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Abstract
Any accurate simulation of regional air quality by numerical models entails accurate and up-to-date emissions data for that region. The
INTEX-B2006 (I06), one of the newest emission inventories recently popularly used in China and East Asia, has been assessed using
the Community Multiscale Air Quality model and observations from regional atmospheric background stations of China. Comparisons
of the model results with the observations for the species SO2, NO2, O3 and CO from the three regional atmospheric background stations
of Shangdianzi, Longfengshan and Linan show that the model can basically capture the temporal characteristics of observations such
as the monthly, seasonal and diurnal variance trends. Compared to the other three species, the simulated CO values were grossly
underestimated by about two-third or one-half of the observed values, related to the uncertainty in CO emissions. Compared to the
other two stations, Shangdianzi had poorer simulations, especially for SO2 and CO, which partly resulted from the site location close
to local emission sources from the Beijing area; and the regional inventory used was not capable of capturing the influencing factors
of strong regional sources on stations. Generally, the fact that summer gave poor simulation, especially for SO2 and O3, might partly
relate to poor simulations of meteorological fields such as temperature and wind.

Key words: evaluation; CMAQ model; INTEX-B2006 inventory; regional atmospheric background stations
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Introduction

Emission inventory and meteorological parameters are the
two key inputs for air quality models. Accurate simulation
and forecast of regional air quality by numerical models
requires accurate and up-to-date emission data for that
region. Also, emission inventories play an important role in
understanding air pollution and guiding emissions control
policy (Jiang and Tang, 2002). Numerous studies have
indicated that one of the major uncertainties involved in
air quality models arises from deficiencies in emission
inventories (Hanna et al., 1998; Bergin et al., 1999; Placet
et al., 2000).

In the past 20 years, some emission inventories have
been compiled for China that include one species, such as
carbonaceous aerosol emissions (Streets et al., 2001; Bond
et al., 2004; Cao et al., 2006), or several primary species,
such as SO2, NOx, CO2, CO, CH4, NMVOC, BC, OC, and
NH3 (Streets et al., 2003a). These inventories consist of
China’s gaseous or aerosol emissions at the national level
or part of regional emission inventories. The Transport and

* Corresponding author. E-mail: anxq@cams.cma.gov.cn

Chemical Evolution over the Pacific (TRACE-P) emission
inventory (Streets et al., 2003a) is a bottom-up emission
inventory of the fuel consumption information and emis-
sion factors for Asian countries, which was constructed
for the TRACE-P experiment (Transport and Chemical
Evolution over the Pacific) under the auspices of the
National Aeronautics and Space Administration (Jacob et
al., 2003; Streets et al., 2003a, 2003b). Since the TRACE-
P emission inventory was released, it has become the
most popular inventory used in regional chemical transport
models in the past several years, and some evaluation work
on TRACE-P emission inventories has also been carried
out using regional models and chemical measurements
(Tan, 2004; Carmichael, 2003).

Due to the rapid economic development in Asia (es-
pecially in China), there is an increasing demand to
maintain more accurate and updated emission inventories
to improve modeling and understanding of the trends
in emission variations. A new inventory of air pollutant
emissions in Asia was developed in 2006 to support the
Intercontinental Chemical Transport Experiment-Phase B
(INTEX-B), which was funded by the National Aeronau-
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tics and Space Administration (NASA). The INTEX-B
inventory improves and updates China’s entire major
anthropogenic inventory from the TRACE-P emission in-
ventory because China’s atmospheric emissions are known
to have increased substantially during the past years fol-
lowing the dramatic growth of its economy and energy use
(Zhang et al., 2007).

Since one of the major uncertainties in an air quality
model is due to emissions inputs, which can have a
significant influence on the simulation results (Russell and
Dennis, 2000), a more accurate and up-to-date emission in-
ventory is essential for improving air quality simulation. In
an effort to quantify and evaluate the impact of emissions
inputs on air quality simulation, the Community Multiscale
Air Quality (CMAQ) modeling system (Byun and Schere,
2006) was used in this study driven by the NCAR/Penn
State Mesoscale Model (MM5) meteorological fields. The
air quality simulation results generated by the regional
emission inventory of INTEX-B2006 (I06 EI) inputs were
assessed in detail using observations from three regional
atmospheric background stations of China. Although in
addition to emission, there are many other factors influ-
encing the model results such as dispersion, transportation
and atmospheric transformations, in this article we focus
on the impact of emission inventory on the model results.

