal inhomogene-
ity, with increases in urban ozone concentrations transi-
tioning to reductions in rural areas reflecting different
regimes of ozone production chemistry (Xing et al., 2011;
Zhang et al., 2009b).

Prior to the Olympics, smaller-scale emission restric-
tions were established for the Sino-African Summit in
November 2006 (Cheng et al., 2008). The success of
emission mitigation for the Olympics has inspired similar
actions in other Chinese cities holding major international
events, including the six-month long Shanghai Expo ,
Guangzhou Asian Olympics, and Shenzhen Universiade.
A study for Shanghai Expo showed reductions in aerosols,
NO,, and CO based on space measurements, without ex-
plicitly quantifying the effect of meteorological condi-
tions (Hao et al., 2011). Studies for other events are yet to
come.

3.3 Effects of the recent economic downturn and the
CNY

China also experienced several periods of unintended
emission perturbations in the past decade, including the
recent economic recession (late 2008—mid 2009) and the
annual CNY holidays (Lin et al., 2010a; Lin and McElroy,
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2011) (see also Fig. 1). Studies on these events can help
improve understanding of the characteristics of Chinese
air pollution at no additional economic costs. Based on
satellite measurements, Lin and McElroy (2011) found
that the recession and CNY contributed, approximately
equally, to a 20% reduction in anthropogenic emissions of
NOy in the month of January from 2008 to 2009. Studies
on other pollutants will prove useful, given the scale of
the economic recession and the annual reoccurrence of
CNY.

4 Recommendations for future research

Further studies are needed on Chinese air pollution, in-
cluding long-term trend characteristics and short-term
variations associated with socioeconomic events. For
studies on short-term emission mitigation, it is important
to conduct cost-effect analyses of emission control strate-
gies to better facilitate emission controls in the future (not
just for short-term events but also for long-term endeavors
to improve air quality in China).

Future research can benefit from extended ground and
in situ measurements, enhanced data manage-
ment-coordination, improved quantification of satellite
and model errors, improved separation of the effects of
changing anthropogenic emissions from the effects of
varying meteorology and natural emissions, and timely
update of anthropogenic emission inventories that account
for the rapid emission changes.

Measurements: Current ground and in situ measure-
ments are inadequate both for analyzing the temporal and
spatial variability of air pollution and for evaluating errors
in satellite data and model simulations. There is an urgent
need to improve the spatiotemporal coverage of meas-
urements. Enhancing data coordination to enable a more
open data deposit and sharing system will substantially
facilitate future research. A good example of such coordi-
nation lies in the U.S. where federal agencies manage and
provide high-quality measurement data for researchers
free of charge (e.g., http://www.epa.gov/ttn/airs/airsaqgs/).

Satellite and model errors: Satellite data contain errors
of both random and systematic characteristics with sig-
nificant consequences for inverse modeling and other air
pollution applications (Boersma et al., 2004; Lin et al.,
2010b). Errors also exist in models (e.g., chemical trans-
port models (CTMs)) associating emissions and tropo-
spheric abundances of air pollutants (Lin et al., 2012a).
These errors should be better quantified to improve the
accuracy of subsequent emission inference. Aircraft
measurements are important particularly for error evalua-
tion, as they can provide pollutant information at different
altitudes; they are rare in China and should be conducted
more frequently in the future. To quantify model errors in
the absence of pollutant measurements, an indirect ap-
proach can be taken by systematically examining mete-
orological and chemical parameters/processes represented
in the models (Lin et al., 2012a).

Meteorology and natural emissions: Measured varia-
tions in air pollution are affected also by changes in me-
teorology and natural emissions (Lin, 2012). The effect of
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varying meteorological conditions can be analyzed with a
certain set of meteorological parameters and/or by black-
trajectory modeling (Ding et al., 2008; Hao et al., 2011;
Lin et al., 2012b; Zhang et al., 2009b). As a more sophis-
ticated and quantitative approach, CTMs and their adjoint
models can be used to separate the effect of anthropo-
genic emissions from other factors by explicitly consider-
ing the non-linear processes governing the transport and
transformation of air pollutants (e.g., Xing et al., 2011;
Lin and McElroy, 2011; Lin, 2012).

Emission inventory: Current anthropogenic emission
inventories are often not updated in time to reflect the
rapid changes in Chinese emissions, and are limited
mainly by lack of data availability for emission activities
and emission factors. A possible solution to these chal-
lenges is to establish bottom-up inventories for a specified
period of years and to use top-down (e.g., satellite-based)
calculations to extend emissions to other years (Lamsal et
al., 2011), provided that errors in inverse modeling can be
quantified reasonably.

Acknowledgements. This research is supported by the National
Natural Science Foundation of China (Grant Nos. 41005078 and
41175127). We acknowledge the free use of various satellite data
from NASA and www.temis.nl.

