
ABSTRACT

In winter 2013, extreme air pollution by fine particu-
late matter (PM2.5) in China attracted much public
attention. In order to simulate the PM2.5 pollution,
the Community Multiscale Air Quality model driven
by the Weather Research and Forecasting model was
applied to East Asia in a period from 1 January 2013
to 5 February 2013. The model generally reproduced
PM2.5 concentration in China with emission data in
the year 2006. Therefore, the extreme PM2.5 pollution
seems to be mainly attributed to meteorological (weak
wind and stable) conditions rather than emission
increases in the past several years. The model well
simulated temporal and spatial variations in PM2.5

concentrations in Japan as well as China, indicating
that the model well captured characteristics of the
PM2.5 pollutions in both areas on the windward and
leeward sides in East Asia in the study period. In
addition, contribution rates of four anthropogenic
emission sectors (power generation, industrial, resi-
dential and transportation) in China to PM2.5 concen-
tration were estimated by conducting zero-out emis-
sion sensitivity runs. Among the four sectors, the re-
sidential sector had the highest contribution to PM2.5

concentration. Therefore, the extreme PM2.5 pollution
may be also attributed to large emissions from com-
bustion for heating in cold regions in China.

Key words: PM2.5, China, Air quality model, WRF/
CMAQ, Residential combustion

1. INTRODUCTION

Particulate matter (PM) with an aerodynamic diam-
eter less than 2.5 μm (PM2.5) is an atmospheric pollu-
tant that mainly consists of several major components,
such as sulfate, nitrate, ammonium, organics and so on.
Based on the accumulated epidemiological evidence,

the World Health Organization (WHO) issued the air
quality guideline for PM2.5, which is 10 μg m-3 as the
long-term (annual mean) value and 25 μg m-3 as the
short-term (24-hour) value (WHO, 2006). 

The rapid growth in economic activity and energy
consumption in recent decades has resulted in increas-
ed anthropogenic emissions of air pollutants in Asian
countries, particularly in China (Zhang et al., 2009;
Ohara et al., 2007). A large number of studies have
investigated impacts of Asian emissions on the atmos-
pheric environment by using numerical models (e.g.,
Lin et al., 2010; Fu et al., 2009; Shimadera et al.,
2009).

In China, studies on PM2.5 observations have been
gradually conducted since 2000 (e.g., Zhao et al.,
2013; Zhao et al., 2009; Duan et al., 2006; Zheng et
al., 2005). These studies have shown substantially high
PM2.5 concentrations in China. Annual mean PM2.5

concentrations at urban sites in Beijing were 100-112
μg m-3 in 2000 (Zheng et al., 2005), 97-107μg m-3 in
2001-2002 (Duan et al., 2006), 84-94μg m-3 in 2005-
2007 (Zhao et al., 2009) and 123μg m-3 in 2009-2010
(Zhao et al., 2013). Also in winter 2013, China faced
extreme PM2.5 pollution, and hourly PM2.5 concentra-
tion reached 886 μg m-3 on 12 January in Beijing
(https://twitter.com/BeijingAir). The extreme PM2.5

pollution was widely reported in mass media and
attracted much public attention.

In this study, the Community Multiscale Air Quality
model (CMAQ) (Byun and Schere, 2006) driven by
the Weather Research and Forecasting model (WRF)
(Skamarock and Klemp, 2008) was utilized in order
to simulate the extreme PM2.5 pollution in China in
winter 2013. The model performance was evaluated in
both areas on the windward side (China) and the lee-
ward side (Japan) in East Asia. In addition, contribu-
tion rates of anthropogenic emission sectors in China
to PM2.5 concentrations were estimated by conducting
zero-out emission sensitivity runs.
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2. METHODOLOGY

2. 1  Numerical Model
This study used the Advanced Research WRF ver-

sion 3.4.1 and CMAQ version 5.0.1. Fig. 1 shows the
modeling domain for CMAQ that covers a wide area
of East Asia. The horizontal resolution and the number
of grid cells are 64 km and 96×80, respectively. The
vertical layers consist of 30 sigma-pressure coordinat-
ed layers from the surface to 100 hPa with the middle
height of the first layer being approximately 26 m.