The aim of this research is to evaluate the impact of
the INTEX-B2006 (I06) emission inventory on SO2, NOx,
CO and O3 simulations in China to form some basis for
modifying and improving emission inventories.

1 Methods and data

1.1 Emissions inventory data

To reflect the dramatic economic growth and energy use
in Asia since 2001, especially in China, by implementing
a series of improved methodologies and based on statis-
tical data, the anthropogenic emissions from the regional
emission inventory of INTEX-B2006 (Zhang et al., 2009)
were updated from the TRACE-P inventory, which was
prepared for the year 2000 and has received widespread
application both within the TRACE-P mission and in
subsequent Asian modeling studies (Streets et al., 2003a,
2003b). The INTEX-B2006 inventory includes the species
SO2, NOx, CO, VOC, PM10, PM2.5, BC, and OC by sectors
of power, industry, residential, and transportation and six
VOC species by sector files. Only anthropogenic emissions

are updated in the INTEX-B2006 inventory, and biomass
burning emissions are still from the TRACE-P inventory
(Streets et al., 2003a). The grid resolution of the emission
inventory is 0.5◦ × 0.5◦ and the SMOKE model was used to
convert the emission inventory into the model format. The
emission inventories of the key species of INTEX-B2006
are listed in Table 1.

The map of anthropogenic SO2 and NOx emissions in
the INTEX-B2006 inventory (Zhang et al., 2009) shows
that most emissions are distributed in the east of China,
especially in the North China and the Yangtze River
Delta regions. Therefore we mainly focus on these areas,
including the three regional atmospheric background sta-
tions of Shangdianzi (SDZ) (representing North China),
Linan (LN) (representing the Yangtze River Delta region)
and Longfengshan (LFS) (representing the Northeast of
China).

1.2 Observation data

The meteorological data of temperature, wind speed and
wind direction from the three stations of Shangdianzi,
Longfengshan and Linan were used to evaluate the model
performance. All three stations are regional atmospheric
background stations representing the atmospheric situa-
tions of North China, the Northeast of China and the
Yangtze River delta (Meng et al., 2009). All measurement
data quality was controlled according to standards (Lin
et al., 2008; Meng et al., 2009; Xu et al., 2008). The
SO2, NOx, CO and O3 observations of the three stations
were also compared with the model results to evaluate the
inventory.

The Shangdianzi site (117.12◦E, 40.65◦N, 293.13 m
a.s.l.) is located in the central area of North China about
120 km northeast of Beijing, and its topography and
climate have the typical characteristics of the North China
region. It was established by the China Meteorological
Administration and selected as one of the earliest regional
atmospheric background monitoring stations in 1981 (Lin
et al., 2008). The LFS site (44.73◦N, 127.60◦E, 330.5 m
a.s.l.) is located in a forest within Heilongjiang Province
about 130 km northeast of Jilin and about 210 km northeast
of Changchun. It is one of the four World Meteorologi-
cal Organization Regional Background Stations in China
(Meng et al., 2009). The LN site (30.18◦E, 119.44◦N, 139
m a.s.l.) is located in the Yangtze Delta region, about 50
km west of Hangzhou and about 210 km southwest of

Table 1 Anthropogenic emission of key species in China for the INTEX-B2006 inventory

Species Power Industry Residential Transportation Total

SO2 (Gg/year) 18333 9725 2838 123 31020
NOx (Gg/year) 9197 5371 1166 5096 20830
CO (Gg/year) 2362 74936 55883 33709 166889
BC (Gg/year) 36 575 1002 198 1811
OC (Gg/year) 6 505 2606 101 3217
PM2.5 (Gg/year) 1474 6932 4461 398 13266
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Shanghai. It was also established and operated as one of the
regional Global Atmospheric Monitoring stations in China
by China Meteorological Administration (Xu, 2008).