References

Boersma, K. F., H. J. Eskes, and E. J. Brinksma, 2004: Error
analysis for tropospheric NO; retrieval from space, J. Geophys.
Res., 109, D04311, doi:10.1029/2003JD003962.

Bond, T. C., D. G. Streets, K. F. Yarber, et al., 2004: A technology-
based global inventory of black and organic carbon emissions
from combustion, J. Geophys. Res., 109, D14203, doi:10.1029/
2003JD003697.

Cermak, J., and R. Knutti, 2009: Beijing Olympics as an aerosol
field experiment, Geophy. Res. Lett, 36, L10806,
doi:10.1029/2009GL038572.

Cheng, Y. F., J. Heintzenberg, B. Wehner, et al., 2008: Traffic
restrictions in Beijing during the Sino-African Summit 2006:
Aerosol size distribution and visibility compared to long-term in
situ observations, Atmos. Chem. Phys., 8, 7583-7594.

De Smedt, L., T. Stavrakou, J. F. Muller, et al., 2010: Trend detection
in satellite observations of formaldehyde tropospheric columns,
Geophys. Res. Lett., 37, L18808, doi:10.1029/2010GL044245.

Ding, A. J., T. Wang, V. Thouret, et al., 2008: Tropospheric ozone
climatology over Beijing: Analysis of aircraft data from the
MOZAIC program, Atmos. Chem. Phys., 8, 1-13.

Fortems-Cheiney, A., F. Chevallier, 1. Pison, et al., 2011: Ten years
of CO emissions as seen from Measurements of Pollution in the
Troposphere (MOPITT), J. Geophys. Res., 116, D05304,
doi:10.1029/2010JD014416.

Gao, Y., X. Liu, C. Zhao, et al.,, 2011: Emission controls versus
meteorological conditions in determining aerosol concentrations
in Beijing during the 2008 Olympic Games, Atmos. Chem. Phys.,
11, 12437-12451.

Guo, J. P, X. Y. Zhang, Y. R. Wu, et al., 2011: Spatio-temporal
variation trends of satellite-based aerosol optical depth in China
during 1980-2008, Atmos. Environ., 45, 6802-6811.

Hao, N., P. Valks, D. Loyola, et al., 2011: Space-based measure-
ments of air quality during the World Expo 2010 in Shanghai,
Environ. Res. Lett., 6, 044004.

Huang, C., C. H. Chen, L. Li, et al., 2011: Emission inventory of
anthropogenic air pollutants and VOC species in the Yangtze
River Delta region, China, Atmos. Chem. Phys., 11, 4105-4120.

VOL. 6

Huang, K., G. Zhang, Y. Lin, et al, 2012: Typical types and
formation mechanisms of haze in an eastern Asia megacity,
Shanghai, Atmos. Chem. Phys., 12, 105-124.

IEA, 2007: World Energy Outlook 2007: China and India Insights,
International Energy Agency Publications, Paris, 663pp.

Lamsal, L. N., R. V. Martin, A. Padmanabhan, et al., 2011:
Application of satellite observations for timely updates to global
anthropogenic NO( emission inventories, Geophys. Res. Lett.,
38, L05810, doi:10.1029/2010GL046476.

Lei, Y., Q. Zhang, C. P. Nielsen, et al.,, 2010: An inventory of
primary air pollutants and CO, emissions from cement
production in China, 1990-2020, Atmos. Environ., 45, 147-154.

Li, C., Q. Zhang, N. A. Krotkov, et al., 2010: Recent large reduction
in sulfur dioxide emissions from Chinese power plants observed
by the ozone monitoring instrument, Geophys. Res. Lett., 37,
L08807, doi:10.1029/2010GL042594.

Lin, J. T., 2012: Satellite constraint for emissions of nitrogen oxides
from anthropogenic, lightning and soil sources over East China
on a high-resolution grid, Atmos. Chem. Phys., 12, 2881-2898.

Lin, J. T, Z. Liu, Q. Zhang, et al., 2012a: Modeling uncertainties for
tropospheric nitrogen dioxide columns affecting satellite-based
inverse modeling of nitrogen oxides emissions, Atmos. Chem.
Phys., 12, 12255-12275, doi:10.5194/acp-12-12255-2012.

Lin, J. T., and M. B. McElroy, 2011: Detection from space of a
reduction in anthropogenic emissions of nitrogen oxides during
the Chinese economic downturn, Atmos. Chem. Phys., 11,
8171-8188.

Lin, J. T., M. B. McElroy, and K. F. Boersma, 2010b: Constraint of
anthropogenic NOy emissions in China from different sectors: A
new methodology using multiple satellite retrievals, Atmos.
Chem. Phys., 10, 63-78.

Lin, J. T., C. P. Nielsen, Y. Zhao, et al., 2010a: Recent changes in
particulate air pollution over China observed from space and the
ground: Effectiveness of emission control, Environ. Sci. Technol.,
44, 7771-7776.

