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Abstract The increase in winter haze over eastern China in recent decades due to variations in
meteorological parameters and anthropogenic emissions was quantified using observed atmospheric
visibility from the National Climatic Data Center Global Summary of Day database for 1980–2014 and
simulated PM2.5 concentrations for 1985–2005 from the Goddard Earth-Observing System (GEOS) chemical
transport model (GEOS-Chem). Observed winter haze days averaged over eastern China (105–122.5°E, 20–45°N)
increased from 21days in 1980 to 42 days in 2014 and from 22 to 30 days between 1985 and 2005. The
GEOS-Chem model captured the increasing trend of winter PM2.5 concentrations for 1985–2005, with
concentrations averaged over eastern China increasing from 16.1μgm�3 in 1985 to 38.4μgm�3 in 2005.
Considering variations in both anthropogenic emissions and meteorological parameters, the model
simulated an increase in winter surface-layer PM2.5 concentrations of 10.5 (±6.2)μgm�3 decade�1 over
eastern China. The increasing trend was only 1.8 (±1.5)μgm�3 decade�1 when variations in meteorological
parameters alone were considered. Among the meteorological parameters, the weakening of winds by
�0.09m s�1 decade�1 over 1985–2005 was found to be the dominant factor leading to the decadal increase
in winter aerosol concentrations and haze days over eastern China during recent decades.

1. Introduction

In recent years, eastern China has frequently experienced persistent and severe winter haze pollution epi-
sodes with high aerosol concentrations, which have affected half of the 1.3 billion people in China. During
haze days, atmospheric visibility is less than 10 km because of the scattering and absorption of solar radiation
by aerosols, which results in traffic jams and flight cancelations [Wu et al., 2005]. High aerosol concentrations
during haze days also have serious adverse effects on human health [Fajersztajn et al., 2013; Peplow, 2014]
and ecosystems [Chameides et al., 1999]. Lim et al. [2012] showed that as a result of the increase in aerosol
pollution, the deaths attributable to ambient particulate matter pollution have increased by about 10%
worldwide over 1990–2010. The increase in aerosol concentrations over eastern China further influences
the air quality in downwind areas, such as the North Pacific, through long-range transport of aerosols
[Yang et al., 2015]. Increased aerosol loading in recent decades has also contributed to the decrease in sun-
shine duration by 1.0%decade�1 over 1954–1998 in China [Kaiser and Qian, 2002], trend in radiative forcing
by �6.6Wm�2 decade�1 over 1961–2000 in China [Che et al., 2005; Liao et al., 2015], and trend of cooling in
surface air temperature by 0.1 K decade�1 from 1953 to 1997 over the Sichuan Basin [Qian and Giorgi, 2000].

The formation of winter haze over eastern China is associated with relatively high anthropogenic aerosol
emissions and unusual meteorological conditions [Sun et al., 2014; Zhang et al., 2014]. In addition to the high
emissions resulting from accelerated urbanization and rapid economic growth, stable synoptic meteorologi-
cal conditions, such as strong temperature inversion in the lower troposphere, weak surface wind speed, and
descending air in the planetary boundary layer, accumulate pollutants in the shallow layer and produce high
concentrations of pollutants within the source regions [Zhao et al., 2013; Y. S. Wang et al., 2014; Chen and
Wang, 2015; Zheng et al., 2015; Li et al., 2016]. The transport of pollutants from upwind areas is also an impor-
tant contributor to local high aerosol concentrations [Han et al., 2013; L. T.Wang et al., 2014]. Han et al. [2013]
found that the transport of pollutants from the southern to northern regions of the North China Plain leads to
heavy PM2.5 loading in Beijing. L. T. Wang et al. [2014] reported that emissions from northern Hebei and
Beijing-Tianjin were two major regional contributors to PM2.5 pollution in Shijiazhuang in January 2013.
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Many studies have reported that eastern China has experienced an increasing trend of haze days during
recent decades [Che et al., 2007, 2009; Zhao et al., 2011; Cheng et al., 2013; Ding and Liu, 2014; Chen and
Wang, 2015]. Owing to the lack of a long-term monitoring network for aerosols in China, haze days are iden-
tified as days with visibility less than 10 km and relative humidity less than 90% based on observations, which
separates haze from fog assuming that fog occurs when relative humidity is equal to or larger than 90% [Ding
and Liu, 2014]. Zhao et al. [2011] reported that averaged over 16 urban sites over the Beijing-Tianjin-Hebei
area in northern China, the yearly haze days increased from 46days in 1986 to 78 days in 2007. Chen and
Wang [2015] examined haze days at 78 sites in northern China and found that spatially averaged winter haze
days increased from 16 days in 1960 to 27 days in 2012. Cheng et al. [2013] found that for the cities of Nanjing,
Hangzhou, and Suzhou in the Yangtze River Delta in eastern China, annual haze days increased continuously
from about 40, 50, and 20 days in the 1980s to 140, 160, and 70 days after 2001, respectively. Che et al. [2009]
examined haze trends over 31 provincial capitals in China between 1980 and 2005 and showed evident
increasing trends of winter haze in eastern and southwestern China and decreasing trends in northeastern
and northwestern China. Ding and Liu [2014] also showed that haze days increased in economically devel-
oped eastern China, especially in southern China with the average annual haze days increasing from 3.9 days
in the 1960s to 60 days in 2008, whereas it decreased in less economically developed northeastern and north-
western China. They also found that averaged over 553 sites in China, winter haze days increased rapidly from
1day in the 1960s to 5 days in the 2010s.