The meteorological simulation by WRF was conduct-
ed for a period from 28 December 2012 to 5 February
2013. Initial and boundary conditions were derived
from the final operational global analysis data and the
high-resolution, real-time, global sea surface tempera-
ture analysis data of the U.S. National Centers for
Environmental Prediction. WRF was configured with
the cumulus parameterization of Kain (2004), the plan-
etary boundary layer (PBL) parameterization of Hong
et al. (2006), the microphysics scheme of Hong and
Lim (2006), the land surface model of Chen and Dud-
hia (2001), the longwave radiation scheme of Mlawer
et al. (1997) and the shortwave radiation scheme of
Dudhia (1989). Grid nudging was applied to wind,
temperature and humidity with a nudging coefficient
of 3.0×10-4 sec-1 for the entire period.

The air quality simulation by CMAQ was conducted
for a period from 1 January 2013 to 5 February 2013
with the hourly WRF results processed by the Mete-
orology-Chemistry Interface Processor (MCIP) version

4.1. The meteorological data processed with MCIP
were also applied to the Hybrid Single Particle Lag-
rangian Integrated Trajectory model version 4 (Draxler
and Hess, 1997) for the backward trajectory analysis.
Initial and boundary concentrations were obtained
from the Model for Ozone and Related Chemical Tra-
cers version 4 (Emmons et al., 2010). CMAQ was con-
figured with the gas-phase chemical mechanism of
Carter (2000), the fifth generation CMAQ aerosol
module and the aqueous process option. Fine particles
in CMAQ are represented by the two lognormal distri-
butions called the Aitken and accumulation modes.
The total mass concentration of particles in the two
modes was used as an approximation of PM2.5 concen-
tration.

2. 2  Emission Data
Anthropogenic emissions of sulfur dioxide (SO2),

nitrogen oxides (NOX), carbon monoxide, PM and vol-
atile organic compounds in East Asia except Japan
were derived from an emission inventory for Asia in
the year 2006 to support the Intercontinental Chemical
Transport Experiment phase B (INTEX-B) (Zhang et
al., 2009) version 1.2. Because of a lack in the INTEX-
B emission data, ammonia emissions were derived
from the Regional Emission inventory in ASia (REAS)
(Ohara et al., 2007) version 1.11. Anthropogenic emis-
sions in Japan were derived from emission inventories
for vehicles in the year 2010 (Morikawa et al., 2012)
and for the other sectors in the year 2005 (Nakatsuka
et al., 2012). Ship emissions were derived from emis-
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Fig. 1. Modeling domain for CMAQ simulation with primary PM2.5 emission rate and locations of observation sites.
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sion inventories developed by the National Maritime
Research Institute (NMRI) and by the Ocean Policy
Research Foundation (OPRF) (OPRF, 2012). In addi-
tion, pre-mission emission inventories for the Arctic
Research of the Composition of the Troposphere from
Aircraft and Satellites (http://mic.greenresource.cn/
arctas_premission) were used to compensate for a
shortage in the anthropogenic emission data. Biogenic
emissions were estimated with the Model of Emissions
of Gases and Aerosols from Nature (Guenther et al.,
2006) version 2.04. Volcanic SO2 emissions were ob-
tained from reports of the Japan Meteorological Agen-
cy (http://www.seisvol.kishou.go.jp/tokyo/STOCK/
monthly_v-act_doc/monthly_vact.htm). 

The INTEX-B emission data have four source sec-
tors: power generation, industry, residential and trans-
portation. Because of strong seasonality in residential
combustion for heating, this study applied monthly
profiles by province in China estimated by Zhang et
al. (2007) to the residential sector. No temporal varia-
tion was considered in the other three sectors. The
total SO2, NOX and primary PM2.5 emissions in the
simulation domain are 118.0, 79.7 and 52.7 Gg day-1,
respectively. The emissions from power generation,
industry, residential and transportation sectors in China
are 50.8, 26.5, 17.3 and 0.3 Gg day-1 for SO2, 25.0,
14.6, 6.4 and 13.7 Gg day-1 for NOX, and 4.0, 18.9,
24.8 and 1.1 Gg day-1 for primary PM2.5, respectively.
The primary PM2.5 emission from the residential sector
is the largest among the four sectors because of its
strong seasonality (12.0 Gg day-1 if no seasonality is
considered). A horizontal distribution of primary PM2.5

emission rate in each 64-km grid cell is shown in Fig.
1.

