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Abstract.  Systematic air pollution control measures were designed and 9 

implemented to improve air quality for the 2008 Beijing Olympics.  This study 10 

focuses on the evaluation of the air quality impacts of a short-term odd-even day 11 

traffic control scheme (TRS) implemented before, during and after the Games, based 12 

on modelling simulation by a well validated urban-scale air quality model.  13 

Concentration levels of CO, PM10, NO2 and O3 were predicted for the pre- (10
th

-19
th

, 14 

July), during- (20
th

 July-20
th

 September) and post-TRS (21
st
-30

th
, September) periods, 15 

based on the on-line monitored traffic flows on a total of 334 road segments 16 

constituting the 2
nd

, 3
rd

, 4
th

 Ring Roads (RR) and the major Linkage Roads (LRs) that 17 

were subject to the TRS policy and distributed around the main urban area of Beijing, 18 

and on the hourly sequential meteorological data from a representative Observatory.  19 

Subsequently, we used the predictions and observations at a roadside air quality 20 

monitoring site to evaluate the model, based on a widely used statistical framework 21 
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for model evaluation, as well as on the dependence of model performance on 22 

time-of-the-day and on wind direction, and the model predictions turned out 23 

satisfactory.  Results showed that daily average concentrations on the 2
nd

, 3
rd

, 4
th

 RR 24 

and LRs during the TRS period decreased significantly, by about 35.8%, 38.5%, 34.9% 25 

and 35.6% for CO, about 38.7%, 31.8%, 44.0% and 34.7% for PM10, about 30.3%, 26 

31.9%, 32.3% and 33.9% for NO2, and about 36.7%, 33.0%, 33.4% and 34.7% for O3, 27 

respectively, compared with the pre-TRS period.  Besides, hourly average 28 

concentrations were also reduced significantly, particularly for the morning and 29 

evening peaks for CO and PM10, for the evening peak for NO2, and for the afternoon 30 

peak for O3.  Consequently, both the daily and hourly concentration level of CO, 31 

PM10, NO2 and O3 conformed to the CNAAQS (China National Ambient Air Quality 32 

Standards) Grade II during the Games.  Besides, a notable ozone weekend effect was 33 

revealed for the pre- and post-TRS periods, and was virtually removed for the 34 

during-TRS period.  In addition, notable reduction of concentration levels were 35 

achieved in different regions of Beijing in response to the TRS policy, with the air 36 

quality in the downwind northern and western regions improved most significantly.  37 

The TRS policy was therefore effective in improving short-term air quality in Beijing 38 

during the Games. 39 

1. Introduction 40 

Beijing, the capital city of China and the host city of the 2008 Olympic Games, has a 41 

population of over 18 million and meanwhile suffers serious air pollution constituted 42 
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by high concentration levels of PM10, CO, SO2 and NO2.  Particularly, PM10, with its 43 

high daily and annual concentrations on average, remained the primary air pollutant in 44 

Beijing since 2000 (Beijing EPB, 2009).  The PM10 annual average concentration in 45 

Beijing has been staying at a high level, fluctuating around 160 µg/m
3
 during the 46 

period of 2001-2006, and began to decrease in the following two years as a result of 47 

various control measures, with the annual average concentration in 2008 still 48 

exceeding 120 µg/m
3
 (Beijing EPB, 2009), which was about 20% higher than the 49 

China National Ambient Air Quality Standards (CNAAQS) Grade II (100 µg/m
3
) and 50 

six times the latest World Health Organization (WHO) Air Quality Guidelines (WHO, 51 

2005).  Of the major anthropogenic sources of atmospheric particulate matters in the 52 

mega cities (e.g. Beijing, Shanghai, Guangzhou) in China, on-road vehicular 53 

emissions is an important and perhaps the fastest growing one (Chan and Yao, 2008).  54 