The increase in winter haze days on the decadal timescale over eastern China is usually attributed to the
increase in anthropogenic aerosol emissions that accompanies rapid urbanization and economic develop-
ment. A few studies have also shown the contribution of meteorological parameters to decadal variations
in haze days. Li et al. [2016] found negative correlation coefficients of�0.41 to�0.49 between fog-haze days
and the East Asian winter monsoon indices (indices are defined based on 850 hPa winds or geopotential
height) and suggested that the weakened near-surface winds in the weak East Asian winter monsoon years
reduce the outflow of haze and favor the accumulation of pollutants over eastern China. This mechanism is
important considering that wind speed decreased by�0.2m s�1 decade�1 between 1969 and 2000 [Xu et al.,
2006]. Ding and Liu [2014] found that the reduction of surface relative humidity from 70% to 67% over 1961–
2011 in China due to the increase in surface air temperature from 10.5 to 10.8°C might have caused the
increase in yearly haze days from 4 to 15 days. Understanding the causes of the increase in haze days and
aerosol concentrations is essential for long-term planning of air quality. However, few previous studies have
quantitatively separated the roles of anthropogenic emissions and meteorological parameters on decadal
variations in haze days over eastern China during recent decades.

Here we present a systematic investigation of the decadal trend of winter haze over eastern China during
recent decades based on a set of two simulations covering the winters of 1985–2005 by a global three-
dimensional Goddard Earth Observing System (GEOS) chemical transport model (GEOS-Chem) combined
with observed daily atmospheric visibility and assimilated meteorological parameters. We aimed to quantify
the following: (1) observed winter haze days and simulated winter PM2.5 concentrations over eastern China
during recent decades, (2) the roles of anthropogenic emissions and meteorological parameters in the trend
of simulated winter PM2.5 (sum of sulfate, nitrate, ammonium, black carbon, and organic carbon) concentra-
tions, and (3) the relative importance of each meteorological parameter.

The GEOS-Chemmodel, emissions, and numerical experiments are described in section 2. Section 3 provides
a comparison of the observed haze days and simulated PM2.5 concentrations in winter over eastern China
during recent decades. Section 4 investigates the roles of anthropogenic emissions and meteorological para-
meters in the trend of simulated winter PM2.5 concentrations. Section 5 examines the relative importance of
each meteorological parameter on the trend.

2. Data and Experimental Methods

In this work, observed visibility data were used to calculate the winter haze days and to evaluate the model’s
ability in simulating the trend of PM2.5 concentrations over eastern China during recent decades. The observed
visibilitydatawerederived fromtheNationalClimaticDataCenter (NCDC)Global SummaryofDay (GSOD)data-
base, which collected data from 346 meteorological stations in China between 1980 and 2014 (http://www7.
ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=). The data set

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025136

YANG ET AL. INCREASE IN WINTER HAZE IN EASTERN CHINA 13,051

http://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=
http://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=


includes daily visibility, temperature, dew point temperature, sea level pressure, wind speed, and precipitation
and has been used in many previous studies [Chang et al., 2009; K.Wang et al., 2009; Chen and Xie, 2012; Deng
etal., 2012].Onlydayswithoutprecipitationwereanalyzed in this study,whichaccounted for about91%ofdays
with observed atmospheric visibility data available. Observed haze days are defined as days with visibility less
than 10 km and relative humidity less than 90% [Chen and Xie, 2012;Ding and Liu, 2014; Chen andWang, 2015].

We simulated aerosols using the global chemical transport model GEOS-Chem (version 8.02.01, http://acmg.
seas.harvard.edu/geos) driven by the assimilated meteorological fields from the Goddard Earth Observing
System (GEOS) of the NASA Global Modeling Assimilation Office. The version of the model used here has a
horizontal resolution of 2° latitude by 2.5° longitude with 30 vertical layers up to 0.01 hPa. The GEOS-Chem
model has fully coupled O3–NOx–hydrocarbon chemistry and aerosols including sulfate, nitrate, ammonium,
organic carbon, black carbon [Park et al., 2003; Park, 2004], mineral dust [Fairlie et al., 2007], and sea salt
[Alexander et al., 2005]. Partitioning of nitric acid and ammonia between the gas and aerosol phases was cal-
culated using ISORROPIA package, which performs aerosol thermodynamical equilibrium [Nenes et al., 1998].
Heterogeneous reactions of anthropogenic aerosols included hydrolysis of N2O5 [Evans and Jacob, 2005], irre-
versible absorption of NO3 and NO2 on wet aerosols [Jacob, 2000], and the uptake of HO2 by aerosols
[Thornton et al., 2008]. The mineral dust and sea-salt aerosols were not considered in this study, because they
are not major aerosol components during winter in China based on previous measurements [Xuan et al.,
2000; Ye et al., 2003; Duan et al., 2006]. However, excluding dust and sea salt may lead to low bias in simulated
aerosol concentrations.

