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ABSTRACT
In the last 10 yr, Beijing has made a great effort to im-
prove its air quality. However, it is still suffering from
regional coarse particulate matter (PM10) pollution that
could be a challenge to the promise of clean air during the
2008 Olympics. To provide scientific guidance on re-
gional air pollution control, the Mesoscale Modeling Sys-
tem Generation 5 (MM5) and the Models-3/Community
Multiscale Air Quality Model (CMAQ) air quality model-
ing system was used to investigate the contributions of
emission sources outside the Beijing area to pollution
levels in Beijing. The contributions to the PM10 concen-
trations in Beijing were assessed for the following sources:
power plants, industry, domestic sources, transportation,
agriculture, and biomass open burning. In January, it is
estimated that on average 22% of the PM10 concentra-
tions can be attributed to outside sources, of which do-
mestic and industrial sources contributed 37 and 31%,
respectively. In August, as much as 40% of the PM10

concentrations came from regional sources, of which ap-
proximately 41% came from industry and 31% from
power plants. However, the synchronous analysis of the
hourly concentrations, regional contributions, and wind
vectors indicates that in the heaviest pollution periods
the local emission sources play a more important role.
The implications are that long-term control strategies
should be based on regional-scale collaborations, and that
emission abatement of local sources may be more effec-
tive in lowering the PM10 concentration levels on the
heavy pollution days. Better air quality can be attained
during the Olympics by placing effective emission con-
trols on the local sources in Beijing and by controlling
emissions from industry and power plants in the sur-
rounding regions.

INTRODUCTION
The rapid economic development and motorization in
the last several decades in Beijing has resulted in the
deterioration of air quality. In the 1990s, Beijing suffered
from mixed-source air pollution caused by coal combus-
tion, vehicle exhaust, and fugitive dust. The pollution was
characterized by high levels of both coal-burning pollut-
ants, such as sulfur dioxide (SO2) and particulate matter
(PM), and photochemical productions such as ozone
(O3).1 Since December 1998, a series of comprehensive
emergency air pollution control measures have been im-
plemented by the Beijing municipal government result-
ing in significant progress in reducing air pollution. For
example, the annual average concentration of SO2 de-
creased from 120 �g/m3 in 1998 to 50 �g/m3 in 2005,
which has already met the China National Ambient Air

IMPLICATIONS
As the host for the 2008 Olympic games, Beijing is drawing
more and more attention because of the air pollution prob-
lem in the city. Although the urban air quality has shown
continuous improvement in recent years, integrated re-
gional air pollution control is an important issue for the
future. This paper assesses the contributions of the emis-
sion sources outside Beijing to the PM10 pollution in Beijing.
This information is needed to provide scientific support for
PM10 control for both the long-term and the short-term
such as during Olympic period.
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Quality Standard (CNAAQS, 60 �g/m3 on annual aver-
age). It was estimated that the anthropogenic emission of
SO2 in urban Beijing was reduced by 70% during that
period.2 The concentration and emission reductions of
nitrogen oxides (NOx) were estimated to be approxi-
mately 15 and 16%, respectively. The lower reduction of
NOx compared with SO2 was partially due to the explosive
increase in the vehicle population in Beijing. For coarse
PM (PM10) (China does not have a fine PM [PM2.5] stan-
dard at present), the urban emissions decreased approxi-
mately 50%, but the ambient concentration was reduced
by only 21%.2 From 2003 to 2005, the annual PM10 con-
centration maintained a level around 140 �g/m3, which is
1.4 times the standard limit (CNAAQS, 100 �g/m3 on
annual average). Beijing is now making a greater effort to
improve the air quality for the upcoming 2008 Olympic
games. In general, PM10 pollution is more of a problem
during the cold season. However, from 2001 to 2005, for
6–8 days each August (the Olympic month) PM10 con-
centrations still exceeded the CNAAQS (150 �g/m3 on
daily average). The highest daily average has reached 256
�g/m3, which is 1.7 times the limit. PM10 pollution has
been one of the most challenging air quality problems for
Beijing.

Beijing’s case indicates that city-based control mea-
sures are not very effective on PM10 pollution, which
increasingly has been recognized as a regional-scale issue.
The industrial cities near Beijing, such as Tianjin, Tang-
shan, and Shijiazhuang, have high emission intensities
that apparently have an impact on Beijing’s air quality.3,4

The long-range transport of fine particles and their pre-
cursors from distant areas also plays a role that cannot be
neglected. Streets et al.5 concluded that in July 34% of
PM2.5 at the Olympic Stadium site can be attributed to
emissions outside Beijing. In the Chen et al. study,6 it was
found, on the basis of the annual average, that 34.7% of
PM10 in Beijing came from outside areas. The authors
concluded that “trans-boundary PM10 contributions
play a crucial role in forming PM10 pollution episodes.”
This work clearly indicated the need for a systematic
control strategy for PM10 pollution in Beijing and the
surrounding regions. Cooperation for pollution control
between Beijing and the surrounding regions is being
actively pursued by these governments at this time,
with the goal of attaining good air quality for the 2008

Olympics. Policy-makers need more guidance on re-
gional source controls.