Although the source contributions of motor vehicles to PM10 and PM2.5 in Beijing 55 

revealed by the PMF (positive matrix factorization) methodology were only 5% (Xie 56 

et al., 2008) and 6% (Song et al., 2006b), respectively, motor vehicles were a major 57 

contributor to ambient concentrations of nitrogen dioxide (NO2)/nitrogen oxides (NOx) 58 

and carbon monoxide (CO), according to a conclusion that on-road vehicle source had 59 

contributed 76.5% and 68.4% of the CO and NOx concentrations, respectively, in 60 

urban atmosphere of Beijing in 1995 (Hao et al., 2001).  Moreover, traffic 61 

congestion and traffic-related air pollution has been a serious issue in urban Beijing 62 

with the vehicle population increasing dramatically at a daily rate of over one 63 
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thousand, reaching over 3.5 million by the end of 2008.  The booming economic 64 

prosperity and substantial increase of vehicle population has resulted in the 65 

exponential growth of vehicular emissions of CO, PM10, NOx, VOC (volatile organic 66 

compounds) (Cai and Xie, 2007), as well as speciated VOC emissions containing 67 

highly reactive and toxic pollutants in the atmosphere of Beijing (Cai and Xie, 2009).  68 

In order to improve effectively the air quality and traffic condition in Beijing, a 69 

Sino-Italian environmental protection program based on Intelligent Traffic System 70 

and Traffic Air Pollution (ITS-TAP) monitoring was launched between the Italian 71 

Ministry for the Environment and Territory and Beijing Municipal Government in 72 

2005.  Moreover, the Beijing Municipal Government had committed to the 73 

international society that air quality in Beijing would be improved and be better than 74 

before, satisfying the CNAAQS and WHO Air Quality Guidelines during the 2008 75 

Olympic Games.  To fulfill the air quality commitment during the Games, the 76 

government implemented a list of control measures, including greening of bare land 77 

by afforestation both in Beijing and some surrounding provinces, enhancing the 78 

utilization of natural gas to replace coal for heat supply and residential cooking, 79 

closing or relocating heavy industrial polluters (e.g., the Capital Steel Company), 80 

reducing local power generation by importing electricity from the surrounding areas, 81 

promoting abatement and removal technologies for sulfur dioxide and particulate 82 

matter from industrial point sources, suspending construction activities as well as 83 

imposing strict control of VOC evaporation at gas stations (Wang et al., 2009a).  In 84 
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addition, air pollution sources were strictly controlled in the surrounding provinces of 85 

Tianjin, Hebei, Shanxi, Neimenggu and Shandong to prevent regional contribution 86 

through long-range transportation, based on the evidences obtained in previous 87 

studies (Streets et al., 2007 and Wang et al., 2008a).  Also, five control schemes for 88 

controlling vehicular emissions were implemented: issuance of new automobile 89 

emissions standards; decommissioning of high emissions vehicles, buses and taxis; 90 

recovery of fuel vapors at pumping stations and from tankers; banning of non-local 91 

heavy duty diesel trucks within the Beijing Administrative area; and control of 92 

emissions from small stationary diesel generators (COC, 2008).  Meanwhile, Beijing 93 

took the lead in China to adopt the Euro-IV emission standard to reduce vehicle 94 

emissions of air pollutants five months before the Olympic Games.  Particularly, an 95 

odd-even day traffic restriction scheme (TRS), a control measure that was 96 

demonstrated to be effective in Atlanta (Fang et al., 2009), was enforced for two 97 

months from 20
th

 July to 20
th

 September, 2008, to help ease congestion and improve 98 

air quality during the Olympics and Paralympics.  Consequently, the UAB had a 99 

distinct characteristic of source emissions compared to usual periods, as emissions 100 

from sectors other than on-road vehicles were expected to decrease significantly, with 101 

on-road vehicles becoming the major source for air pollution in that particular period, 102 

due to their huge population even after the TRS policy was in effect.  Previously, 103 

Cheng et al. (2008) demonstrated that the four-day traffic restrictions in Beijing 104 

during the Sino-African Summit in early November 2006 resulted in significant 105 
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temporary reductions in concentrations of NOx and particulates in the city.  Besides, 106 

Westerdahl et al. (2009) conducted in-situ measurements and concluded that a 107 

four-day traffic control experiment from 17
th

-20
th

 August, 2007 conducted by the 108 

Beijing Government as a pilot to test the effectiveness of the proposed odd-even day 109 

TRS was effective in reducing extreme concentrations that occurred at both on-road 110 

and ambient environments.  Wang et al. (2009a) evaluated the air quality impacts of 111 

the 2008 Beijing Olympic Games, focusing on the measurement of on-road black 112 

carbon emission factors and the evaluation of reduction of black carbon 113 

concentrations.  Wang et al. (2009b) conducted a modelling analysis, aiming to 114 

assess the effectiveness of various emission restrictions implemented during the 2008 115 

