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The Models-3/Community Multi-scale Air Quality (CMAQ) modeling system, driven by WRF/NCEP 
reanalysis data as the meteorology was applied to simulate the O3, and other gaseous concentrations (SO2 and 
NO2) in East Asia. Comparison of hourly mean simulated concentrations of O3, NO2 and SO2 with those 
obtained by surface observations of EANET’s sites in March, July and December 2001 shows that the modeled 
concentrations of these gases are generally in good agreement with their observed ones. They simulated the 
overall trends of the O3, NO2 and SO2 concentrations obtained by the surface observations. 

The spatial distribution of monthly mean concentrations for SO2, NO2 and O3 in March, July and 
December 2001 and March 2002 shows that high SO2 and NO2 concentration areas matched well with areas 
having high emissions such as Chongqing, Beijing, east China, Pusan, Bangkok, south Malaysia and some areas 
in Japan. Simulated SO2 and NO2 concentrations also have a seasonal variation. The mean concentrations were 
low in summer (July) but higher in winter (in March and December). Unlike the SO2 and NO2 concentrations, 
the high value of O3 concentration appeared at the remote sea areas, far away from the large-scale emission 
region. Furthermore, it exhibited apparent seasonal variation. In winter, high O3 area appeared much far away 
from the heavy emission area than that in summer. Moreover, spatial distribution of monthly amount of acid 
deposition in March, July and December 2001 was also presented in this study. However, because of insufficient 
validation by observed data, this result is only for reference and need to be studied more deeply. 
 
1. Introduction 

Air pollution is damaging public health, environmental quality, agriculture industry etc., and it will 
deteriorate the economy and health conditions. In order to maintain its public health and realize its sustainable 
development of energy, all countries in the region must control their air quality, study the health impact of air 
pollutants, and grasp the ability to study and forecast air pollutant parameters. Effective energy and 
environmental policies can play active roles for the air quality in the future and public health improvements by 
legislatorial and regulatory controls over energy consumption and air pollutant emissions, while modeling and 
simulation studies can provide opportunities to look into the future environmental situation and provide helpful 
information for the government to take legal steps for better air quality controls and better public health. 

In recent years, the economy of countries in East Asia in general and Vietnam in particular has been 
developing rapidly. Besides economic achievements, rapid economic development has imposed a great threat to 
the environment. The change of agricultural structure and development of the industrial sector including heavy 
and energy industries have resulted in consumption of a large amount of fossil fuel that emits air pollutants 
causing air quality degradation in the region. In consequence, air environment pollution and acid deposition have 
been widespread. 
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The rate of success to prevent avoidable health disaster can be enhanced by close collaboration between 
public health and energy policy with the help of modeling studies. Using an air quality model to assess the 
impact of air quality form these gaseous pollutants is critical for atmospheric chemistry studies and for the 
development of environmental management strategies (National Research Council- NRC) and play a role for the 
decision makers. In this study, The Model-3/ Community Multi-scale Air Quality (CMAQ) modeling system 
(Byun and Ching, 1999) was used to simulated and evaluate the distribution of ozone and other gaseous 
concentrations in East Asia region. 
 
2. Overview of Model and its parameterization 
2.1. USEPA’s Model-3/CMAQ modeling system 

The U.S. Environmental Protection Agency Community Multiscale Air Quality (CMAQ) model (Byun and 
Ching, 1999; Byun and Chere, 2006) is a three-dimensional eulerian (i.e., gridded) atmospheric chemistry and 
transport modeling system that simulates ozone, acid deposition, visibility, and fine particulate matter throughout 
the troposphere. Designed as a one-atmosphere model, CMAQ can address the complex couplings among 
several air quality issues simultaneously across spatial scales ranging from local to hemispheric. The CMAQ 
source code is highly transparent and modular to facilitate extensibility through community development. 