1.3 Model introduction and setup

The Mesoscale Model of MM5v36 (Grell et al., 1994) was
used to generate the meteorological fields (including wind,
temperature, humidity, pressure, and other parameters)
for the SMOKE and CMAQ. We selected some physical
parameterization schemes in MM5, such as the MRF, Grell
and cloud-cooling schemes for the boundary layer pro-
cess, convective motion and radiation. The NCAR/NCEP
reanalysis data, which were collected four times a day with
a 1◦ × 1◦ resolution, were used for the initial and boundary
conditions in the MM5 model.

SMOKE was applied to convert the resolution of the
emission inventory data of INTEX-B2006 to the resolution
needed by an air quality model such as CMAQ. Emission
inventories are available with an annual-total emissions
value for each emission source. However, emissions data
on an hourly basis, for each model grid cell and model
layer as well as each model species, are typically required
in air quality models. The SMOKE model transformed
the emission inventory of INTEX-B2006 through temporal
allocation, chemical speciation and spatial allocation, and
generated the grid emissions to achieve the input require-
ments of the CMAQ model.

SMOKE can process various types of pollutants includ-
ing criteria gaseous pollutants such as CO, NOx, VOC,
NH3, and SO2; PM pollutants such as PM2.5 and PM10; as
well as a large array of toxic pollutants, such as mercury,
cadmium, benzene, and formaldehyde. Currently, several
calculating schemes such as the plume rise calculation are
used in SMOKE, and they can support point, area, mobile,
and biogenic-source emissions processing modeling.

In this work, before the INTEX-B2006 inventory was
put into SMOKE, much basic work had to be done. A
lot of detailed information about the emission sources
was set up for the emission inventory (EI) such as the
Source Classification Code, Country, State and County
Code, temporal spatial species profile, and cross references
files based on some research results of different source
characteristics in China and reference values of the Envi-
ronmental Protection Agency (EPA). We rearranged the EI
into inventory data analyzer format for the SMOKE model.
Figure 1 shows examples of temporal spatial profiles used
in this work. After this preliminary work, the annual-total
emissions of INTEX-B2006 were converted into hourly
grid emissions data for CMAQ by SMOKE.

The CMAQ model, which includes different parts such
as jproc, bcon, icon, cctm and mcip for the photolysis
rate processor, the boundary condition processor, the initial
condition processor, the chemical transport model and the
meteorology data processor, was used in this work. Several
gas-phase chemical mechanisms such as RADM, CB4 and

SAPRC99 etc., linked to the aerosol module and aqueous
chemistry, can be selected in CMAQ, and the CB4 scheme
was used in this work.

The modeling domain was centered at 36.3◦N, 103.8◦E
with a horizontal resolution of 36 km covering all of China
with 140 × 116 grids for MM5 in this study (Fig. 2).
To avoid boundary influences on the CMAQ results, the
outer grids in MM5 domain were excluded and only 137
× 113 grids in CMAQ were used, with the same center. In
the MM5 model, 27 layers with varying thicknesses were
unequally distributed in the vertical dimension from the
ground to a level of 100 hPa; 16 vertical layers extending
from the surface to approximately 12 km were used in
CMAQ, which were reduced from the 27 sigma levels of
MM5 using mass-weighted averaging algorithms to reduce
computational costs. The vertical layers in CMAQ were
unevenly distributed and the surface layer was approxi-
mately 15 m. All the results that are presented here are for
the lowest layer. For this evaluation, the year of 2006 was
selected to simulate.

2 Results

2.1 Evaluation of the meteorological fields of MM5-
CMAQ

Meteorological fields, especially wind speed and wind
direction, are the major elements that influence the trans-
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port, diffusion, interactions and deposition of air pollution.
The accuracy of meteorological prediction is the most
important factor related to air quality model performance.
The main factors such as wind speed, wind direction
and temperature etc., which related closely with pollution
diffusion, are analyzed in this article.