Beijing Olympics on the ozone air quality at a rural site of Beijing during the period.  116 

As the control measures for sectors other than on-road vehicles were constantly in 117 

effect and remained the same for the pre-, during- and post-TRS periods, this study 118 

intends to seize this unique opportunity to study the air quality impact and 119 

effectiveness of the TRS policy, by adopting an integrated urban-scale modelling 120 

system with online-monitored data of on-road traffic flows at a high temporal 121 

resolution of two seconds from the ITS-TAP system, and based on the analysis of the 122 

short-term air quality variation near the simulated roads in response to the TRS policy. 123 

Model-based simulation has been one of the major tools for air quality assessment, 124 

air pollution diagnosis and evaluation of pollution control policies at the urban, 125 

regional and global levels.  A few dispersion models have been widely applied to 126 
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simulate urban air pollution from traffic-related emissions, e.g. OSPM (Berkowicz, 127 

2000; Kukkonen et al., 2001; Assael et al., 2008; Berkowicz et al., 2008), CALINE 128 

(Levitin et al., 2005; Yura et al., 2007), CALPUFF (Wang et al., 2006), ISCST3 (Elbir, 129 

2002; Ying et al., 2007; Sharma and Chandra, 2008).  ADMS-Urban, a well tested 130 

and intensively validated quasi-Gaussian dispersion air quality model, which is 131 

widely used for regulatory purposes in the UK and used in the investigation and 132 

assessment of air pollution mitigation and control strategies in many cities of China 133 

(Carruthers et al., 1994; Bennett and Hunter, 1997; McHugh et al., 1997; Carruthers et 134 

al., 1999; Carruthers et al., 2000a; Carruthers et al., 2001; Riddle et al., 2004; 135 

McHugh et al., 2005; Hirtl and Baumann-Stanzer, 2007), has recently been validated 136 

by the Ministry of Environmental Protection of China as one of the three 137 

recommended dispersion models (the others are the US EPA‟s CALPUFF and 138 

AERMOD) for air quality impact assessment (MEPC, 2009), and by a commercial 139 

system of street-level air quality forecasting which was launched in Beijing in July, 140 

2008 (BeijingAir, 2008).  Moreover, ADMS-Urban has some features especially 141 

tuned to obtain best performance on urban areas (CERC, 2003), which is mostly due 142 

to its advantages over other recommended models, like the up to date 143 

parameterization of atmospheric boundary layer structure based on the 144 

Monin-Obukhov length and the boundary layer height, and the Gaussian 145 

concentration distributions in stable and neutral conditions, but non-Gaussian vertical 146 

distributions in convective conditions to take into account the skewed structure of the 147 
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vertical component of the turbulence.  Furthermore, it is particularly convenient to 148 

set up on-road emissions, and to define the road source geometry and the output 149 

presentation in an accurate way, by means of the nested GIS tool (Arcview or 150 

Mapinfo).  Thus, ADMS-Urban was adopted in this study to simulate and assess the 151 

air quality impact in UAB in response to the TRS policy before, during and after the 152 

2008 Beijing Olympic Games.  Firstly, the modelled results were evaluated with the 153 

measurement data from a typical roadside air quality monitoring site.  Subsequently, 154 

the ambient concentrations of CO, PM10, NO2 and O3 at a height of 1.5 metres were 155 

calculated for the periods of pre-TRS (10
th

–19
th

 July, 2008), during-TRS (20
th

 July- 156 

20
th

 September, 2008) and post-TRS (21
st
-30

th
 September, 2008), respectively, based 157 

on traffic flows on the dense network of 2
nd

, 3
rd

 and 4
th

 Ring Roads (RR) and Linkage 158 

Roads (LRs, including major intercity expressways and intercity roads between RRs), 159 

followed by an assessment of the temporal and spatial variation of air quality impacts 160 

in response to the TRS policy. 161 

2. Methods and data 162 

2.1 Description of study domain, urban and background monitoring sites, and 163 

receptors 164 

The study domain, the main UAB, covers the 2
nd

, 3
rd

 and 4
th

 RR, which were 32.7, 165 

48.0 and 65.3 kilometers long, and had six, six to eight and eight lanes, respectively, 166 

as well as the major LRs mainly having eight lanes.  These simulated roads were the 167 

main roads of UAB with the majority of traffic flows in it.  About 62% of Beijing is 168 
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mountainous area located in the west, the north and the northeast.  Thus, the local 169 

wind field has a clear diurnal variation, with northeasterly and southeasterly winds 170 

dominating in the daytime and southeasterly wind dominating in the night.  The 171 