CMAQ is a third-generation air quality model that is designed for applications ranging from regulatory 
and policy analysis to understanding the complex interactions of atmospheric chemistry and physics. 
First-generation air quality models simulated air quality using simple chemistry at local scales, and Gaussian 
plume formulation was the basis for prediction. Second-generation models covered a broader range of scales 
(local, urban, regional) and pollutants, addressing each scale with a separate model that often focused on a single 
pollutant (e.g., ozone). Third-generation models, like CMAQ, treat multiple pollutants simultaneously up to 
continental or larger scales, often incorporating feedback between chemical and meteorological components. The 
Model-3/CMAQ system was first released to public in July 1998 and had a recent update release in October 
2006. The model structure and input data treatment processes of CMAQ were presented at Fig. 1 below. 

 

 

Figure 1   Conceptual diagram of CMAQ model structure. 

 
As a framework for simulating the interactions of multiple complex atmospheric processes, CMAQ thus 
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requires two major types of inputs: meteorological information and source emissions rates. 
With weather conditions contributing the primary physical driving forces in the atmosphere (such as the 

changes in temperature, winds, cloud formation, and precipitation rates), representative gridded meteorology 
forms the basis of all 3-D air quality model simulations. The Fifth-Generation Pennsylvania State 
University/National Center for Atmospheric Research Mesoscale Model (MM5) (Grell et al., 1994) and the 
Weather Research and Forecasting (WRF) model Advanced Research WRF (WRF-ARW) (Skamrock et al., 
2005) are two meteorological models that are compatible with CMAQ. 

For inputs on emissions, CMAQ uses an emissions model to estimate the magnitude, location, and 
temporal variability of pollution sources. Open-source models such as the Sparse Matrix Operator Kernel 
Emissions (SMOKE) model (CEP, 2006) and the Consolidated Community Emissions Processing Tool 
(CONCEPT) (http://www.conceptmodel.org/) are available for computing emissions inputs to CMAQ from 
annual, county-level emissions inventories. CMAQ emissions inputs must be on the same horizontal and vertical 
spatial scales and cover the same time period used in the air quality model simulation. The emissions inputs to 
CMAQ must also represent volatile organic compound (VOC) emissions using a chemical parameterization 
supported by CMAQ; currently supported photochemical mechanisms are the Carbon Bond IV (CB IV) 
mechanism (Gery et al., 1989; Dodge, 1989; Carter, 1996), the 2005 update to the Carbon Bond mechanism 
(CB05) (Yarwood et al., 2005), and the Statewide Air Pollution Research Center (SAPRC- 99) mechanism 
(Carter, 1990, 2000). Additional details about the gas-phase chemistry in CMAQ are provided by Byun and 
Ching (1999). Those two sources also describe the primary aerosol emissions species that are supported by 
CMAQ. It is possible to add new emission species to CMAQ that are not supported in the distributed version of 
the software using the chemical mechanism compiler CHEMMECH. 
 
2.2. Model parameter description 
2.2.1. Model domain 

In this Model-3/CMAQ application, the model domain covered all most of East Asia region (China, 
Mongolia, Korea, Japan) and a path of South East Asia (Viet Nam, Laos, Cambodia, Thailand, Myanmar, 
Malaysia, Singapore, Indonesia, Brunei, Philippines) showed in Fig. 2, 55 km x 55 km grid resolutions set up by 
CMAQ/WRF in this study. 

The domain for WRF larger than that of CMAQ, with the center located at (240 N, 1150 E). There are 103 
x 98 horizontal gird cells using a 55 km resolution base on Lambert Conformal map projection, and 31 σ-layers 
from surface up to 100 hPa, while the domain for CMAQ had 100 x 95 horizontal grid cells resolution, and 16 
σ-layers as below: 1.0 (0 m), 0.994 (55 m), 0.983 (150 m), 0.975 (220 m), 0.960 (350 m), 0.940 (500 m), 0.915 
(750 m), 0.880 (1000 m), 0.840 (1500 m), 0.800 (2000 m), 0.740 (2500 m), 0.650 (3500 m), 0.550 (4800 m), 
0.400 (7000 m), 0.200 (11000 m), 0.000 (20000 m). 
 