The objective of this study was to estimate the con-
tributions of the emission sources from outside the Bei-
jing area (called the regional source) to PM10 concentra-
tions in urban Beijing and to identify the important sector
contributors from power plants, industrial sources, do-
mestic sources, traffic, agriculture, and biomass burning.
The regional air quality for the Beijing area was modeled
using Pennsylvania State University/National Center for
Atmospheric Research Mesoscale Modeling System Gen-
eration 5 (MM5) and the Models-3/U.S. Environmental
Protection Agency Community Multiscale Air Quality
Model (CMAQ) modeling system. Using these models, the
concentration contributions from the various regional
sources were evaluated by examining different air pollu-
tion scenarios.

APPROACHES USED FOR AIR QUALITY
MODELING

Modeling Scenarios
In this study, a three-domain, one-way nesting regional
air quality modeling approach was pursued. The model-
ing results were evaluated by comparison with the obser-
vations. As shown in Table 1, the eight proposed scenarios
were simulated to estimate the regional source contribu-
tions. Natural emissions were regarded as “background”
and kept unchanged in all cases.

Here we used three scenarios (base, S1, and S2) to
estimate the total regional contributions considering the
nonlinear response of PM10 concentrations to precursor
emissions. In the studies of Street et al.5 and Chen et al.,6

only the base case and the Beijing zero emission case (S1)
were modeled to evaluate the regional contributions.
Some researchers consider that the proper way to evaluate
a source’s impact is to model the case with this source
turned off and then use its difference from the base case
(e.g. the base case minus S2 above) to evaluate its impor-
tance. It may be the case that, when we consider relatively
small sources compared with large base emissions or
sources intended to be strongly controlled or elimi-
nated, we will want to evaluate the air quality after the
controls have been applied. To estimate the regional
contributions by only comparing S1 or S2 with the base
case may not be enough if nonlinear response effects

Table 1. Modeling scenarios used in this study.

Scenarios Emissions Remarks

Base Base-case emissions To evaluate modeling results; baseline for contribution estimation
S1 Anthropogenic emissions in Beijing are turned off

To estimate total regional source contribution
S2 Anthropogenic emissions outside Beijing are turned off
S3 Power plant emissions outside Beijing are turned off To estimate contribution of power plants
S4 Industrial emissions outside Beijing are turned off To estimate contribution of industries
S5 Domestica emissions outside Beijing are turned off To estimate contribution of domestic emissions
S6 Transportation emissions outside Beijing are turned off To estimate contribution of transportation
S7 Agricultureb emissions outside Beijing are turned off To estimate contribution of agriculture emissions
S8 Biomass burningc emissions outside Beijing are turned off To estimate contribution of biomass burning emissions

Notes: aIncluding domestic fossil fuel and biofuel combustion; bIncluding livestock, fertilizer application, and rice production; cIncluding the open burning of forest,
grass, and crop residues.
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are taken into account. This will be discussed in the
results and discussions.

Modeling Domain and Episode
As shown in Figure 1a, three-domain, one-way nesting
was used in the MM5-Models-3/CMAQ modeling. The
Lambert projection with the two true latitudes of 25° N
and 40° N was used. The domain origin was 34 °N, 110 °E;
the coordinates of the bottom left corner of the largest
domain were (x � �2934 km, y � �1728 km). Domain 1
covered most of East Asia. Grids that are 36 � 36 km were
used to generate the boundary condition for the inner
domains. Domain 2 included Beijing, Tianjin, Hebei, and
parts of several surrounding provinces. The innermost
domain, with 4-km grid spacing, consisted of the whole of
Beijing and part of Tianjin and Hebei province. Twelve
vertical layers from the surface to the tropopause were
used, with denser layers in the lower atmosphere. The
corresponding sigma levels were 0.995, 0.987, 0.970,
0.938, 0.893, 0.838, 0.893, 0.777, 0.702, 0.582, 0.400,
0.200, and 0.000.

The modeling periods selected were from January 6 to
30 and August 6 to 30 in 2002, which are two typical
months in winter and summer. A spin-up period of 5 days
starting from the first day of each month was used to
eliminate the influence of initial conditions.

MM5 Input and Configuration
MM5 model version 3.7 was used with 23 vertical layers to
generate the meteorological fields. The pressure at the top
surface was 100 mb. The terrain and land-use data came
from the U.S. Geological Survey database. The European
Center for Medium-Range Weather Forecasts/Tropical
Ocean Global Atmosphere analysis datasets were used to
generate the first guess field. The National Center for
Environmental Prediction’s automated data processing
data were used in the objective analysis scheme. The four
dimensional data assimilation technique was used in the
coarse domains (domains 1 and 2).