The performance of the GEOS-Chem model in simulating aerosols has been evaluated in many studies using
ground-based measurements in China [Zhang et al., 2010; Jeong and Park, 2013; Jiang et al., 2013;Wang et al.,
2013; Lou et al., 2014; Y.Wang et al., 2014; Yang et al., 2015]. The model underestimated PM2.5 concentrations
by a factor of 3–4 during the 2013 severe haze event [Y.Wang et al., 2014], which may result in low bias in the
simulated PM2.5 trend in our study. However, the model captured well the spatial distributions, seasonal and
interannual variations of concentrations, and optical depth of aerosols in China [Jiang et al., 2013; Yang
et al., 2015].

Global emissions of aerosols and their precursors in the GEOS-Chem model followed Park et al. [2003, 2004],
with anthropogenic emissions of sulfur dioxide (SO2), nitrogen oxide (NOx), and ammonia (NH3) in Asia over-
written by the emission inventories of Streets et al. [2003] and Zhang et al. [2009]. Interannual variations in
anthropogenic emissions were represented by annual scaling factors. To simulate with anthropogenic emis-
sions from China for the winters of 1985–2005, the scaling factors for SO2 and NOx followed those described
in van Donkelaar et al. [2008]. For black carbon (BC) and organic carbon (OC), the scaling factors for 1996–
2006 were taken from Lu et al. [2011] and those for 1985–1995 were derived from the Intergovernmental

Figure 1. (a) Seasonal variations in anthropogenic plus natural emissions of sulfur dioxide (SO2, Tg S yr
�1), nitrogen oxide

(NOx, Tg N yr�1), ammonia (NH3, Tg N yr�1), black carbon (BC, Tg C yr�1), and organic carbon (OC, Tg C yr�1) averaged
over eastern China (105–122.5°E, 20–45°N) in December-January-February (DJF) for 1985–2005 and (b) their percentage
changes relative to 1985 values.
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Panel on Climate Change (IPCC)
Fifth Assessment Report (AR5) emis-
sions inventories [Lamarque et al.,
2010] using a linear interpolation
approach. IPCC AR5 inventories
have emissions for every 10 years
between 1850 and 2000. Scaling
factors for NH3 for 1994 to 2006
were obtained from Dong et al.
[2010], and those for 1985 to 1993
were derived from the IPCC AR5
emission inventories. Biomass burn-
ing emissions were taken from the
Global Fire Emissions Database, ver-
sion 2, inventory and fixed at the
2005 level [van derWerf et al., 2006].
Figure 1 shows the variations in
December-January-February (DJF)
emissions (both anthropogenic
and natural emissions) of aerosols
and aerosol precursors in eastern
China (105–122.5°E, 20–45°N) from
1985 to 2005. Among the emissions
of aerosols and aerosol precursors,
SO2 emissions showed the largest
increase. Wintertime SO2 emissions
increased from 0.91 TgS per season
in 1985 to 2.51 TgS per season in
2005 during DJF (an increase of
176% relative to the emissions in
DJF of 1985). From 1985 to 2005,
emissions of NOx, NH3, BC, and OC
increased by 150, 118, 60, and
22%, respectively.

Aerosol concentrations in China for
the winters of 1985 to 2005 were
simulated using the GEOS-Chem
model driven by GEOS-4 meteoro-
logical fields. The simulations cov-
ered 21 winter seasons, which
were defined as the last month of
1 year and the following 2months
of next year. For example, winter
of 2000 includes December of

2000 and January and February of 2001. The following simulations were performed to compare the trends
of observed haze days and simulated PM2.5 concentrations over eastern China in winter and to identify the
roles of variations in anthropogenic emissions and meteorological parameters in the simulated PM2.5 trend:

1. CTRL. Simulation of DJF aerosols from December 1985 to February 2006, with variations in both meteor-
ological parameters and anthropogenic emissions over 1985–2006.

2. MET. Simulation of DJF aerosols in from December 1985 to February 2006 with variations in meteorologi-
cal parameters alone to quantify the impact of variations in these parameters on the trend of simulated
PM2.5 concentrations over eastern China. Meteorological parameters were allowed to vary over 1985–
2006. Anthropogenic emissions were fixed at the 2005 level.

Figure 2. Spatial distribution of the observed DJF (a) atmospheric visibility
(km) and (b) haze days (days) in China averaged over 1980–2014. (c) The
time series of observed DJF visibility (blue line, km) and haze days (red line,
days) averaged over eastern China for 1980–2014. The black box in Figure 2a
(105–122.5°E, 20–45°N) shows the area selected to represent eastern China.
The observed haze days are defined as days with visibility less than 10 km
and relative humidity less than 90% in this study.
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In the MET simulation, anthropo-
genic emissions were fixed at the
2005 level to examine the trend of
aerosols caused by variations in
meteorological parameters. If the
emissions were set to 1985, the
model may not accurately repro-
duce aerosol concentrations for
recent modern conditions due to
the nonlinearity between emis-
sions and concentrations and
would bias the simulated aerosol
trends in the MET simulation.