2.2.2. Input data 
(a) Meteorology data 

The three-dimensional meteorological fields for wind, temperature, water mixing ratio, precipitation, 
surface variables required by CMAQ, and these were provided by Weather Research Forecasting (WRF) model 
with version 2.2. The initial and boundary condition of meteorological data were derived from analyzed datasets 
of NCEP, with 10 x 10 resolution and 6 hrs interval. 
(b) Initial and boundary condition 

The background initial condition is based on the results to wash out the first 5 days during the model runs. 
Boundary condition was taken from observations and references for East Asia in recent years (Carmichael et al., 
1998; Luo et al., 2000). Ozone concentration in the northern boundary is set from 40 ppb for the first layer to 95 
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ppb near the model top, 20-80 ppb in the southern boundary; the top boundary condition for Ozone is taken as 
100ppb. Boundary conditions for other species are generally taken as clean back-ground to highlight any 
changes in this study domain. 
(c) Emission data 

Emission inventories of SO2, NOx, CO, CO2, OC, CH4, VOC, BC, NH3, PM10, PM2.5 and NMVOC were 
derived from those obtained by the MICS-ASIA II studies (Carmichael et al. 2007). Such data set include area 
source, point and biomass burning source sector in a grid resolution of 0.50 x 0.50 on monthly basis. All the area 
sources were allocated to the middle of the first model layer above the ground (55 m). Large point sources are 
assigned into a height of approximately 300 m. Volcanic emission was taken into account at its releasing height 
of about 1500m. Biogenic VOCs and soil NOx emissions were neglected since they are much smaller than the 
anthropogenic emissions in winter. Slitting factors of NMVOC are from Camichael et al. (1998) for East Asia. 
 
 

 

Figure 2   CMAQ modeling domain (100 x 95 cells). 
 
 
3. Results and discussion  
3.1. Monthly mean concentration 

The spatial distributions of monthly average near surface concentrations for SO2, NO2 and O3 in the 4 
periods (March, July and December, 2001 and March, 2002) were presented in Fig. 3 to Fig. 5. 
The distribution of monthly average concentration for SO2 was showed in Fig. 3. The high value areas matched 
well with areas having high SO2 emission in each simulated month. Peak concentrations showed at Chongqing, 
Beijing and east China. High SO2 concentration area condensed in mainland China. There was just a relatively 
high concentration zone in suburb Pusan, Bangkok and south Malaysia. The max value of SO2 concentration 
showed up to 0.082 (ppmV) in March, 0.056 (ppmV) in July and 0.071 (ppmV) in December, 2001 in some 
areas in China. Simulated SO2 concentration had a seasonal variation. The mean concentration was low in 
summer (July), while it had a higher level in winter (in March and December). The distribution of high SO2 
concentration spreads out in most of China in winter in comparison with that in summer. 
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Figure 3   Spatial distribution of monthly average SO2 concentration in 4 periods  

(March, July, December 2001 and March 2002). 
 

 

Figure 4   Spatial distribution of monthly average NO2 concentration in 4 periods 
(March, July, December 2001 and March 2002). 
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Figure 4 shows the spatial distributions of monthly average concentration for NO2. The areas having high 
NO2 concentration occurred almost at the same location with SO2 in mainland China. But, for Korea, Japan and 
Malaysia areas, the concentration was at the same level as in mainland China, unlike the SO2 status. These high 
concentration areas located at Pusan, Tokyo, Osaka and south Malaysia. In general, NO2 distribution pattern 
resembled with that of emission pattern. Furthermore, it exhibited a seasonal variation of NO2 concentration as 
same as that of SO2. 

For the simulated O3 monthly mean concentration as shown in Fig. 5, the high value usually appear at the 
remote sea areas, far away from the heavy emission region. Furthermore, it exhibited apparent seasonal variation. 
In winter, high O3 area appeared farther away from the heavy emission area than in summer. The strong 
transportation effects by active passages of cold front in winter make the pollutants advecting much far away 
from the emission area. In winter, the mean O3 concentration at the heavy emission area was lower than that in 
summer. Because the weak UV radiation and strong ventilation effect make the weak photochemistry in winter 
compared with that in summer, it produced less O3 near the emission area. 
 