Comparisons between the observed and simulated daily
mean temperature at the three stations (Figure omitted)
showed that the temperature feature could be simulated
by the model and the simulation curve was nearly a
repeat of the observation. Moreover, the model was able
to produce the major features of the observed fields of
wind speed and wind direction (Figure omitted), and
correlation coefficients (R) for the three species were
high, especially for temperature, with R exceeding 0.99
at the three stations (Fig. 3). The qualitative statistics
summaries of the calculated meteorological fields at SDZ,
LFS and LN are presented in Table 2. The mean simulated
temperature was slightly less than the mean observed
and the mean biases of SDZ, LFS and LN were –0.72,
–0.76 and –0.81°C, respectively. The root mean square

errors (RMSE) for temperature in the three stations were
small and less than 2.0°C. The differences between mean
simulated and observed wind speed in SDZ, LFS and LN
were not too great and RMSE were less than 1.0 m/sec. For
wind direction, LFS had the lowest RMSE and the highest
index of agreement (IA), and had a better simulation, with
SDZ and LN next.

In all, the statistical analyses show that the current
system has good performance with small and reasonable
standard deviations and high correlations. The IA statistics
are the same as R and show the IA between the simulated
and the observed. The IA values for temperature, wind
speed and direction in the three stations are high and
demonstrate a good consistency between simulations and
observations.

In order to display the model performance for the
meteorological fields in different months, R at the three
stations are presented in Fig. 4. It can be seen that the
simulations of temperature, wind speed and wind direction
for each month at LFS were very good and almost all
R values exceeded 0.8. For temperature, all correlation
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Table 2 Statistical summaries of the meteorological comparisons of the model results with observation results of the three regional atmospheric
background stations in China

Temperature (°C) Wind speed (m/sec) Wind direction (◦)
Statistics SDZ LFS LN SDZ LFS LN SDZ LFS LA

Mean Obs 10.65 5.05 16.90 2.67 3.08 2.03 87.11 117.27 87.83
Mean Sim 9.93 4.29 16.10 2.55 2.71 2.37 98.02 112.09 84.82
MB –0.72 –0.76 –0.81 –0.11 –0.37 0.34 10.91 –5.18 –3.01
RMSE 1.81 1.54 1.37 0.93 0.73 0.85 28.08 19.51 38.09
IA 0.99 0.996 0.99 0.73 0.88 0.78 0.76 0.92 0.67

Mean Obs: mean observed; Mean sim: mean simulated;

MB: mean bias, MB = 1
N

N∑
i=1

(Pi − Oi)

RMSE: root mean square error, RMSE =
[

1
N

N∑
i=1

(Pi − Oi)2
]1/2

IA: index of agreement, IA = 1 −
N∑

i=1

(
Pi − Oi)2

)
/

N∑
i=1

(∣∣∣Pi − Ō
∣∣∣ + ∣∣∣Oi − Ō

∣∣∣)2
(Bounded between 0 and 1, where IA = 1 is a perfect model).

coefficients were higher than 0.8 except in July at SDZ and
LN. Wind speed at SDZ had lower R in summertime, and
R values for the other two stations were higher except in
October at LN. Compared to SDZ and LFS, wind direction
at LN had lower R (less than 0.5) in January, September
and October.

2.2 Evaluating emissions by comparing model simula-
tions with observations

2.2.1 Daily simulations
The time series of simulated SO2, NOx, CO and O3 daily
mean concentrations based on INTEX-B2006 EI were
compared with the observations at the three stations of
SDZ, LFS and LN (Figure omitted). In general, the model
was able to capture the overall features and variability
of observations. The simulated daily SO2, NOx and O3
variances accorded well with the observations, and the
SO2 simulations for SDZ and LFS slightly exceeded
the observations during summertime. Although the model
could produce the daily trend of CO, there was significant
underestimation of the observations at the three stations,
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Fig. 4 Correlation coefficients between observed and simulated temper-
ature, wind speed and wind direction at SDZ, LFS and LN by month.

by factors of about two-third or one-half. In previous
publications (Streets et al., 2003a, 2003b), the uncertainty
of CO emission in Asia was estimated to be ±185%. The
high uncertainty in CO emission results in underestimation
of CO.

Figure 5 shows correlation coefficients (R) of SO2, NOx
CO and O3 at the three stations. In general, there were good
coefficients for the four species, especially for SO2 and
NOx, which were higher than 0.6. Although the simulated
CO concentrations were considerably underestimated, the
correlation coefficients were higher than 0.56 for CO,
indicating that model could capture the daily variance
character of CO.