One-way nesting was applied in this simulation. The
physics options selected were: the Kain–Fritsch cumulus
schemes,7 the high resolution Blackadar planetary bound-
ary layer (PBL) scheme,8 the mixed phase (Reisner 1)
explicit moisture schemes,9 the cloud atmospheric radia-
tion scheme,10 and the force/restore (Blackadar) surface
scheme.11,12

Emissions
Model performance strongly relies on the integrity and
accuracy of the emission inventory at the regional level.
The regional emission inventory over Asia constructed for
the TRACE-P (Transport and Chemical Evolution over the
Pacific) field campaign was the first comprehensive inven-
tory study that addressed all of the main air pollutants in
China at the provincial level.13 This inventory has been
extensively evaluated using atmospheric modeling and
observations during the TRACE-P campaign and thereaf-
ter.14–16 Although broad agreement was found among the
scientists using the emission data, the accuracy of the
carbon monoxide (CO) and NOx inventory has been a
topic of debate.17–19 In the meantime, PM10 and PM2.5

inventories were still unavailable.13 Motivated by the re-
sults from atmospheric modeling, ground and satellite
observation, and also by the needs of the comprehensive
atmospheric modeling study, the authors of the TRACE-P
inventory revisited and updated the TRACE-P inventory
in collaboration with Tsinghua University.13,20–22 The
new estimates are thought to be significantly im-
proved.20,23 A size-fractioned PM inventory is also pro-
vided in the updated estimates.21,22

In this work, we used a combination of several emis-
sion inventories to reflect our current understanding of
China’s emissions. Beijing’s anthropogenic emissions
were based on the detailed work of the Beijing Municipal
Environmental Monitoring Center (BMEMC).24 This in-
ventory was aggregated from the bottom-up investigation
of thousands of individual power plants, factories, and
heating boilers. It includes seven pollutants, SO2, NOx,
PM10, PM2.5, ammonia (NH3), CO, volatile organic com-
pounds (VOCs), and 23 subsectors in total, including fu-
gitive dust from industrial, road, and construction activ-
ities and unpaved ground. The inventory has a spatial
resolution of 1 � 1 km. The temporal profiles were also
provided for each of the subsectors.

The anthropogenic inventory for other regions in
China was extracted from the update of the TRACE-P
inventory.20–23 Provincial anthropogenic emissions were
distributed on a 4- by 4-km grid using multiresolution
geographic information system (GIS) information such as

Figure 1. (a) Domains used in MM5-Models-3/CMAQ modeling.
CMAQ domain 1: size � 164 � 97 cells with 36-km resolution.
CMAQ domain 2: size � 86 � 69 cells with 12-km resolution. CMAQ
domain 3: size � 60 � 54 cells with 4-km resolution. MM5 domains
are three grid cells broader on each side of each domain. (b) Loca-
tions of the meteorological sites used in the evaluation of the model
output. (c) Locations of the air quality observation sites in Beijing
used in the evaluation of the model output.
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the location of large point sources, population density,
land use, and road networks.13 Monthly variations in
each economic sector were derived based on the method-
ology described in Streets et al.13 and Zhang et al.20

Monthly biomass emissions were derived from Streets et
al.25 Natural VOC emissions came from Global Emissions
Inventory Activity (GEIA; http://www.geiacenter.org/).

It should be noted that fugitive dust emissions such
as traffic dust, construction dust, and wind-blown emis-
sions from unpaved ground were not available for the
areas outside of Beijing.21 In Beijing’s inventory, the fu-
gitive dust emissions contribute approximately 40% of
the total PM10 emissions. To evaluate the uncertainties
from this incompleteness, we constructed a test scenario,
assuming the fugitive dust emissions in the other regions
also contributed 40%, as in Beijing. The result showed
that the regional contributions increased only around 5%
and the character of the regional contributions did not
show any obvious change. This is because those particles
are more difficult to transport over long ranges because of
their larger size and lower emission height.

Another consideration for PM10 pollution might be
the dust storms. Generally dust storms occur during
spring in the Bejing area. From the available record for the
past 50 yr from the Beijing Meteorological Bureau, dust
storms never occurred in August; therefore, we did not
consider the effect of dust storms on PM10 pollution in
this study.

The gridded emissions were processed to generate mod-
el-ready emission files with a Models-3 data processor26

(MDP), which has a function similar to that of SMOKE
(Sparse Matrix Operator Kernel Emissions Modeling System)
with regard to emission data processing. The speciation of
VOC emissions used data from the SPECIATE27 database

from the U.S. Environmental Protection Agency (EPA) ex-
cept for the biomass burning, which used data reported by
Tsai et al.28

CMAQ Configuration
This study used Models-3/CMAQ version 4.4. The piece-
wise parabolic method (PPM),29 the eddy diffusivity (K-
theory) technique, the Carbon Bond IV (CB-IV)30,31 mod-
ule with aqueous and aerosol extensions, and the Aero 3
model derived from the Regional Particulate Model
(RPM)32 were chosen for advection, vertical diffusion, gas-
phase chemistry, and the aerosol module, respectively.
Particulates are described using the modal approach with
two modes: fine (particles with diameters below 2.5 �m
[PM2.5]) and coarse particles (particles with diameters be-
tween 2.5 and 10 �m [PM2.5–10]).