3. Observed Haze Days
and Simulated PM2.5
Concentrations During
Recent Decades
Figures 2a and 2b show the DJF
mean atmospheric visibility and
haze days averaged over 1980 to
2014, respectively. Observed atmo-
spheric visibility was low in eastern
China, where industries and the
economy have developed quickly
compared with other regions in
China. The visibility was lower than
10 km at one fifth of the sites in
eastern China (105–122.5°E, 20–
45°N). The average visibility over
eastern China was 15.0 km, which
was less than the average value of
18.3 km for the whole China.
Based on the definition of haze
days in terms of atmospheric visibi-
lity and relative humidity in this
study, the average number of haze

days in DJF over eastern China was 27.2 days, which was higher than the national mean of 19.2 days.

Figure 2c presents the time series of observed DJF mean visibility and haze days over eastern China from
1985 to 2005. During the past three decades, winter visibility exhibited a significant decreasing trend over
eastern China, decreasing from 15.6 km in 1980 to 14.4 km in 2012 and 12.7 km in 2014. At the same time,
eastern China experienced an increasing trend of winter haze days, with 21.3, 32.0, and 41.5 days in 1980,
2012, and 2014, respectively. Linear trends of atmospheric visibility and haze days over eastern China were
�0.4 kmdecade�1 and +2.6 d decade�1, respectively, from 1980 to 2012, which were statistically significant
at the 95th percentile. In spite of the different number of sites and different time coverage, the trends
obtained in this study are comparable, to some extent, with previous studies. Che et al. [2007] showed that
nationwide winter visibility averaged over 615 sites decreased by �1.3 kmdecade�1 between 1991 and
2005. Chen and Wang [2015] showed that between 1960 and 2012, winter visibility decreased from 21 to
17 km and haze days increased from 16 to 27 days when the averages over 78 sites in northern China were
considered. The visibility and haze days exhibited high values after 2013, because of extremely high concen-
trations of aerosols in recent years [Y. Wang et al., 2014; Zhang et al., 2014].

Figure 3 shows the spatial distributions of the linear trends of observed DJF atmospheric visibility and haze
days in China for 1980 to 2014. In the past three decades, 104 (99) of 196 sites over eastern China exhibited a

Figure 3. Spatial distributions of linear trends of (a) observed DJF mean of
atmospheric visibility (km decade�1) and (b) haze days (d decade�) in
China for 1980–2014. The trends were obtained from the linear square fit.
Only stations with trends at the 5% significance level are shown in Figures 3a
and 3b.
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statistically significant increasing
(decreasing) trend of winter haze
days (visibility). Winter haze days
increased with a trend of more
than 15 d decade�1 in 17 sites over
eastern China, which were mostly
provincial capitals. The increase in
haze days and decrease in visibility
suggest that eastern China has
experienced an increase in winter
aerosol concentrations during the
past few decades.

Figure 4a presents the observed
winter haze days for 1980–2014
and simulated surface-layer PM2.5

concentrations for 1985–2005 from
the CTRL simulation averaged over
196 sites in eastern China (boxed
area in Figure 2a). Over 1985–
2005, the GEOS-Chemmodel simu-
lated the increasing trend of PM2.5

concentrations, increasing from
16.1μgm�3 in 1985 to 38.4μgm�3

in 2005, which agrees with the
observed increases in winter haze
days (from 21.7 days in 1985 to
29.5 days in 2005). Although the
model may not well reproduce
the interannual variations of PM2.5

concentrations when compared
with observed visibility data, prob-

ably due to the fixed biomass burning emissions in the simulations, it does not influence the main results
of the variation in PM2.5 concentrations on the decadal timescale. Owing to the time coverage limitation of
the simulation, the site-averaged aerosol optical depth (AOD) at 550 nm in DJF for 2000–2013 derived from
Moderate Resolution Imaging Spectrometer (MODIS) satellite data is also presented in Figure 4a. The AOD
showed an increasing trend after 2000, with values increasing from 0.45 in 2000 to 0.55 in 2013, indicating
that aerosol concentrations were still increasing in the past decade, while haze days and visibility became
stable between 2002 and 2012. The difference between the trends of MODIS AOD and visibility results from
many factors, such as relative humidity, chemical composition of aerosols, and the spatial and temporal dif-
ferences between satellite and on-site observations. Also, AOD is a column amount, but visibility values are
from the surface layer. The variations in aerosols are driven by both anthropogenic emissions and meteoro-
logical fields. Yang et al. [2015] found that the interannual variations in the aerosol outflow from East Asia
were dominated by meteorological fields and that the decadal trends were mainly controlled by anthropo-
genic emissions. The sudden increase in haze days after 2010 (Figure 4a) was more likely due to the interann-
ual variation, which resulted mainly from changes in meteorological parameters. Many previous studies have
associated the sudden increase in haze in recent years with abnormal meteorological conditions [Y. S.Wang
et al., 2014; Zhang et al., 2014; Zheng et al., 2015]. Through a model-assisted analysis, Zheng et al. [2015] found
that the severe winter haze in recent years was driven by stable synoptic meteorological conditions and not
by an abrupt increase in anthropogenic emissions.

Figure 4b shows the percentage change in observed winter haze days, simulated PM2.5 concentrations, and
MODIS AOD, relative to the mean values. PM2.5 concentration, haze days, and AOD increased by 80, 70, and
20% over 1985–2005, 1980–2014, and 2000–2013, respectively. Note that these variables showed different
increasing trends because they were related nonlinearly to each other. The uncertainties from the satellite

Figure 4. The time series of (a) simulated surface-layer PM2.5 concentrations
from the CTRL simulation (μgm�3), observed haze days (days), and MODIS
aerosol optical depth (AOD) averaged over 196 stations in eastern China
(boxed stations in Figure 2a) in DJF for 1985–2005, 1980–2014, and 2000–
2013, respectively and (b) their percentage changes relative to the mean
values.
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AOD retrieval and the biases in GEOS-
Chem vertical profiles [van Donkelaar
et al., 2010] may also have led to the
differences in the trends.