2.2.2 Monthly simulations
The comparisons of simulated and observed monthly mean
values of the four species at the three stations are presented
in Fig. 6. It can be seen that the simulated monthly
variances of NOx and O3 agree with the observed values
at SDZ station; but NOx and CO simulations at SDZ
were under-predicted, especially for CO, by about one-
third of the observations. SDZ site is likely close to local
emission sources from the Beijing area; and the 0.5 ×
0.5 grid resolution of the INTEX-B2006 EI used in this
study is not capable of accounting for the impacts of strong
regional sources on stations. At the two stations LFS and
LN, the model could capture the characteristics of monthly
variance trends of SO2, NOx, O3 and CO, although the
simulated CO monthly mean values were about one half
of the observed values.

The correlation coefficients for each month at the three
stations are presented in Fig. 7 to aid the detailed
comparison of model performance for the four species
in different months. For SO2, SDZ had poor R during
summertime, especially in July and August. We can see
(Fig. 4) that the wind speed and wind direction simulations
for SDZ in summertime were not as good as in other
months, especially for wind speed, with lower R value in
June, July and August. Thus the bad SO2 simulations at
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Fig. 5 Correlation coefficients between observed and simulated daily SO2, NOx, CO and O3 at SDZ, LFS and LN.

the SDZ site during summertime are partly related with the
model’s poor depiction of the wind field compared to other
months. The model was able to capture the SO2 monthly
trend of the LFS site very well (Fig. 6) and the correlation
coefficients of SO2 at the LFS site are higher than 0.4 for all
months. Moreover, we can find that the model had higher
performance in simulating wind speed and direction at the
LFS site (Fig. 4). LN had almost the same SO2 monthly
trend between simulated and observed values, but low
R value in August, September and October, related with
poor simulation of wind direction in these three months

(Fig. 4). Furthermore, October had the lowest R, related
with both poor wind speed and direction. Generally, the
simulated SO2 monthly values were slightly lower than
the observations except at the SDZ and LFS site during
summertime, indicating that the simulated emissions were
slightly low except for summer at SDZ and LFS.

For NOx simulations at the SDZ site, as with SO2,
summertime exhibited R values less than 0.5. In addition,
the simulations were slightly lower than the observations
for each month at the SDZ site. There were no notable
differences between the monthly mean NOx simulations
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Fig. 6 Observed and simulated monthly mean values of SO2, NOx, CO and O3 at the sites SDZ, LFS and LN.
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Fig. 7 Correlation coefficients between observed and simulated SO2,
NOx, CO and O3 at SDZ, LFS and LN by month.

and observations for LFS, but the R values for each month
at the LFS site were not consistently high as obtained
for SO2. Several months such as April, June and August

exhibited slightly lower R, indicating that some factors
influence NOx simulations different from SO2. The model
was able to capture the NOx monthly trend of the LN site
very well (Fig. 6), and the monthly mean simulations and
observations were almost the same in some months. The
correlation coefficients for NOx at the LN site for each
month were higher except in October, related to the poor
performance in terms of wind speed and direction.

For O3, the simulated monthly trend was almost consis-
tent with the observed at the three sites and the differences
between the monthly mean simulation and observation
values were slight (Fig. 6). Compared to SDZ and LFS, LN
had higher R for each month, but R for SDZ was lower in
April and July, and LFS had the lowest R value in January,
indicating that some complicated factors influenced the
model performance for O3.

Although CO concentrations at the three stations were
grossly underestimated, the correlation coefficients for
each month were consistently higher. This shows that
the CO emission inventory is very much underestimated,
although the model could capture the CO variance charac-
teristics well.
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Fig. 8 Observed and simulated seasonal mean values of SO2, NOx, CO and O3 at the stations SDZ, LFS and LN.

2.2.3 Seasonal simulations
In order to discuss the model performance in capturing
the seasonal characteristics of observations, comparisons
between the observed and simulated seasonal mean values
of SO2, NOx, CO and O3 at the stations of SDZ, LFS
and LN are shown in Fig. 8. It can be seen that the
simulated seasonal mean values of SO2, NOx and O3 are
closely in accordance with the observed values at the three
stations, except for SO2 at SDZ in summer. The seasonally
averaged CO simulations at the three stations were also
underestimated by about two-third at SDZ, and one half
at LFS and LN.