 

 
Figure 5   Spatial distribution of monthly average O3 concentration in 4 periods 

(March, July, December 2001 and March 2002). 
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3.2. Monthly amount of dry-deposition 
It is easy to realize that accumulated NOx dry deposition amount in March and December distributes 

rather conformably to the distribution of NO2 concentration. However, the dry deposition distribution of NOx 
was relatively different. Moreover, NOx dry deposition amount in July was twice as high as it in March and 
December while rainfall in July was higher than it in other months (Fig. 6). On the other hand, the deposition 
processes can occur over relatively short distance from the primary pollutant sources or at distance of 1000km or 
more. Thus both short-range and long-range transport must be considered. Dry deposition amount of nitrate was 
highest in December. In July, the area having high dry deposition of nitrate located in whole China but its range 
trended to spread Vietnam due to effect of northeast monsoon in March and December (Fig. 6). 

 

Figure 6   Spatial distribution of monthly amount for NOx and Nitrate dry-deposition 
in 3 periods (March, July, December 2001). 
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In case of dry deposition of SO2, the high value appeared in northeastern and northern of China, some 
areas in South Korea and Japan. The amount of sulfate deposition in July and December were higher that it in 
March. It is noted that the distribution of high sulfate deposition located above the sea, especially relatively high 
deposition of sulfate on South China Sea in December. Dry deposition of sulfate and nitrate show opposite 
seasonal variation, with higher amount of sulfate and lower amount of nitrate in summer (July) and lower 
amount of sulfate and higher amount of nitrate in winter (March and December) (Fig. 7). 

 

Figure 7   Spatial distribution of monthly amount for SO2 and Sulfate dry-deposition 
in 3 periods (March, July, December 2001). 
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3.3. Monthly amount of wet-deposition 
Figure 8 presents spatial distribution of monthly amount of precipitation and nitrate and sulfate wet 

deposition in March, July and December 2001. In comparison with March and December, the precipitation was 
higher and covered most of China in July. As a result, wet deposition amount of nitrate and sulfate reached the 
high values in July and mostly located in China. Wet deposition of nitrate was significantly higher wet deposition 
of sulfate. It is relative to chemical processes in atmosphere that result in high wet deposition of nitrate despite 
less NOx emission. 

 
Figure 8   Spatial distribution of monthly amount precipitation and monthly amount for SO2 

and Sulfate wet-deposition  in 3 periods (March, July, December 2001). 
 
3.4. Model Validation 

To assess the accuracy of model, we usually validate used-model by comparing computed results to 
observed data in the same location and at the same time. In this paper, the model validation is presented in Table 
1, and Figs. 9 to 11. 

 Table 1 shows the statistics for comparison of hourly monitoring results of SO2, NO2, and O3 in 3 periods 
(March, July and December, 2001) at EANET’s stations. In the table, N is the number of paired samples, R is the 
correlation coefficient, MBE is the mean bias error and RMSE is root mean square error. The model simulated 
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hourly O3 concentration well with correlation coefficient 0.64 in March but unwell in December with R of -0.12. 
Regarding the average value, R of SO2 was the highest value with 0.68. While most values of exhibit positive 
mean biased errors MBE, the value of O3 in March and SO2 in December had small negative MBE, implying 
underprediction. RMSE was also in a lower range among these months. Table 1 also indicates that model of 
prediction skill is quite good compared with other models in MICS ASIA II studies (Han, et al., 2007 and Fu et 
al., 2007). In general, O3 well agreed with the observation data with correlation of 0.64, 0.52, - 0.12, MBE was 
-3.95, 1.54, 3.17 and RMSE was 6.7, 9.7, 3.6 in March, July and December respectively. Compared to O3, the 
NO2 concentrations were simulated less well. The MBE and RMSE were not high. 
 