Lin, W. L., X. B. Xu, Z. Q. Ma, et al., 2012b: Characteristics and
recent trends of sulfur dioxide at urban, rural, and background
sites in North China: Effectiveness of control measures, J.
Environ. Sci. China, 24, 34-49.

Liu, C., S. Beirle, T. Butler et al, 2011: Application of
SCIAMACHY and MOPITT CO total column measurements to
evaluate model results over biomass burning regions and Eastern
China, Atmos. Chem. Phys., 11, 6083-6114.

Liu, Z., Y. Wang, M. Vrekoussis, et al., 2012: Exploring the missing
source of glyoxal (CHOCHO) over China, Geophys. Res. Lett.,
39, 110812, doi:10.1029/2012GL051645.

Lu, Z., Q. Zhang, and D. G. Streets, 2011: Sulfur dioxide and
primary carbonaceous aerosol emissions in China and India,
1996-2010, Atmos. Chem. Phys., 11, 9839-9864.

Mijling, B., R. J. van der A, K. F. Boersma, et al., 2009: Reductions
of NO, detected from space during the 2008 Beijing Olympic
Games, Geophys. Res. Lett., 36, L13801, doi:10.1029/2009GL
038943.

Oman, L. D., J. R. Ziemke, A. R. Douglass, et al., 2011: The
response of tropical tropospheric ozone to ENSO, Geophys. Res.
Lett., 38, L13706, doi:10.1029/2011GL047865.

Richter, A., J. P. Burrows, H. NiB, et al., 2005: Increase in
tropospheric nitrogen dioxide over China observed from space,
Nature, 437, 129-132.

Shao, M., B. Wang, S. H. Lu, et al., 2011: Effects of Beijing
Olympics control measures on reducing reactive hydrocarbon
species, Environ. Sci. Technol., 45, 514-519.

Su, J. H., M. Shao, S. H. Lu, et al., 2011: Non-methane volatile
organic compound emission inventories in Beijing during
Olympic Games 2008, Atmos. Environ., 45, 7046-7052.

Wang, S. X., M. Zhao, J. Xing et al., 2010: Quantifying the air
pollutants emission reduction during the 2008 Olympic Games in
Beijing, Environ. Sci. Technol., 44, 2490-2496.

Wang, T., X. L. Wei, A. J. Ding, et al., 2009: Increasing surface



NO.2

ozone concentrations in the background atmosphere of Southern
China, 1994-2007, Atmos. Chem. Phys., 9, 6216-6226.

Xin, J. Y., L. L. Wang, Y. S. Wang, et al., 2011: Trends in aerosol
optical properties over the Bohai Rim in Northeast China from
2004 to 2010, Atmos. Environ., 45, 6317-6325.

Xing, J., Y. Zhang, S. Wang, et al., 2011: Modeling study on the air
quality impacts from emission reductions and atypical meteo-
rological conditions during the 2008 Beijing Olympics, Atmos.
Environ., 45, 1786-1798.

Xu, X., W. Lin, T. Wang, et al., 2008: Long-term trend of surface
ozone at a regional background station in eastern China 1991—
2006: Enhanced variability, Atmos. Chem. Phys., 8, 2595-2607.

Yang, F., L. Huang, F. Duan, et al., 2011: Carbonaceous species in
PM, 5 at a pair of rural/urban sites in Beijing, 2005-2008, Atmos.
Chem. Phys., 11, 7893-7903.

Zhang, Q., D. G. Streets, G. R. Carmichael, et al., 2009a: Asian
emissions in 2006 for the NASA INTEX-B mission, Atmos.
Chem. Phys., 9, 5131-5153.

LIN ET AL.: TREND AND VARIABILITY OF CHINESE AIR POLLUTION 89

Zhang, Q., D. G. Streets, K. He, et al., 2007: NOy emission trends
for China, 1995-2004: The view from the ground and the view
from space, J. Geophys. Res., 112, D22306, doi:10.1029/2007JD
008684.

Zhang, X. Y., Y. Q. Wang, W. L. Lin, et al., 2009b: Changes of
Atmospheric composition and optical properties over Beijing
2008 Olympic monitoring campaign, Bull. Amer. Meteor. Soc.,
90, 1633-1651.

Zhang, X. Y., Y. Q. Wang, T. Niu, et al., 2012: Atmospheric aerosol
compositions in China: Spatial/temporal variability, chemical
signature, regional haze distribution and comparisons with global
aerosols, Atmos. Chem. Phys., 12, 779-799.

Zhao, Y., L. Duan, J. Xing, et al., 2009: Soil acidification in China:
Is controlling SO, emissions enough? Environ. Sci. Technol., 43,
8021-8026.

Zhao, Y., S. X. Wang, L. Duan, et al., 2008: Primary air pollutant
emissions of coal-fired power plants in China: Current status and
future prediction, Atmos. Environ., 42, 8442-8452.