The Meteorology-Chemistry Interface Processor
(MCIP) version 2.3 was applied to process the meteoro-
logical data. The initial conditions (ICON) for each period
were prepared by running the model for 5 days before the
first simulation day. It has been shown by sensitivity tests
that the influence of initial conditions generally dissi-
pates after 3 days.33 The boundary conditions (BCON)
used for domain 1 were kept constant as the model de-
fault profile. The boundary conditions for the inner two
domains were extracted from the outer domains. The
total O3 column data from the Total Ozone Mapping
Spectrometer (TOMS) (http://toms.gsfc.nasa.gov/ozone/
ozone_v8.html) were used in the photolysis rates proces-
sor (JPROC).

RESULTS AND DISCUSSIONS
Meteorological Prediction Evaluation

In this study, the meteorological observations from the
China Climate Data Center Online (https://cdc.cma.

Table 2a. Quantitative performance statistics for the meteorological predictions at the station in Beijing
predicted with 4-km horizontal resolution.

Variables Temperature Mixing Ratio Wind Speed Wind Direction

January
n 207 218 164 164
Mean observations 0.1 0.0015 2.8 190.8
Mean simulations �2.3 0.0022 3.1 158.1
Correlation coefficient (R) 0.81 0.79 0.53 0.27
MNB �0.61 0.58 0.27 0.79
MNGE 0.65 0.59 0.73 1.32
MFB 0.16 0.10 �0.02 �0.01
MFE �0.13 0.20 0.32 0.35
NMB �23.81 0.40 0.12 �0.17
NME 26.47 0.42 0.55 0.58

August
n 239 239 213 213
Mean observations 25.8 0.015 2.2 161.7
Mean simulations 25.3 0.013 3.0 151.2
Correlation coefficient (R) 0.89 0.73 0.22 0.32
MNB �0.01 �0.09 0.53 0.35
MNGE 0.05 0.16 0.79 0.76
MFB �0.003 �0.02 0.04 �0.03
MFE 0.03 0.09 0.28 0.25
NMB �0.02 �0.11 0.32 �0.07
NME 0.05 0.16 0.61 0.41
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gov.cn) were used to evaluate the MM5 simulation results
processed with the MCIP module. Five representative sites
(Nos. 1–5 in Figure 1b, 10 m above ground level) covered
by the 12-km domain were chosen, one in Beijing and the
other four in surrounding regions. The data frequency
was every 3 hr. The parameters monitored were tempera-
ture, dew point, wind speed, and wind direction.

Many recent studies34–39 on meteorological modeling
have shown that the currently available regional-scale
meteorological models have big limitations in predicting
urban meteorology. It was found that the Monin–Obuk-
hov similarity theory failed in simulating the complicated
urban boundary layer34–39; it may result in underpredic-
tions in temperature and overpredictions in wind speed at
the urban sites.40 But because of limitations in data avail-
ability, the meteorological observations available for this
study were all from rural sites. Therefore it is difficult to
assess the uncertainties resulting from the PBL scheme in
the urban area in this study.

The quantitative statistics for the observed and pre-
dicted temperature (°C), humidity (mixing ratio, kg/kg),
wind speed (m/sec), and wind direction (°) are summa-
rized in Table 2a for the station in Beijing and in Table 2b
for the four stations in the surrounding regions. It can be
seen that the temperature predictions in August were in
good agreement with the observations, both in Beijing
and in the surrounding area. Mean normalized bias

(MNB), mean fractional bias (MFB), and normalized mean
bias (NMB) were within �0.02 to 0.03 and mean normal-
ized gross error (MNGE), mean fractional error (MFE), and
normalized mean error (NME) fell between 0.02 and 0.10.
The correlation coefficients were 0.89 at the Beijing site
and 0.96 for the surrounding stations. In January, large
values of NMB (�23.81) and NME (26.47) occurred at the
Beijing site, which were mostly because the observed av-
erage temperature at the Beijing site was close to 0 °C. The
values of the MFB and MFE were 0.16 and �0.13, respec-
tively, indicating a moderate underestimation. The corre-
lation coefficient is 0.81. The MFB and MFE at the other
stations were 0.03 and �0.09, respectively. The correla-
tion coefficient was 0.94. For the mixing ratio, the predic-
tions were also in better agreement in August than in
January. The values for the MFB and MFE in August were
�0.02 and 0.09, respectively, for the Beijing site and 0.05
and 0.20, respectively, for the surrounding stations taken
together. In January, the values for the MFB and MFE were
0.10 and 0.20 in Beijing, and 0.20 and 0.42 in other
regions, respectively. The correlation coefficients were
0.79 and 0.63, respectively.

The wind vectors were better forecast in January. The
correlation coefficients for wind speed and wind direction
were 0.53 and 0.27 in Beijing, and 0.76 and 0.44 at other
sites. The MFB values for wind speed and wind direction
were �0.02 and �0.01 in Beijing, and 0.03 and 0.07 in

Table 2b. Quantitative performance statistics for the meteorological predictions at the four stations in the
surrounding area predicted with 12-km horizontal resolution.