In REAS version 2.1 recently updated by Kurokawa
et al. (2013) for the year 2000-2008, while NOX and
primary PM2.5 emissions increased monotonically
from 2000 to 2008 in China, SO2 emission increased
monotonically from 2000 to 2006 and then began to
decrease. In the Multi-resolution Emission Inventory
for China (MEIC) (http://www.meicmodel.org/) for
the year 1990-2010, while NOX emission increased
monotonically from 2000 to 2010 in China, SO2 and
primary PM2.5 emissions increased monotonically
from 2000 to 2006 and then began to decrease. There-
fore, the INTEX-B data in the year 2006 may overes-
timate SO2 and underestimate NOX in China in the
study period, and the trend of primary PM2.5 emission
after 2006 in China seems to be not clear. No annual
adjustment was applied to the INTEX-B data because
it can be a source of larger uncertainty.

2. 3  Observation Data
Locations of observation sites used for evaluation

of the model are shown in Fig. 1. PM2.5 concentrations
in China are observed by the U.S embassy in Beijing
and consulates in Shanghai, Guangzhou and Chengdu
(https://twitter.com/BeijingAir; https://twitter.com/
CGShanghaiAir; https://twitter.com/Guangzhou_Air;
https://twitter.com/CGChengduAir). PM2.5 concentra-
tions in Japan are available from the Atmospheric
Environmental Regional Observation System (http://
soramame.taiki.go.jp/Index.php). Note that the obser-
vation data are provisional values. In addition to these
data, concentrations of PM1 components were observ-
ed at Fukue by using the Aerosol Chemical Speciation
Monitor (Aerodyne Research, Inc.) (Ng et al., 2011).

3. RESULTS AND DISCUSSION

3. 1  Model Performance for PM2.5

Concentrations in China
The WRF/CMAQ performance for PM2.5 concentra-

tions in China was evaluated by time series compari-
sons and statistical measures: the Pearson’s correlation
coefficient (r), mean bias (MB), root mean square error
(RMSE) and the index of agreement (IA) of Willmott
(1981). Because there may be large uncertainties in
spatial allocation of the emission data with a coarse
horizontal resolution (0.5�×0.5�) in China to the mo-
del grid cells, comparisons of the simulated PM2.5 con-
centrations derived from two kinds of grid cells with
the observations are shown in this chapter. The two
kinds are G1 that is the grid cell corresponding to each
observation site, which is a usual way, and GB that is
the grid cell whose values agree with the observed val-
ues the best (==highest IA) among those of the grid cell
corresponding to each observation site and the sur-
rounding 8 grid cells.

Fig. 2 shows time series comparisons of the observ-
ed and simulated daily mean PM2.5 concentrations at
the observation sites in China. Table 1 summarizes
statistical measures of the model performance for daily
mean PM2.5 concentrations. The model approximately
simulated day-to-day variation patterns in PM2.5 con-
centrations, including the buildups in 9-12 and 25-29
January at Beijing. The two high concentration periods
are characterized by low wind speeds and stable atmos-
pheric conditions. During the buildups in 9-12 and
25-29 January at Beijing, simulated mean values were
respectively 1.2 and 0.9 m s-1 for wind speeds and 86
and 116 m for PBL heights, with nighttime PBL heights
being generally 25 m (the middle height of the first
layer at Beijing). The PM2.5 concentration levels at
Beijing in the two periods were comparable to or high-
er than that in a heavy pollution episode in 16-19 Jan-
uary 2010 observed by Zhao et al. (2013). In addition
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to temporal variations, the model approximately cap-
tured the difference in concentration levels among the
observation sites. The simulated PM2.5 concentrations
of GB at Beijing and Shanghai particularly better
agreed with the observed values than those of G1. The
two sites are located at the edge of large emission area

in Central East China (Fig. 1). Overall, the extreme
PM2.5 pollution in China in winter 2013 was generally
reproduced by the existing model and input data. The
PM2.5 pollution seems to be mainly attributed to mete-
orological conditions rather than emission increases in
the past several years because the model well simulat-
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Fig. 2. Time series of observed and simulated daily mean PM2.5 concentrations at (a) Beijing, (b) Shanghai, (c) Guangzhou and
(d) Chengdu. All dates are in CST (UTC++8). For the simulations, G1 shows values at the grid cell corresponding to each
observation site, and GB shows values at the grid cell that agree with the observed values the best among those at the grid cell
corresponding to each observation site and the surrounding 8 grid cells.
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Table 1. Statistical comparisons between observed and simulated daily mean PM2.5 concentrationsa at the observation sites in
China from 2 January to 5 February 2013. 