Chegongzhuang (CGZ) air quality monitoring site, which was located five kilometers 172 

west of the West 2
nd

 RR and was on a corner (geographical coordinates: 39°55'53”/N, 173 

116°19'38”/E) of a crossroad where a five-lane North-South oriented street and a 174 

six-lane West-East oriented street intersected with high traffic flows, had a sampling 175 

height of about 4.5 metres from ground and had been well maintained with routine 176 

calibration of the measurement equipment by the Beijing Municipal Environmental 177 

Monitoring Centre during the Games as a traffic monitoring site.  This site provided 178 

the model evaluation data of hourly concentrations of CO, PM10, NO2 and O3 for 179 

10
th

-20
th

 July and 10
th

-20
th

 August, 2008.  To assure the accuracy of the model 180 

predictions, it is important to account for significant underlying, or „background‟ 181 

levels of pollutants in the atmosphere, and to account for any sources of pollution that 182 

are not otherwise included in the model run.  Therefore, we selected the background 183 

diurnal profiles of CO, PM10 and NO2 for the whole evaluation period from Dingling 184 

(DL) air quality monitoring station, which was approximately 42 kilometers north 185 

from the CGZ air quality monitoring site and was in the suburban area with very few 186 

motor vehicles.  Background measurements from DL could reflect well the real 187 

situation of the air quality in the UAB during the Games, which was expected to be 188 

influenced mainly by local on-road vehicles, with a minor contribution from other 189 
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well controlled sources like power plants and polluting industrial plants, construction 190 

sites and gas stations both in Beijing and the surrounding provinces during the Games 191 

(Wang et al., 2009a).  Therefore, it is reasonable to make comparisons between 192 

modelled predictions and measurement data at CGZ for the model evaluation.  For 193 

O3, a major secondary air pollutant, we used the measurement data from Shangdianzi 194 

(SDZ) regional atmospheric background monitoring site, one of the four regional 195 

atmospheric background monitoring sites in China and located about 150 kilometres 196 

northeast of Beijing (40°39'/N, 117°07'/E).  Measurement data from the SDZ 197 

background measurement site are free of influence by motor vehicles and represent 198 

the background characteristic of atmospheric constitutes in northern regions of China 199 

including Beijing (Liu et al., 2007).  Therefore, this site is suitable for providing the 200 

background O3 measurement data for this modelling study.  Due to the lack of the 201 

measurement data from this site for the summer in 2008, we have adopted the 202 

measurement data in SDZ for the summer periods in 2004 (Liu et al., 2006) and in 203 

2006 (Liu et al., 2008) as a substitute, considering the generally accepted 204 

understanding of the relatively constant feature of background concentrations within a 205 

short time peirod.  Finally, we used the averaged daily profiles for July, August and 206 

September based on the 2004 and 2006 data from SDZ as the background O3.  To 207 

reflect the variation of air quality in the areas near the dense network of simulated 208 

roads, 31 representative receptors located along the 2
nd

, 3
rd

 and 4
th

 RR and the LRs 209 

were chosen, where the hourly concentrations of CO, PM10, NO2 and O3 were 210 
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simulated for the pre-TRS, during-TRS and post-TRS periods.  Besides, receptors 211 

located in different regions of the UAB were used to capture the air quality variation 212 

in different parts of the UAB in response to the TRS policy.  The road network of 213 

Beijing and the road sources of RR and LRs distributed in the study domain, 214 

including the locations of the CGZ, DL and SDZ air quality monitoring sites and the 215 

representative receptors, are shown in Figure 1. 216 

 217 

Fig. 1. Map of the road network of UAB, road sources of RR and LRs, CGZ, DL and 218 

SDZ air quality monitoring sites, and representative receptors distributed in the study 219 

domain. 220 

2.2 ADMS-Urban model set up 221 

The ADMS-Urban model, developed by Cambridge Environmental Research 222 

Consultants (CERC, 2009), is a quasi-Gaussian dispersion model for the dispersion 223 
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simulation of pollutants released from industrial, domestic and road traffic sources in 224 

urban areas.  Particularly, ADMS-Urban has an advantage over other urban-scale 225 

dispersion models as it characterizes the boundary layer structure based on the 226 