Variables Temperature Mixing Ratio Wind Speed Wind Direction

January
n 843 855 715 714
Mean observations �4.6 0.0012 4.3 222.0
Mean simulations �6.0 0.0020 4.7 262.6
Correlation coefficient (R) 0.94 0.63 0.76 0.44
MNB �1.41 0.40 0.45 1.18
MNGE 1.49 0.43 0.75 1.27
MFB 0.03 0.20 0.03 0.07
MFE �0.09 0.42 0.27 0.19
NMB 0.32 0.72 0.09 0.18
NME 0.48 0.75 0.44 0.30

August
n 956 858 762 762
Mean observations 21.2 0.011 2.9 182.6
Mean simulations 21.1 0.012 3.2 215.9
Correlation coefficient (R) 0.96 0.68 0.39 0.27
MNB 0.03 1.36 0.35 1.13
MNGE 0.10 1.53 0.68 1.30
MFB 0.005 0.05 0.02 0.07
MFE 0.04 0.20 0.27 0.24
NMB �0.005 0.06 0.11 0.18
NME 0.07 0.28 0.51 0.44

Notes: Formulas:

MNB �
1
n �

1

n �(Sim � Obs)
Obs �; MNGE �

1
n �

1

n �� Sim � Obs �
Obs �; MFB �

2
n �

1

n ��Sim � Obs�
�Sim � Obs)�;

MFE �
2
n �

1

n �� Sim � Obs �
�Sim � Obs)�; NMB �

�
1

n �Sim � Obs�

�
1

nObs
; NME �

�
1

n � Sim � Obs �

�
1

nObs
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surrounding regions. In August, overpredictions of the
wind speed could be observed especially at the Beijing
station (a comparison of observed and predicted wind
vectors can be found in Figure 4). The values for MNB,
MFB, and NMB were 0.53, 0.04, and 0.32, respectively. For
the other four stations, the MNB, MFB and NMB were
0.35, 0.02, and 0.11, respectively. It is understandable
that higher wind speeds can increase the transportation
and dilution of the local emissions and transport regional
emissions into Beijing. Therefore, the overestimation of
wind speeds can result in the underprediction of pollut-
ants concentrations and the overprediction of the re-
gional contributions.

Air Quality Prediction Evaluation
We chose four representative monitoring stations for the
evaluation of air quality predictions: the DL (Ding Tombs
Museum) station in a rural area, the GC (Gucheng) station
in an industrial area, the QM (Qianmen) station in a

high-traffic environment, and the NZG (Nongzhanguan)
station in a residential area (shown in Figure 1b). The
observational data were gathered from BMEMC.

The time series of observed and predicted hourly
PM10 concentrations at the four stations are given in
Figure 2. Overall, the predicted temporal variations in
PM10 concentrations show good agreement with the
observations. For January, the concentration levels
were more consistent from location to location except
for the QM station, where there was some overpredic-
tion. This may be due to the overestimation of the
emissions from domestic fuel use and small industries
(which were spatially allocated by population density)
in the central urban area where urban population den-
sity is the greatest. In August, the model predictions
were low in general, which can partially be attributed to
the overestimation of the wind speed in the summer.
The heavy pollution period from August 13 to 18,
brought on by a high frequency of occurrence of light
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Figure 2. The time series of observed and predicted PM10 concentrations with 4-km horizontal resolution at the four monitor stations in Beijing
for the monitoring periods in (a) January and (b) August. DL � rural area; GC � industrial area; QM � high-traffic environment; NZG � residential
and cultural area.
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and calm winds, was more difficult to simulate in the
model.

Table 3 summarizes the model performance statistics
for the daily average PM10 concentrations at the four sites
and for the urban average (a comparison of observed and
predicted urban average concentrations can be found in
Figure 3). The observed urban average was calculated by
averaging the concentrations at the 15 sites located in
urban Beijing. The predicted urban average was derived
by averaging the concentrations of all the grid cells within
urban area. The NMB for the urban average was as small as
5% in January. In summer, the predictions were lower
than the observations, with an NMB value of �34%. One
of the most important reasons for this result could be that
wind speed tended to be overpredicted during periods of
light and calm winds in summer in Beijing. The DL sta-
tion had the lowest NMB, around �50%, in both summer
and winter, which provides additional insight into the
underprediction in August in addition to meteorological
factors. Because the Beijing local urban sources do not
have as important of an impact at the DL site as at other
urban sites, the incomplete regional PM10 emission in-
ventory in Beijing’s surrounding areas may induce more
negative NMB at rural sites.