All Beijing Shanghai Guangzhou Chengdu

Sample number 108 32 27 35 14
Mean Obs. (μg m-3) 134.2 184.7 103.0 85.5 200.6

G1b Mean Sim. (μg m-3) 154.8 145.9 160.1 130.2 226.5
r 0.69 0.78 0.91 0.33 0.70
MB (μg m-3) 20.6 -38.8 57.1 44.7 25.9 
RMSE (μg m-3) 76.1 103.4 67.2 55.7 61.3 
IA 0.78 0.78 0.77 0.44 0.78

GBc Mean Sim. (μg m-3) 152.1 203.3 92.1 112.4 250.1 
r 0.85 0.91 0.84 0.31 0.77
MB (μg m-3) 17.9 18.6 -10.9 26.9 49.5 
RMSE (μg m-3) 57.1 73.5 38.7 43.7 71.7
IA 0.91 0.90 0.89 0.48 0.79

aThe daily mean values are for dates in CST (UTC++8). 
bThe grid cell corresponding to each observation site. 
cThe grid cell whose values agree with the observed values the best (==highest IA) among those of the grid cell corresponding to each observa-
tion site and the surrounding 8 grid cells. 

Obs.
Sim. (G1)
Sim. (GB)

Obs.
Sim. (G1)
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ed it by using the INTEX-B emission data in the year
2006. Furthermore, Uno et al. (2013) analysed the
relationship between meteorological conditions and
PM2.5 concentration over Central East China for Jan-
uaries of 2004-2013 with the GEOS-Chem model (Bey
et al., 2001) and REAS version 2.1. They found that
the Siberian high intensity was exceptionally weak in
January 2013, which caused low wind speeds and sta-
ble atmospheric conditions. As a result, the extreme
PM2.5 pollution occurred in China in winter 2013.

3. 2  Model Performance for PM2.5

Concentrations in Japan
The WRF/CMAQ performance for PM2.5 concentra-

tions in Japan was evaluated by time series compari-

sons and the statistical measures by region (Fig. 1).
Fig. 3 shows time series comparisons of the observed
and simulated daily mean PM2.5 concentrations in Kyu-
shu, Kinki, Kanto and Tohoku. Table 2 summarizes
statistical measures of the model performance for daily
mean PM2.5 concentrations. The PM2.5 concentration
levels in Japan were much lower than those in China.
While the model tended to underestimate the PM2.5

concentration levels in Japan, it simulated day-to-day
variation patterns in PM2.5 concentrations in Japan as
well as China. In both the observation and simulation,
the PM2.5 concentration levels tended to be higher in
the western regions and lower in the eastern regions.
Overall, the model well captured characteristics of the
PM2.5 pollutions in both areas on the windward and
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Fig. 3. Time series of observed and simulated daily mean PM2.5 concentrations in (a) Kyushu, (b) Kinki, (c) Kanto and (d)
Tohoku. All dates are in JST (UTC++9).
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Table 2. Statistical comparisons between observed and simulated daily mean PM2.5 concentrationsa at observation sites by
region in Japan from 2 January to 5 February 2013. 

Kyushu Shikoku Chugoku Kinki Chubu Kanto Tohoku Hokkaido  

Sample number 604 404 654 1825 609 225 344 33
Mean Obs. (μg m-3) 21.7 19.4 16.7 15.2 13.8 13.8 9.4 10.9
Mean Sim. (μg m-3) 17.0 15.8 12.1 15.1 11.1 12.1 6.0 5.9
r 0.74 0.45 0.69 0.79 0.68 0.51 0.76 0.63
MB (μg m-3) -4.7 -3.6 -4.5 -0.2 -2.7 -1.7 -3.4 -5.0
RMSE (μg m-3) 8.6 10.7 7.9 5.6 6.8 7.6 5.4 6.4
IA 0.81 0.63 0.75 0.88 0.78 0.68 0.78 0.67
aThe daily mean values are for dates in JST (UTC++9). 
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leeward sides in East Asia.