Monin-Obukhov length and boundary layer height rather than the more imprecise 227 

characterization achieved with the Pasquill-Gifford stability parameter (CERC, 1999). 228 

Various parameters which need to be set for running ADMS-Urban include surface 229 

roughness, the latitude of the modelling area, minimum Monin-Obukhov length, the 230 

chemical reaction scheme, the meteorological data and the height of recorded wind, 231 

the background data, the source data including the road width, elevation, and the 232 

canyon heights in case of modeling street canyons, the time varing factors for 233 

weekdays, Saturdays and Sundays, the road geometry indicated by the geographical 234 

coordinates of the constituting nodes, and the output parameters like the pollutants 235 

included, the number of grids for the modelling area and the heights of concentrations 236 

to be calculated for the modelling domain and the receptors, respectively. 237 

2.2.1 Descriptive parameters, chemical reaction scheme and deposition 238 

Descriptive parameters were used to describe the modelled area, for example, the 239 

surface roughness characterised the surrounding area in terms of the effects it would 240 

have on wind speed and turbulence, which is one of the key components of the 241 

modelling.  The values chosen for some representative parameters for the modelling 242 

domain is given in Table 1. 243 

Table 1.  244 

Parameters Value 
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Surface roughness (m) 1.0 

Latitude of the modelling area (°) 40 

Minimum Monin-Obukhov length (m) 30 

Pollutants included NOx, NO2, CO, PM10 and O3 

Number of grids 10000 

Horizontal resolution 0.35 0.35km km  

Height of concentrations to be calculated (m) 1.5 

The value of surface roughness was chosen based on some local studies (Hu, 1994; 245 

Zhang and Chen, 1997; Lu et al., 2002) and on the recommended value for modelling 246 

big cities, which is 1.0 metre.  The value of 30 metres was chosen as the minimum 247 

Monin-Obukhov length as recommended by ADMS-Urban for cities. 248 

ADMS-Urban has two chemistry options to calculate NO2 and O3 concentrations.  249 

The first option uses the empirical function (Derwent and Middleton, 1996).  The 250 

second one is based on a chemistry scheme known as the Generic Reaction Set (GRS) 251 

(Venkatram et al., 1994), which is a semi-empirical model that simplifies 252 

photochemical reactions using a set of parameters derived from observations.  The 253 

GRS scheme can work when background NOx, NO2 and O3 data, as well as hourly 254 

sequential meteorological data including cloud cover are available.  In ADMS-Urban, 255 

the primary NO2/NOx emissions fraction is assumed constant (5%) with the GRS 256 

scheme, and the NO2 photo-dissociation coefficient is calculated using cloud cover 257 

data, in place of the radiation data.  In this study, we adopted the GRS scheme to 258 

simulate the important reactions involving NOx, VOC and O3, since it has been 259 

demonstrated that the GRS scheme produced better results than the other option (D-M) 260 

(Vardoulakis et al., 2007). 261 

The dry deposition process was considered by the dry deposition module of 262 
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ADMS-Urban, which is actually a resistance model dependent of the pollutant species, 263 

the nature of the surface and the wind speed (CERC, 2009), while the wet deposition 264 

process was ignored during the modelling since the dry air and lack of rain during the 265 

evaluation period were not favorable for wet deposition of pollutants (Wang et al., 266 

2008c). 267 

2.2.2 Emissions, road geometry, traffic flows, fleet compositions and emission factors 268 

By implementation of high intensity of administrative regulations for emission control, 269 

the natural, industrial, agricultural, construction, biomass burning and residential 270 

emissions were expected to be reduced significantly and become sparse, and the 271 

compilation of a complete emission inventory including the scarce and scattered 272 

emissions from sectors other than on-road vehicles was very difficult, and the 273 

inaccuracy of modelling could be considerable if all sources were considered.  274 