In the past, EPA has recommended that the values of
MNB and MNGE for PM2.5 and its components should be
within 15 and 30%, respectively.41 In 2007, EPA pub-
lished new guidance on PM2.5 modeling.42 MFB, MFE,
NMB, and NME were recommended as the performance
statistical indicators instead of MNB and MNGE. It was
suggested that “there should be no bright line perfor-
mance criteria” and “the evaluation of statistical perfor-
mance measures should be compared with current and
past modeling applications.”42 A summary of recent

model performance evaluations was presented in this
guidance. An MFB less than or equal to �60%, and an
MFE less than or equal to 75% were proposed by Boylan,43

and an MFB less than or equal to �50% and an MFE less
than or equal to 75% were proposed by Morris et al.44 If
we apply this guidance to this study, all of the statistics
except MFE at the DL site (highlighted in bold in Table 3)
met the criteria. For the urban average, the MFB and MFE
were 0.04 and 0.38 in January, and �0.36 and 0.37 in
August, respectively. In summary, the MM5-Models-3/
CMAQ modeling system with the emission inventories
derived from the combination of regional and local emis-
sion datasets provided acceptable predictions of PM10

concentrations.

Effects of Nonlinear Response
As mentioned before, the base case, and the S1 (Beijing
zero emission) and S2 (surrounding area zero emission)
cases were used to estimate the contributions from the
sources outside the Beijing area, taking into consideration
the nonlinear response of PM10 concentrations to the
emissions. Table 4 summarizes the predicted urban aver-
age PM10 concentrations in each scenario. If the concen-
trations are nearly linearly related to the emissions, the
sum of S1 and S2 should be equal to the base case, as the
inert components, such as black carbon (BC); primary
organic carbon (OC); secondary OC; PM2.5 excluding the
components of sulfate (SO4

2�), nitrate (NO3
�), ammonia

(NH4
�), BC, and OC; and PM2.5–10, do in Table 4. In this

case, we can use either S1 or S2 with the base case to
estimate the regional contributions. With regard to the
compositions involving secondary formation from gas-
eous pollutants such as SO4

2�, NO3
�, NH4

�, and second-
ary OC, neither S1 nor S2 could give us the exact values of

Table 3. Quantitative performance statistics for daily PM10 concentrations predicted with 4-km horizontal resolution at the four monitoring stations and for
the urban average in Beijing.

Variables DL GC QM NZG Urban

January
n 25 24 25 25 25
Mean observations 95 194 168 156 168
Mean simulations 48 128 245 179 159
Correlation coefficient (R) 0.57 0.50 0.59 0.64 0.63
MNB �0.45 �0.23 1.00 0.43 0.15
MNGE 0.51 0.39 1.11 0.60 0.41
MFB �0.67a �0.38 0.50 0.23 0.04
MFE 0.72 0.50 0.62 0.46 0.38
NMB �0.49 �0.34 0.46 0.15 �0.05
NME 0.56 0.42 0.66 0.46 0.37

August
n 25 21 25 21 25
Mean observations 112 167 156 140 143
Mean simulations 57 101 114 102 95
Correlation coefficient (R) 0.82 0.86 0.87 0.82 0.95
MNB �0.51 �0.37 �0.20 �0.19 �0.29
MNGE 0.51 0.37 0.25 0.25 0.30
MFB �0.73a �0.48 �0.25 �0.25 �0.36
MFE 0.73 0.48 0.30 0.30 0.37
NMB �0.49 �0.39 �0.27 �0.27 �0.34
NME 0.49 0.39 0.30 0.30 0.34

Notes: aAll MFB 	 �50% and MFE 	 75% are considered to indicate a relatively poor performance in this study and are highlighted in bold.
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the contributions from regional or local sources. The
PM10 concentrations were responsible for the comprehen-
sive gas-phase chemical processes and the gas-aerosol

transformation and balance. However, PM10 concentra-
tions in Beijing’s case were, according to the simulation
results, dominated by inert components such as PM10.
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Figure 3. Predicted daily average PM10 concentrations and regional contributions with 4-km horizontal resolution in urban Beijing for the
monitoring periods in (a) January and (b) August.

Table 4. Urban average PM10 concentrations for the base case and the S1 and S2 scenarios (�g/m3).

Scenarios PM10 SO4
2� NO3

� NH4
� BC Primary OC Secondary OC PM2.5

a PM2.5–10

January
Base 158.8 14.7 8.3 7.7 13.2 18.3 0.3 54.5 41.7
S1 36.6 6.2 7.3 4.2 3.3 5.5 0.2 8.1 1.8
S2 126.4 11.3 2.4 4.4 9.7 12.5 0.1 46.0 39.9
(S1 � S2) � Base 4.3 2.8 1.4 0.9 �0.2 �0.2 0.0 �0.4 0.0

August
Base 95.7 11.4 10.0 7.2 5.5 6.5 1.5 29.0 24.7
S1 34.4 9.4 2.1 4.1 2.4 3.3 0.9 9.2 3.1
S2 53.2 2.3 1.6 1.3 3.1 3.2 0.3 19.7 21.8
(S1 � S2) � Base �8.1 0.2 �6.2 �1.7 �0.1 �0.1 �0.3 �0.2 0.2

Notes: aPM2.5 excluding the components of SO4
2�, NO3

�, NH4
�, BC, and OC.
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The uncertainties from the results of the nonlinear re-
sponse were small: within 2.7% (4.3/158.8) in January
and �8.5% (�8.1/95.7) in August.