Correlation coefficients in different seasons are plotted
in Fig. 9. For SO2, the correlation coefficients were all
higher than 0.5 except at SDZ in summer. NOx showed
a more complicated seasonal character compared to SO2,
and SDZ had poor R in summer and spring, and LFS in
winter and spring. However, CO simulations were grossly
underestimated. The model can capture seasonal trends,
with R values all higher than 0.4. O3 showed the same
behavior as SO2. Compared to the other seasons, summer
had the lowest R values for SO2 and O3. Thus in view of
R values, SO2 and O3 were not well predicted in summer,
which is partly related to poor simulations of temperature
and wind.

0.0
0.2
0.4
0.6
0.8
1.0

0.0
0.2
0.4
0.6
0.8
1.0

0.0
0.2
0.4
0.6
0.8
1.0

Winter Spring Summer Autumn
0.0
0.2
0.4
0.6
0.8
1.0

SDZ LFS LN

O
3

C
o

rr
el

at
io

n
 c

o
ef

fi
ci

en
t

C
O

N
O
x

S
O

2 

Fig. 9 Correlation coefficients between observed and simulated SO2,
NOx, CO and O3 at SDZ, LFS and LN for spring, summer, autumn and
winter.

2.2.4 Diurnal simulations
Figure 10 shows the comparison between the observed
and simulated mean diurnal variances of SO2, NOx, O3
and CO at the three stations. The differences between
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the simulated and observed SO2 curves at SDZ and LFS
are significant, and the observed diurnal peak at about
14:00 was not simulated by the model. For NOx at SDZ,
the daily simulation variance curve basically agreed with
observation, but the simulated value was about one-half
of observation. The daily NOx change at LFS was not
significant. Diurnal SO2 and NOx changes at LN station
were basically captured by the model except that the
simulated SO2 value was slightly less than observation.
Compared to SO2 and NOx, the diurnal ozone change
characteristics were perfectly depicted by the model, and
O3 values reached their peak at about 14:00 and dropped
to the lowest level at 06:00. The simulated curves of O3
were accordance with the observed, especially at LFS
and LN. Although simulated values remained less than
observations, diurnal CO variance trends were basically
simulated by the model. In all, daily variances of the four
species at LN were simulated well. Compared to SO2, NOx
and CO, O3 showed a different diurnal change.

3 Discussion and summary

Emission inventory is a key factor that influences air
quality model simulation, and also plays an important
role in managing pollution. The newest and most popular
emission inventory of INTEX-B2006 has been used and
evaluated, based on simulation results from the CMAQ
model compared with observations from three regional
atmospheric background stations of China. The statistical
analysis shows that the model results with INTEX-B2006
EI can basically capture the temporal characteristics of the
three sites observations.

However, for some special periods such as summertime,
the model did not exhibit the same level of performance as
for the other seasons, which is partly related to poor simu-
lations of meteorological factors such as wind. Compared
to the species of SO2, NOx and O3, CO simulations were
grossly underestimated by about two-third in SDZ and
one-half in LFS and LN, arising from high uncertainty in
INTEX-B2006 CO emission (Streets et al., 2003a, 2003b).

The selected regional atmospheric background stations
represent the different three important regions of China.
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Fig. 10 Observed and simulated mean diurnal variation of SO2, NOx, CO and O3 at the stations SDZ, LFS and LN.
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Among the three stations, LFS showed good simulations
for meteorological factors such as temperature, wind speed
and wind direction, as well as SO2 and NOx simulations.
Compared to the other two sites, SDZ showed poor sim-
ulations for SO2, especially in summertime, related to
poor meteorological simulation of parameters such as wind
speed in this period. The simulated CO was underestimated
greatly at the SDZ station, by about two-third of the
observed values. The reasons include the uncertainty in CO
emission data and close location to the Beijing and Tianjin
area, as well as the inability of the regional emission
inventory of INTEX-B2006 to depict the characteristics
of strong local sources. Therefore the improvement and
updating of the current emission inventory is an urgent task
to enable good air quality simulation and gain a thorough
understanding of pollution.
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