Furthermore, emissions from other minor roads were not considered either, partly 275 

because traffic flows on these roads were relatively less than those on the monitored 276 

main roads, and partly because emissions from the minor roads were difficult to 277 

quantify accurately due to the lack of an online continuous monitoring system for 278 

traffic flows.  Most importantly, variations in air quality near the simulated roads, 279 

which were reflected by the receptors located near the monitored main roads 280 

distributed around the UAB, were focused on and analyzed, to fulfill the objective of 281 

evaluating the air quality impact and effectiveness of the TRS policy, rather than 282 

analyze the air quality variations throughout the UAB, which benefited from all 283 
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control measures including the TRS policy.  Therefore, emissions considered in this 284 

study only involved with the vehicular emissions from the dense network of 285 

monitored main roads, with additional background information representing 286 

contributions from other sources of pollution that were not included in the model run.  287 

We believe this approach is a good substitute for a complete emission inventory that 288 

was difficult to compile accurately and could probably raise large uncertainty, and is 289 

reasonable to assure the credibility of modelling results and conclusions, particularly 290 

when the primary objective of this study is concerned, although we admit that the 291 

major drawback of not using a complete emission inventory in the simulations might 292 

cause some inaccuracy in the absolute values of the predictions, particularly in the 293 

areas near other ignored minor roads or away from the monitored major roads. 294 

The 2
nd

, 3
rd

 and 4
th

 RR, as well as the major LRs were separated into a total of 334 295 

road segments, the lengths of which were automatically identified by Arcview, a 296 

nested GIS (Geographical Information System) software of ADMS-Urban, by 297 

recognizing the geographical coordinates of the road nodes constituting each segment.  298 

The width of each road segment was manually input based on field surveys.  Unlike 299 

another study that focused on the traffic-related air pollution within twelve typical 300 

street canyons of Beijing using the OSPM model (Wang and Xie, 2009), this study 301 

focuses on the modelling of traffic-related air pollution around the UAB, and thus the 302 

street canyon effect was not modelled, with further consideration on the fact that the 303 

majority of roads in the UAB were not typical street canyons, of which the building 304 
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heights on both sides were expected to be at least three times of the road width. 305 

Traffic flows on each of the road segments of the 2
nd

, 3
rd

 and 4
th

 RR were 306 

intensively monitored automatically every two seconds from 10
th

 July, 2008 to 30
th

 307 

September, 2008 by the ITS-TAP system.  The high temporal resolution traffic flow 308 

data were further processed to summarize the hourly traffic flow and the hourly 309 

average running speed on each of the monitored road segments for the whole 310 

assessment period. 311 

For the quality assurance and control of the traffic data, we first screened out the 312 

abnormal maximum values of monitored driving speed, which were recorded as 240 313 

km/h.  We regarded this to be impossible and abnormal, with the confirmation by 314 

technical experts of the ITS-TAP system.  Further, these abnormal maximum speeds 315 

were replaced by the average of the normal speeds on the adjacent road segments.  316 

Moreover, the major problem of the monitored traffic flow data was the missing data 317 

on certain road segments for some periods of time.  Accordingly, we treated those 318 

hourly sequential data sets with a fraction of missing data over 10% by replacing them 319 

with the average of the traffic flows on the nearest upstream and downstream road 320 

segments, which had less than 10% of missing data.  In addition, we eliminated the 321 

few days (6
th

, 13
th

, 14
th

, 24
th

 and 28
th

, September) when large quantities of missing 322 

data were found (data missing by about 43%, 36%, 47%, 84% and 73%, respectively, 323 

for those days), due to the malfunction of monitoring cameras of the ITS-TAP system 324 

on many road segments during the days.  In this way, we assured that the monitored 325 
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driving speed was proper, and traffic flows were relatively complete, with a possible 326 

underestimation of less than 10%. 327 

The on-line monitored traffic flow data consisted of two vehicle categories: long 328 

vehicles which were constituted of buses and heavy duty vehicles, and short vehicles, 329 

which were constituted of passenger cars and light duty vehicles.  The further 330 

split-up of the fleet on each of the road segments into these four categories were based 331 

on the surveyed fleet composition of the manual traffic counts conducted by technical 332 

assistants at the roadsides of 290 road segments in urban Beijing in 2004. 333 

Three different sets of time-varying factors for diurnal traffic flows were identified 334 

separately for weekdays, Saturdays and Sundays, based on average traffic counts of 335 

all the road segments for each hour of the day throughout the assessment period.  336 