Total Regional Contributions
From Table 4, the regional contributions in January can
be approximately estimated as 36.6 �g/m3 by case S1, or
32.4 �g/m3 by the base case minus S2 (158.8 � 126.4
�g/m3). Then considering the nonlinear response, it can
be deduced that in urban Beijing 32.4–36.6 �g/m3 of
PM10 came from sources outside Beijing in January, ac-
counting for 20–23% of the ambient concentrations. Us-
ing the same method, it can be calculated that the re-
gional contributions were 34.4–42.5 �g/m3 in August,
which were as high as 36–44% of the base-case concen-
trations. If we take the average of the two limits as the
approximate estimation, the regional contributions in
January and August are around 22 (35 �g/m3) and 40%
(38 �g/m3), respectively.

In the Streets et al. study,5 approximately 26 �g/m3,
34% of the measured PM2.5 in the vicinity of the Olympic
Stadium site (north of the urban center), could be attrib-
uted on average to the sources outside Beijing in July
2001. In our calculation, the urban average contribution
of PM2.5 was 31–40 �g/m3, accounting for 44–49% of the
total concentrations, which is somewhat higher than
Streets et al. study.5 In their research, the TRACE-P inven-
tory13 was used for the regional area. The difference in the
two estimations most likely arises from the different emis-
sions used. The Chen et al. study6 concluded that for
urban PM10, 23.4% in January and 40% in July were induced
by regional sources, which is similar to our results.

The annual average, roughly estimated by averaging
the months of January and August, may be as high as
around 37 �g/m3, accounting for 31% of the total con-
centration. This concentration was nearly 40% of the
annual limit specified in CNAAQS (100 �g/m3). The high
regional background PM10 concentrations will make it
difficult for Beijing to reach the standard solely through
local source emission control. Cost-effective control strat-
egies should be based on a larger area than local Beijing.

The observed and predicted daily average PM10 con-
centrations and the corresponding regional contributions
are presented in Figure 3. In August, the highest daily
regional contribution could approach 100 �g/m3, two-
thirds of the daily CNAAQS limit (150 �g/m3). The con-
trol of PM10 pollution during the Olympic period will be
very challenging. The impression gained from Figure 3 is
that when PM10 concentrations are high, the regional
contributions are also high. Therefore, another question
is whether the regional contribution is the major or dom-
inating factor for the high pollution level in Beijing. It is
very important to identify the degree of control required
and to set priorities to mitigate the heavy pollution days.

Heavy Pollution: Dominance of Regional
or Local Sources?

To gain a better understanding of regional impact, we
examined the time series of the predicted PM10 concen-
trations, regional contributions, the percentages of re-
gional contributions, and the corresponding wind vectors
(see Figure 4).

In winter (Figure 4a), when the contributions of the
regional sources (on a percentage basis) reached their
highest point during the two periods of January 14–15
and 24–26, the corresponding PM10 concentrations were
not the highest. On January 14–15, there were relatively
high winds from the northeast, where heavy-industry
cities cluster. The resulting pollution transport was re-
sponsible for more than 40–50% of the PM10 pollution in
urban Beijing, but the hourly concentration values were
less than 250 �g/m3. On January 24–26, the concentra-
tions were almost 350 �g/m3 because of the lower wind
speeds associated with winds from the northeast. The
regional contributions reached more than 50%. In the
second case, when the heaviest pollution (greater than
400 �g/m3) appeared on January 9–10 and 19–20, the
regional contributions decreased to around 40% or less.
Long-term light or calm winds were dominant, so the
atmospheric accumulation of local emissions from Beijing
played a more important role. In the third case, the winds
came from the northwest, where pollution levels are
lower. Thus, for January 7–8, 21–23, and 27–30, both the
concentrations and contributions were very low.

Figure 5 shows the scatterplots of the PM10 concen-
trations versus the regional contributions. As shown in
Figure 5a, the low-high-low response of the regional con-
tributions to the concentrations in winter, as described
above, is obvious. The statistical results for the regional
contributions are 12.1, 24.9, 34.1, and 29.7% when PM10

concentrations are below 200, 200–300, 300–400, and
above 400 �g/m3, respectively.

In summer (Figure 4b), the wind direction changes
frequently, but the situation for the three cases were sim-
ilar to those in winter. The highest PM10 concentrations
accompanied the relatively lower regional contributions
and the lower wind speeds, as seen for August 15–18. The
regional contributions (on a percentage basis) reached
their highest point and the total concentrations were
relatively lower when the winds came from the south, as
for August 20–22. North winds brought both low concen-
trations and regional contributions, as for August 6–9. In
the summer, the winds came mainly from the south. The
industrial cities south of Beijing were major regional con-
tributors. As shown in Figure 5b, when PM10 concentra-
tions lie in the intervals of below 50, 50–100, 100–200,
and above 200 �g/m3, the corresponding regional contri-
butions are 17.7, 40.6, 41.9, and 36%, respectively. We
found that wind speeds tend to be overpredicted in light
and calm wind periods. The actual regional contribution
may be even lower in high concentration periods.