3. 3  Model Performance for Concentrations
of PM Components

The WRF/CMAQ performance for sulfate, nitrate,
ammonium and organics was evaluated by time series
comparisons and the statistical measures. Fig. 4 shows
time series comparisons of the observed and simulated
daily mean concentrations of the four components at
Fukue. Table 3 summarizes statistical measures of the
model performance for daily mean concentrations of
the four components. Note that the observed values are
for PM1 and the simulated values are for the approx-
imation of PM2.5. The model simulated day-to-day vari-
ation patterns in concentrations of the components at
Fukue as well as PM2.5 in Kyushu. However, the model
clearly overestimated nitrate, and tended to overesti-
mate ammonium and underestimate sulfate and organ-
ics. In earlier literatures, CMAQ tended to underesti-
mate sulfate in winter while the model well captured
the concentration level in the other seasons (Shimade-
ra et al., 2011); the model overestimated ammonium
nitrate and underestimated organics (Shimadera et al.,
2014; Shimadera et al., 2012). Therefore, CMAQ still
needs to be revised for better representation of indivi-
dual PM2.5 components.

3. 4  Horizontal Distribution of PM2.5

Fig. 5 shows horizontal distributions of the simulat-
ed mean PM2.5 concentration in the entire simulation
period and PM2.5 concentrations with horizontal wind
vectors at the first layer and backward trajectories
arriving at 300 m above Beijing and Fukue at specific
times. The simulated PM2.5 concentrations were gen-
erally higher in and around areas with large primary
PM2.5 emissions (Fig. 1). Zhao et al. (2013) showed
that PM2.5 pollution in Shijiazhuang, which is located
about 280 km southwest of Beijing, was more serious
than Beijing. Fig. 5a is consistent with the observation
study by Zhao et al. (2013). Fig. 5b explains the buil-
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Fig. 4. Time series of observed and simulated daily mean concentrations of (a) sulfate, (b) nitrate, (c) ammonium and (d)
organics at Fukue. All dates are in JST (UTC++9).
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Table 3. Statistical comparisons between observed and simu-
lated daily mean sulfate, nitrate, ammonium and organics con-
centrationsa at Fukue from 2 January to 5 February 2013. 

Sulfate Nitrate Ammonium Organics 

Sample number 32 32 32 32 
Mean Obs. (μg m-3) 5.0 0.4 1.3 3.7 
Mean Sim. (μg m-3) 3.3 2.7 2.0 1.9 
r 0.79 0.50 0.75 0.67 
MB (μg m-3) -1.7 2.2 0.7 -1.8 
RMSE (μg m-3) 2.3 3.2 1.4 2.3 
IA 0.78 0.16 0.61 0.65 
aThe daily mean values are for dates in JST (UTC++9). 
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dup of PM2.5 concentration in 9-12 January at Beijing
(Fig. 2a). The backward trajectory arriving at Beijing
indicates local air pollutants were accumulated for sev-
eral days under low wind speeds and stable atmospher-
ic conditions. The buildup of PM2.5 concentration in
25-29 January at Beijing (Fig. 2a) also occurred in the
similar way. On the other hand, PM2.5 produced in the
Asian Continent was sometimes transported over the
Northwestern Pacific Ocean by strong northwesterly
monsoon (Fig. 5c) or by eastward traveling high pres-
sure systems (Fig. 5d). Fig. 5c indicates that northwest-
erly monsoon caused the decrease in PM2.5 concentra-
tion at Beijing (Fig. 2a), the increase at Shanghai (Fig.
2b) and the increase in Kyushu (Figs. 3a and 4) on 24
January. Fig. 5d indicates that a combination of long-
range transport from the Asian Continent and local cir-

culation by a traveling high pressure system increased
PM2.5 concentration from 30 January to 1 February in
Japan (Fig. 3).