4. Effects of Anthropogenic
Emissions and
Meteorological Parameters

Figure 5 shows the spatial distribu-
tions of trends of simulated DJF
surface-layer PM2.5 concentrations
for 1985–2005 from the CTRL and
MET simulations calculated using
the linear square fit. In the CTRL simu-
lation, PM2.5 concentrations
increased significantly over eastern
China, with linear trends of up to
15μgm�3 decade�1 over most parts
of eastern China (Figure 5a). The spa-
tial pattern of PM2.5 is consistent with
that of the increasing trend in winter
haze days (Figure 3b).

Considering the variations in meteor-
ological parameters alone in the MET
simulation, the simulated DJF PM2.5

concentrations exhibited much smal-
ler increasing trends (Figure 5b) com-
pared with those in the CTRL
simulation. Relatively large increasing
trends were found mainly over cen-
tral eastern China (105–115°E, 25–
40°N), with values in the range of 2–

5μgm�3 decade�1, indicating that in addition to anthropogenic emissions, variations in meteorological
parameters alone partly resulted in the increase in winter PM2.5 concentrations over eastern China during
recent decades, and their roles are significant over central eastern China.

Figure 6a shows the time series of simulated DJF surface-layer PM2.5 concentrations averaged over eastern
China from 1985 to 2005 in the CTRL and MET simulations. Over eastern China, the simulated DJF PM2.5 con-
centrations increased from 15.4μgm�3 in 1985 to 36.8μgm�3 in 2005 in the CTRL simulation, with a statis-
tically significant trend of 10.5 (±6.2)μgm�3 decade�1. With variations in meteorological parameters alone in
the MET simulation, eastern China had a smaller increasing trend in PM2.5 concentrations, with a statistically
significant trend of 1.8 (±1.5)μgm�3 decade�1, about 17(±14)% of the value in the CTRL simulation. These
results suggest that variations in anthropogenic emissions dominated the increase in winter PM2.5 concentra-
tions over eastern China during recent decades. However, variations in meteorological parameters also
played an important role in influencing the decadal increase in winter PM2.5 concentrations, which contrib-
uted 17(±14)% to the increasing trend between 1985 and 2005.

Figure 6b presents the DJF mean surface-layer PM2.5 concentrations over eastern China after linear trends of
10.5 and 1.8μgm�3 decade�1 were removed from the CTRL and MET simulations, respectively. Including
only interannual signals, the CTRL and MET simulations exhibited the same peaks and troughs of the
detrended PM2.5 concentrations over eastern China. The similarity indicates that interannual variations of
PM2.5 concentrations were mainly driven by variations in meteorological parameters, not anthropogenic
emissions. Note that the peaks in the modeled PM2.5 concentrations in winter 1997 (December 1997 and

Figure 5. Linear trends of simulated surface-layer PM2.5 concentrations
(μgm�3 decade�1) for 1985–2005 from the (a) CTRL and (b) MET simula-
tions, respectively. The dotted areas indicate statistical significance at the
95% confidence level from the F test on the regression model.
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January and February 1998) were
probably due to the error in
GEOS-4 meteorology in January
and February 1998 (http://wiki.
seas.harvard.edu/geos-chem/
index.php/GMAO_GEOS-4).

Figure 7 shows the linear trends of
the simulated concentrations of
different aerosol species in DJF
from 1985 to 2005 in the CTRL
and MET simulations. The increases
in aerosol concentrations were
simulated over central eastern
China, with values in the CTRL
simulation an order of magnitude
larger than those in the MET simu-
lation. In the CTRL simulation,
nitrate aerosol concentrations
showed the largest increasing
trend, probably because the model
overestimates nitrate in eastern
China [Wang et al., 2013], followed
by sulfate, ammonium, OC, and
BC. Sulfate, nitrate, and ammonium
increased faster than carbonac-
eous aerosols, because their pre-
cursor emissions increased faster
than the emissions of OC and BC
(Figure 1). This revealed that sul-
fate, nitrate, and ammonium
became increasingly important in

the haze formation over eastern China. It is worth noting that the version of the GEOS-Chem model used
in this study does not have the complex secondary organic aerosol simulation; therefore, the decadal
increases in PM2.5 concentrations may have been underestimated in our simulations.