Therefore, the regional sources provide a high PM10

background concentration in Beijing, but they are not the
dominant factor causing the highest pollution levels. The
accumulation of local source emissions in the atmosphere
is more important. Therefore, long-term control strategies
must rely on regional-scale collaboration. The emission
abatement of local sources in Beijing may be more effec-
tive in lowering the pollution level during the highest
pollution period, which places more emphasis on short-
term controls in summer to reach the daily standard. If
the controls resulting from regional collaboration leading
up to the 2008 Olympics are not enough to reduce PM10
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Figure 4. The time series of predicted PM10 concentrations, regional contributions, and wind vectors with 4-km horizontal resolution in urban
Beijing.
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Figure 5. The scatterplots of predicted PM10 concentrations and regional contributions in urban Beijing for the monitoring periods in (a) January
and (b) August.
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concentrations, it may be possible for Beijing to imple-
ment emergency local controls to ensure good air quality
during the Olympics.

Sector Contributions
Here we evaluated six regional emission sectors including
power plants, industry, domestic sources, transportation,
agriculture, and biomass open burning by the base case
minus the corresponding scenario from S3 to S8. All of the
anthropogenic emissions were included.

Figure 6 summarizes the percents of each emission
sector in total regional contributions. The total regional
induced concentrations are also plotted. It can be seen
that in January, the largest contributors were domestic
and industry emissions, accounting for 37 and 31% in
total regional concentrations, respectively. Agriculture
and power plants were at the second level with contribu-
tions of 15 and 12%, respectively. Transportation and
biomass burning only contributed 5 and 1% to the total.
The contributions of industry emissions were even more
significant when total contributions were higher. On the
three heaviest pollution days (January 9, 19, and 25), its
contributions reached 35–40%. Livestock emissions, as
the major source of NH3, were also important because of
their role in secondary particle formation.

The summer case was different because of the in-
crease in atmospheric convection and the seasonal
change in emissions. The contribution percents of each

sector were relatively stable over time compared with the
winter case. It is shown that the largest contribution came
from industry and power plants, which provided 41 and
31% in total regional concentrations, respectively. That is
to say, 72% of the transboundary PM10 could be attrib-
uted to industry and power plants outside of the Beijing
area; domestic emission accounted for 14%; and transpor-
tation, agriculture, and biomass burning accounted for 7,
6, and 2%, respectively. Therefore, emission controls for
power plants and industry in the surrounding regions will
be more effective in reducing the transboundary PM10

concentrations during the Olympics. This is a good sign,
because these emission controls are more easily imple-
mented than for the less organized sources.

CONCLUSIONS
PM10 pollution has been a major air quality concern in
Beijing. The city-based control measures implemented in
the last several years did not have a satisfactory effect on
solving this regional problem. In this study, the MM5-
Models-3/CMAQ air quality modeling system was applied
to simulate the PM10 concentrations in Beijing and sur-
rounding areas, and to investigate the impact of the re-
gional sources, in total and by each emission sector, to the
urban air quality in Beijing using the case study method.

The contributions of the regional sources to urban
PM10 pollution in Beijing were evaluated through the
analysis of a base case, a case which supposed that Beijing
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Figure 6. The contribution (%) of each regional emission sector to urban PM10 concentrations in Beijing for the monitoring periods in (a)
January and (b) August.

Wang et al.

Volume 58 August 2008 Journal of the Air & Waste Management Association 1067



had zero emissions and a case that assumed only Beijing
had emissions. This approach would eliminate the influ-
ence of the nonlinear response of the concentrations to
the emissions. It is estimated that in winter, 22% of the
total concentrations came from the sources outside of
Beijing. In summer, as much as 40% of the total PM10

concentration could be attributed to the outside sources.
Long-term PM10 pollution control should be based on the
cooperation between Beijing and the surrounding regions.
The synchronous analysis of the hourly PM10 concentra-
tions, regional contributions, and the wind vectors
showed that during the heaviest pollution periods the
accumulation of Beijing local emissions in the atmo-
sphere played a more important role. Therefore, the emis-
sion abatement of local sources in Beijing may be more
effective in lowering the PM10 level during heavy pollu-
tion periods. This offers the possibility for Beijing to take
emergency local control measures on the heavy pollution
days during the Olympic period in case the regional con-
trols imposed just before the 2008 Olympics are not ade-
quate for obtaining satisfactory air quality.

The contributions of each regional emission sector,
including power plants, industry, domestic sources, trans-
portation, agriculture, and biomass open burning were
evaluated. We found that domestic and industry emis-
sions were the most important sources in winter, contrib-
uting 37 and 31% to the total transboundary concentra-
tions, respectively. In summer, the industry and power
plants were the biggest contributors, the total of which
accounted for 72% of the regional contributions. This
dominance might be a useful factor for PM10 pollution
control during the Olympic period because these two
sources are more organized thus making it easier to im-
plement systematic control measures. Much better air
quality could be expected during the Olympics if effective
controls are taken for both Beijing local sources and the
industries and power plants in surrounding regions.
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