 

Table 1   Statistics for comparison of hourly monitoring results 

 R MBE RMSE N  
March  SO2 (0.7) 0.58 0.22 0.80 731 

NO2 (1.3) 0.56 0.45 1.15 731 
O3 (45.2) 0.64 -3.95 6.70 731 

July  SO2 (1.3) 0.68 0.46 0.97 733 

NO2 (0.8) 0.19 0.08 0.87 733 
O3 (49.1) 0.52 1.54 9.70 733 

December SO2 (0.3) 0.41 -0.12 0.29 723 

NO2 (1.1) 0.57 0.03 0.69 723 
O3 (30.2) -0.12 3.17 3.67 723 

Unit: ppbv, Values in parentheses denote observed data. 
 
 

Figures 9 to 11 shows the hourly variation for observed and calculated concentration of NOx, SO2 and O3 
in 3 periods (March, July and December, 2001) at Sado and Happo sites. Complementary to the statistical 
descriptions in Table 1, the model time series (red solid line) in the figures well agreed with the overall trend of 
the observations. They also peaked up to the 28 ppb of NOx, 9 ppb of SO2 and 90 ppb of O3 peak on July 11 and 
March 5 at Sado. Ability to simulate NOx, SO2 and O3 peaks is important because without that, it is difficult to 
highlight which emitting species to be reduced so that a control strategy can be effectively carried out. The 
different dips from the July 11 and March 5 episode were also followed closely by our model up to around 
December for NOx, from March 7 to the end of the month for SO2, and from 16 to 25 July for O3. During the 
July 11-21 period, the formation of the O3 peak is more likely caused by regional transport or local production by 
VOCs imported from the Asian continent. In any cases the mesoscale meteorology definitely plays the essential 
part. In general, the model trend is in phase with the observations throughout the months. In comparison with 
Sado station, the modeled results in Happo did not showed a good agreement. The location of this station can be 
one of the reasons for this disagreement because Happo is located on the high mountain, at 1840 (m) in height 
from sea water level. 
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Figure 9   The hourly variation for observed and calculated concentration of NO2 
in 3 periods (March, July, December 2001). 

 
 

 

Figure 10   The hourly variation for observed and calculated concentration of SO2 
in 3 periods (March, July, December 2001). 
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Figure 11   The hourly variation for observed and calculated concentration of O3 
in 3 periods (March, July, December 2001). 

 
4. Summary and conclusions 

The Models-3 CMAQ modeling system with meteorology fields calculated by the Weather Research 
Forecasting (WRF) model was investigated to simulate O3 and other gaseous concentrations (NO2 and SO2) in 
East Asia. 

Comparison of hourly mean simulated concentrations of O3, NO2 and SO2 with surface observations of 
EANET’ sites in March, July and December 2001 showed that the modeled concentrations of these gases were 
generally in good agreement with their observed ones. They simulated the overall trend of the observed data. 
Among these species, O3 is well simulated while the evaluation of NO2 is not in good agreement. Statistics of 
monthly means showed that the model skill was very good in reproducing O3 and SO2.  

The spatial distributions of monthly average near surface concentrations for SO2, NO2 and O3 were also 
performed in 4 periods (March, July and December 2001 and March 2002). The high SO2 and NO2 concentration 
areas matched well with areas having high emissions such as Chongqing, Beijing, east China, Pusan, Bangkok, 
south Malaysia and some areas in Japan. Simulated SO2 and NO2 concentrations had a seasonal variation. The 
mean concentration was low in summer (July), while they have a higher level in winter (in March and 
December). Unlike the SO2 and NO2, the high value of O3 concentration areas usually appear at the remote sea 
areas, far away for the heavy emission region, and it exhibited apparent seasonal variation. In winter, high O3 
area appeared farther away from the heavy emission area than in summer.  

In addition to the assessment and simulation of air pollutant concentration distribution, evaluation of acid 
deposition is also one result of this study. However, because of insufficient validation by observed data, this 
result is only for reference and need to be studied more deeply. 
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