5. Relative Importance of Each Meteorological Parameter

To estimate the relative contribution of each meteorological parameter to the variations in DJF surface-layer
PM2.5 concentrations, stepwise linear regressions were used for daily PM2.5 concentrations over eastern China
(105–122.5°E, 20–45°N), northern China (105–122.5°E, 34–45°N), and southern China (105–122.5°E, 20–34°N)
from the MET simulation. The stepwise regression model is in the following form:

y ¼ β0 þ ∑
9

k¼1
βkxk þ interaction terms

where y is normalized daily PM2.5 concentration and (x1,…, x9) are the ensemble of normalized daily meteor-
ological variables of wind speed at 850 hPa (WINDS), the east-west direction indicator (EW), the north-south
direction indicator (NS), planetary boundary layer height (PBLH), surface temperature (TS), surface specific
humidity (SH), cloud fraction (CLD), precipitation rate (PREC), and upward flux (UP) in DJF of 1985–2005 from
GEOS-4 meteorology. θ is the angle of the horizontal wind vector counterclockwise from the east. EW is cos θ
at 850 hPa representing east-west wind direction. NS is sin θ at 850 hPa representing north-south wind direc-
tion. The interaction terms (for example, the interaction of the lth and mth meteorological parameters, xlxm)
are up to second order. The regression coefficient βk is determined by a stepwise method to add and delete
terms to obtain the best model fit [Venables and Ripley, 2003; Tai et al., 2010]. Totally, about 26 terms are
retained in the stepwise regression with the coefficients of determination (R2) in the range of 0.55–0.82.

Figure 6. Time series of (a) simulated DJF mean surface-layer PM2.5 concen-
trations averaged over eastern China (105–122.5°E, 20–45°N) for 1985–2005
from the CTRL (blue line) and MET (red line) simulations and (b) the corre-
sponding concentrations after linear trends were removed from the time
series (μgm�3). Mean values are shown in lines with ±σ (standard deviation)
shown in light color areas in Figures 6a and 6b. Trends in the CTRL and MET
simulations (Figure 6a) are both significant at the 95% confidence level from
the F test on the regression model.
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Figure 7. Linear trends in simulated surface-layer (a, b) sulfate, (c, d) nitrate, (e, f) ammonium, (g, h) black carbon, and (i, j)
organic carbon concentrations (μgm�3 decade�1) for 1985–2005 from the CTRL (Figures 7a, 7c, 7e, 7g, and 7i) and MET
(Figures 7b, 7d, 7f, 7h, and 7j) simulations. The dotted areas indicate statistical significance at the 95% confidence level from
the F test on the regression model.
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Table 1 summarizes the regression coefficients for the stepwise regression models. Over eastern China, the
regression coefficient for WINDS was negative; that is, decreases in wind speed led to increases in PM2.5 con-
centrations. This is consistent with previous studies of haze formation over eastern China [Zhao et al., 2013; Li
et al., 2016]. In winter, eastern China is dominated by strong northwesterly winds associated with the East
Asian winter monsoon. The positive regression coefficient for NS and the negative regression coefficient
for EW over northern China reduced wind speed and obstructed the pollution transported to the downwind
area, leading to haze days over northern China. Over southern China, the negative regression coefficient for
EW indicated weaker northwesterly winds, and the negative regression coefficient for NS indicated the trans-
port of polluted air from northern to southern China, both leading to higher aerosol concentrations over
southern China. With a negative regression coefficient, decreases in PBLH allowed more pollutants to accu-
mulate in the shallow layer, favoring haze formation over eastern China [Zhao et al., 2013].

Higher temperatures can lead to increased gas-phase reaction rates and oxidant concentrations, which result
in higher sulfate concentrations [Liao et al., 2006]. Increasing humidity causes an increase in aerosol water
content and hence the uptake of semivolatile components, promoting the formation of ammonium nitrate
[Dawson et al., 2007]. Sulfate concentration is expected to increase with increasing cloudiness due to
increases in aqueous production, but an accompanied increase in precipitation may have the opposite effect
due to an increase in wet scavenging [Pye et al., 2009]. These previous findings explain the positive regression
coefficients of TS, SH, and CLD and the negative regression coefficient of PREC. The upward flux in the model
is associated with the convergence of aerosols. The positive regression coefficient of UP indicated the conver-
gence and accumulation of PM2.5, which was associated with the occurrence of haze.

To examine the contribution of each meteorological parameter to the increase in PM2.5 concentrations, the
LMG (Lindeman, Merenda, and Gold) method [Lindeman et al., 1980; Grömping, 2006] was applied in this
study. This method is one of the most state-of-the-art methods for determining the relative importance of
correlated attributes [Grömping, 2006; Bi, 2012] and provides a decomposition of the model-explained var-
iance into nonnegative contributions. This approach has been used in many studies to estimate the relative
roles of aerosol and meteorological parameters in variations in cloud radiative effects [Xu et al., 2015; Yang
et al., 2016]. The estimated fractions of variance in DJF mean surface-layer PM2.5 concentrations over eastern,
northern, and southern China are presented in Figure 8. Horizontal winds (WINDS+ EW+NS) were the domi-
nant factor, explaining 37, 35, and 40% of the variance of PM2.5 concentrations over eastern, northern, and
southern China, respectively. Planetary boundary layer height was the secondmost important factor, explain-
ing 25% of the variance of PM2.5 concentrations over eastern China. It contributed 24% of the variance over
southern China and 9% of the variance over northern China. Over northern China, 25% of the variance was
also driven by variations in specific humidity. Other meteorological parameters had smaller impacts on the

Table 1. Regression Coefficients for Stepwise Linear Regression Models Performed With Spatially Averaged
Meteorological Variables and PM2.5 Concentrations for Eastern China (105–122.5°E, 20–45°N), Northern China (105–
122.5°E, 34–45°N), and Southern China (105–122.5°E, 20–34°N)a