3. 5  Contribution of Emission Sectors in
China to PM2.5 Concentration

Contributions of the four emission sectors in China
to PM2.5 concentrations were estimated by conducting
five kinds of zero-out emission runs in which emissions
from the power generation (EChinaPow0), industry
(EChinaInd0), residential (EChinaRes0), transportation
(EChinaTra0) sectors or all the four sectors (EChina0)
were respectively removed. The contribution rate of
each emission sector to PM2.5 concentration is estimat-
ed by
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Fig. 5. Horizontal distributions of (a) mean PM2.5 concentration from 2 January to 5 February 2013 and hourly PM2.5 concentra-
tions with wind vectors at the first layer and backward trajectories arriving at 300 m above Beijing and Fukue at (b) 13 January
2013, 0000 JST, (c) 24 January, 2300 JST and (d) 1 February, 0000 JST.
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CRSector

[PM2.5](Baseline Case)-[PM2.5](ESector0)
==mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm×100

[PM2.5](Baseline Case)
(1)

The estimated contribution rate of the total emission
from the four sectors in China (CRChina) is generally
inconsistent with the sum of the estimated contribution
rates of the individual sectors (CRChinaPow, CRChinaInd,
CRChinaRes and CRChinaTra). The difference is due to the
effect of nonlinearity in secondary PM2.5 productions
and is defined as

CRUnspecified==CRChina-(CRChinaPow++CRChinaInd++

CRChinaRes++CRChinaTra) (2)

Fig. 6 shows the estimated mean contribution rates
of the anthropogenic emissions by sector in China to
PM2.5 concentration. The contribution of the total emis-
sions from the four sectors in China accounted for 95%
of the mean PM2.5 concentration in the country during
the simulation period. The remaining portion was con-
stituted by contributions of initial and boundary con-
ditions, emissions from natural sources, and transport
from the other countries. The residential sector had
the highest contribution rate, followed by the industri-
al, power generation and transportation. The order is
consistent with that in the amount of primary PM2.5

emissions. The estimated contribution rates of the res-
idential sector were more than 50% at Beijing and

Chengdu. Fig. 7 shows a horizontal distribution of the
estimated mean contribution rate of the residential
emission in China to PM2.5 concentration. The contri-
bution of the residential emission was generally large
in cold regions in China. Therefore, large emissions
from combustion for heating can cause PM2.5 pollution
in the regions. Yonemochi et al. (2013) conducted
PM2.5 sampling in Beijing in 9-23 January, 2013. They
indicated that emissions from coal combustion for
heating should be one of the causes of the extreme
PM2.5 pollution, which is consistent with the finding
in this study.

4. CONCLUSIONS

In this study, the extreme PM2.5 pollution in China in
winter 2013 was simulated by using the WRF/CMAQ
modeling system. The model was run for the period
from 1 January to 5 February 2013 in the simulation
domain covering East Asia. PM2.5 concentrations in
China were generally reproduced by the existing mo-
del and input data, including the INTEX-B emission
data in the year 2006. Therefore, the extreme PM2.5

pollution seems to be mainly attributed to meteorolo-
gical (weak wind and stable) conditions rather than
emission increases in the past several years. In addi-
tion, the model simulated PM2.5 concentrations in
Japan as well as China, indicating that the model well
captured characteristics of the PM2.5 pollutions in both
areas on the windward and leeward sides in East Asia.
Note that the model still needs to be revised for better
representation of individual PM2.5 components.

The INTEX-B emission data have four sectors:
power generation, industry, residential and transpor-
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Fig. 6. Estimated mean contribution rates of anthropogenic
emissions by sector in China to PM2.5 concentration at Beijing,
Shanghai, Guangzhou, Chengdu and the four sites, and in the
entire area of China in the simulation domain from 2 January
to 5 February 2013.
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Fig. 7. Horizontal distribution of estimated mean contribution
rate of residential emission in China to PM2.5 concentration
from 2 January to 5 February 2013.
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tation. Contributions of emissions from the four sec-
tors in China to PM2.5 concentration were estimated by
conducting zero-out emission sensitivity runs. The res-
idential sector had the highest contribution rate, fol-
lowed by the industrial, power generation and trans-
portation. Therefore, the extreme PM2.5 pollution may
be also attributed to large primary PM2.5 emissions
from combustion for heating in cold regions in China.
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