Meteorological
Parameter

Regression Coefficients

Eastern China Northern China Southern China

WINDS �0.35 �0.28 �0.52
EW �0.09 �0.07 �0.29
NS 0.02 0.25 �0.23
PBLH �0.31 �0.11 �0.32
TS 0.27 0.14 0.14
SH 0.09 0.53 0.02
CLD 0.15 0.07 0.08
PREC �0.29 �0.18 �0.27
UP 0.13 0.24 0.17

aRegression coefficients were determined by the stepwise method. Regressors include normalized daily wind speed
at 850 hPa (WINDS, m s�1), east-west direction indicator cos θ at 850 hPa (EW, dimensionless), north-south direction indi-
cator sin θ at 850 hPa (NS, dimensionless), planetary boundary layer height (PBLH, km), surface temperature (TS, K), sur-
face specific humidity (SH, g kg�1), cloud fraction (CLD, %), precipitation rate (PREC, mmd�1), and upward flux (UP,
kg s�1) in DJF derived from GEOS-4 meteorological fields. Daily DJF surface-layer PM2.5 concentrations (μgm

�3) from
the MET simulation were used as the dependent variable of regression model.
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variance of PM2.5 concentrations over eastern China, with contributions less than 20%. Note that the LMG
method examined the contributions of meteorological parameters to the variance of PM2.5 concentrations,
which included all of the decadal, interannual, and daily signals of the variations in PM2.5 concentrations.
The estimated fraction of variance in different aerosol species over eastern China did not show large changes
compared with that of PM2.5, with the largest contribution of horizontal wind ranging from 33 to 40% (data
not shown). The slight changes in contributions for different meteorological parameters were due to the dif-
ferent spatial distributions and the different sensitivities of aerosols to meteorology.

To confirm the influence of winds on the decadal increasing trend of PM2.5 concentrations over eastern
China, Figures 9a and 9b show the climatological mean and linear trends of DJF mean horizontal winds at
850 hPa from 1985 to 2005 derived from GEOS-4 meteorological fields. GEOS-4 captures well typical features
in winds; that is, the strong northwesterly winds prevail in eastern China, especially in northern China in the
East Asian winter monsoon season. During 1985–2005, northerlies became weaker in northern China
(Figure 9b), leading to more aerosols accumulating in the atmosphere, which resulted in increasing trends
of aerosol concentrations and haze days over northern China. Over the Yangtze River Delta in eastern
China, westerly winds also became weaker, resulting in the increase in aerosol concentrations around the
30°N band of eastern China. The increase in anomalous northeasterly winds transported aerosols from the
highly polluted Yangtze River Delta to central China, resulting in increasing aerosols over central China for

Figure 8. The LMG method for estimated fraction of variance in simulated DJF mean surface-layer PM2.5 concentrations
over eastern China (105–122.5°E, 20–45°N), northern China (105–122.5°E, 34–45°N), and southern China (105–122.5°E,
20–34°N) from the MET simulation explained by wind speed at 850 hPa (WINDS), east-west direction indicator cos θ at
850 hPa (EW), north-south direction indicator sin θ at 850 hPa (NS), planetary boundary layer height (PBLH), surface tem-
perature (TS), surface specific humidity (SH), cloud fraction (CLD), precipitation rate (PREC), and upward flux (UP).
Meteorological parameters were derived from GEOS-4 assimilated meteorological fields.
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the winters of 1985–2005. Figure 9c shows the linear trends of DJF mean horizontal winds at 850 hPa for
1985–2005 derived from NCEP/NCAR (National Centers for Environmental Prediction/National Center for
Atmospheric Research) reanalysis data. The wind trends from the NCEP/NCAR reanalysis data were almost
the same as those from GEOS-4 over the same period of 1985–2005 over eastern China, which confirmed
the wind trends in the simulations. Figure 9d also presents the wind trends for the winters of 1980–2014
from the NCEP/NCAR reanalysis data. During the past three decades, northwesterly winds became weaker
over northern China and coastal areas in southern China, resulting in the decadal increase in aerosol concen-
trations and haze days over eastern China. The trend of GEOS-4 wind speed at 850 hPa averaged over eastern
China was �0.09m s�1 decade�1 over 1985–2005, lower than �0.14 and �0.10m s�1 decade�1 from the
NCEP/NCAR reanalysis data over 1985–2005 and 1980–2014, respectively, suggesting that the model may
underestimate the role of winds in the increasing trend of aerosols.

Figure 9. (a) DJF mean of horizontal winds at 850 hPa averaged over 1985–2005 derived from GEOS-4 assimilated meteor-
ological fields (m s�1). The linear trends in horizontal winds at 850 hPa for (b) 1985–2005 derived from the GEOS-4
assimilated meteorological fields, (c) 1985–2005, and (d) 1980–2014 derived from the NCEP/NACR reanalysis data and
linear trends in surface-layer wind speed for (e) 1985–2005 and (f) 1980–2014 from the National Climatic Data Center
(NCDC) Global Summary of Day (GSOD) database (m s�1 decade�1). Only stations with trends at the 5% significance level
are shown in Figures 9e and 9f.
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In addition to the wind trends from the reanalysis in our study,McVicar et al. [2012] reviewed the wind speed
trend during recent decades and showed a decreasing trend over eastern China in all of the studies they
reviewed, which confirms our results. The reduced wind speed is driven by the interplay of many factors,
including the weakening of the East Asian monsoon resulting from global warming [Hu et al., 2000; Xu
et al., 2006; Jiang et al., 2010; Guo et al., 2011], a shift in the dominant mode of the Arctic Oscillation [He
and Wang, 2013], the variability in North Pacific sea surface temperature [Sun et al., 2015], the interdecadal
variations of quasi-stationary planetary waves [L. Wang et al., 2009], and urbanization [Li et al., 2011].
Figures 9e and 9f show the DJF mean surface wind speed trend over 1985–2005 and 1980–2014 from the
GSOD database. Over eastern China, especially the coastal areas, more than half of the stations showed sta-
tistically significant decreasing trends, in agreement with GEOS-4 and NCEP/NCAR meteorology. The wind
speed trend at the surface layer averaged over eastern China from GSOD was �0.09 and
�0.08m s�1 decade�1 over 1985–2005 and 1980–2014, respectively, almost the same value as that from
GEOS-4. Note that we showed wind vectors at 850 hPa for GEOS-4 and NCEP/NCAR data, because aerosol
transport is the largest around this layer [Yang et al., 2015], whereas the GSOD database only provides wind
speed at the surface layer. It should be noted that the results presented here are based on the meteorology
derived from the reanalysis data, which may have some biases compared with the observed meteorology.

6. Conclusions and Discussions

The increases in winter haze days and PM2.5 concentrations over eastern China over the past few decades
were examined using observed atmospheric visibility from the National Climatic Data Center Global
Summary of Day database and simulated PM2.5 concentrations from the GEOS-Chemmodel driven by assimi-
lated GEOS-4 meteorological fields. Winter visibility decreased from 15.6 km in 1980 to 12.7 km in 2014,
accompanied by an increase in winter haze days from 21.3 to 41.5 days averaged over eastern China. The
GEOS-Chem model captured the increasing trend of winter PM2.5 concentrations for 1985–2005, with con-
centrations averaged over eastern China increasing from 16.1μgm�3 in 1985 to 38.4μgm�3 in 2005.

Considering the variations in both anthropogenic emissions andmeteorological parameters, themodel simu-
lated a trend of DJF mean surface-layer PM2.5 concentrations of 10.5 (±6.2)μgm�3 decade�1 averaged over
eastern China. Considering the variations in meteorological parameters alone, eastern China showed a smal-
ler increasing trend in PM2.5 concentrations, with a statistically significant trend of 1.8 (±1.5)μ
gm�3 decade�1. Variations in anthropogenic emissions dominated the increase in winter PM2.5 concentra-
tions over eastern China during the past decades. However, variations in meteorological parameters also
played an important role in influencing the decadal increase in PM2.5 concentrations, which contributed 17
(±14)% to the increasing trend between 1985 and 2005.

Through stepwise linear regressions, the increase in DJF surface-layer PM2.5 over eastern China was found to
be associated with the decrease in wind speed, eastward winds, planetary boundary layer height, and preci-
pitation rate and the increase in northward winds, surface temperature, specific humidity, cloud fraction, and
convergence. The LMG method for linear models suggested that horizontal winds were the dominant factor,
explaining 37, 35, and 40% of the variances in PM2.5 concentrations over eastern, northern, and
southern China.

Further analysis of the trends in meteorological parameters showed that between 1985 and 2005, northerly
winds became weaker in northern China, leading to more aerosols accumulating in the atmosphere, which
resulted in the increasing trends in aerosol concentrations and haze days over northern China. Over the
Yangtze River Delta in eastern China, westerly winds also became weaker, resulting in the increase in aerosol
concentrations around the 30°N band of eastern China. The increase in anomalous northeasterly winds trans-
ported aerosols from the highly polluted Yangtze River Delta to central China, increasing aerosols and haze
days over central China for 1985–2005. Winds with longer time coverage for 1980–2014 from the NCEP/NCAR
reanalysis data showed that northwesterly winds became weaker over northern China and the coastal area in
southern China, resulting in decadal increases in aerosol concentrations and haze days over eastern China
during recent decades.

In this study, the roles of anthropogenic emissions and meteorological fields in the trend of winter haze over
eastern China were examined through the GEOS-Chem model simulations. Note that because of the lack of
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data sets, the biomass burning emissions were fixed at the 2005 level, which might have led to low biases in
the simulated interannual variations of PM2.5 concentrations. The version of the GEOS-Chem model used in
this study does not have the secondary organic aerosol simulation. If current models were to include second-
ary organic aerosols, more accurate aerosol and haze trends could be presented. The assimilated GEOS-4
meteorological fields are available for the winters of 1985 to 2005, which were used in this work for consis-
tency with our previous studies that examined interannual and decadal variations of pollutants [Yang et al.,
2014, 2015]. A longer time series and more recent meteorology, such as the Modern-Era Retrospective ana-
lysis for Research and Applications, should be used in future studies. In addition to the meteorological fields
examined in this study, other dynamic and thermodynamic meteorological parameters, such as wind shear
and temperature inversion, could also lead to haze occurrence [Zhang et al., 2014]. These issues need to
be examined in future studies of haze trend over eastern China.
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