These profiles were used to derive time-varying emission rates (g/km/s) on all road 337 

segments for weekdays, Saturdays and Sundays, respectively, which are thought to 338 

reflect variations in diurnal emissions due to road traffic congestion or improvement 339 

in traffic conditions. 340 

Continuous emissions of CO, PM10, NOx and VOC from vehicles on the monitored 341 

roads were provided every hour for the model run.  According to the definition of 342 

emission rates, as expressed by Equation (1), the emissions, lengths of road segments 343 

and travelling time of vehicles are needed, to calculate the emission rates of CO, PM10, 344 

NOx and VOC on each road segment.  More specifically, emission rates can be 345 

calculated based on four parameters: emission factors (EF), vehicle population (VP), 346 



18 

 

lengths of road segments (L) and driving speed of vehicles (v), as shown by Equation 347 

(4), based on Equations (2-3).  Traffic flows derived from the ITS-TAP system 348 

included the vehicle population of various vehicle types and the corresponding 349 

driving speeds on each segment.  Emission factors of each pollutant from various 350 

vehicle categories were calculated by COPERT, a European emission factor model 351 

(EEA, 2000), based on the average running speed, ambient temperature and fuel 352 

property for a given vehicle category.  The travelling time (t) on each road segment 353 

was calculated based on the speeds and road lengths that were automatically identified 354 

by Arcview, a nested GIS (Geographical Information System) software of 355 

ADMS-Urban. 356 
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E
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



                                                (4) 360 

Where: sER  is the emission rate on road segment s, expressed in g/km/s; sE  is 361 

the emission on road segment s; sL  is the length of road segment s; st  is the time 362 

used to travel on the road segment s; iEF  is the emission factor of vehicle type i; 363 

iVP  is the vehicle population of vehicle type i; and sv  is the running speed of 364 

vehicles on road segment s. 365 

Using the established methodology (Cai and Xie, 2007), emission factors of 366 
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passenger cars, light duty vehicles, heavy duty vehicles and buses at a typical urban 367 

running speed of 20 km/h in Beijing were calculated, as shown by Table 2.  368 

Particularly, emission factors of each vehicle category on each road segment were 369 

updated in accordance with the temporal variation of running speed to improve the 370 

accuracy of source emission estimation. 371 

Table 2. Emission factors (g/km) for passenger cars, light duty vehicles, heavy duty 372 

vehicles and buses at a typical urban running speed of 20 km/h in Beijing, calculated 373 

by COPERT and from literature reports. 374 

 PM10 CO NOx VOC 

Passenger cars 0.015a 5.99 0.44 0.35 

Light duty vehicles 0.015a 11.28 0.82 0.47 

Heavy duty vehicles 2.94a 2.22 2.72 0.91 

Buses 2.94a 4.76 10.54 0.87 

a: from Wang et al. (2001), as COPERT assumes gasoline vehicles do not emit 375 

particles. 376 

As for ozone, a secondary air pollutant, its model-predicted concentrations over the 377 

simulated domain were based on the background measurement from SDZ background 378 

monitoring site and the results of the GRS chemical mechanism operated by 379 

ADMS-Urban, given the information of precursor pollutant emissions of NOx and 380 

VOC. 381 

2.2.3 Meteorological data 382 

Transport and dispersion of air pollutants in the atmosphere are influenced by regional 383 

weather patterns.  Operating on one hour intervals, meteorological data for 384 
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ADMS-Urban input files include wind speed, wind direction (including anemometer 385 

height), cloud cover, precipitation and temperature, which were used by the 386 

meteorological processor of ADMS-Urban to calculate the parameters for use in the 387 

model such as boundary layer depth and Monin-Obukhov length.  The complete 388 

hourly meteorological data during the assessment period were obtained from the 389 

Beijing Capital International Airport Meteorology Observatory (ZBAA), which is 390 

about 20 km northeast from the Northeast 4
th

 Ring Road and is known to be 391 

representative of the wind fields for UAB (Wang et al., 2009a).  The daytime (8 am 392 

and 2 pm) and nighttime (8 pm and 2 am) wind roses during the period of 10
th

 July – 393 

30
th

 September, 2008 are shown by Figure 2, which reveals that northeasterly and 394 

southeasterly winds dominated in the daytime while southeasterly wind dominated in 395 

the nighttime.  Consequently, the UAB was dominated by the southeasterly and 396 

northeasterly winds in the whole day during the assessment period.  Besides, the 397 

majority of wind speeds during the assessment period was less than 5.0 m/s, which 398 

indicate that the dissipation of air pollutants tended to be prolonged.  It was also 399 

noted that the percentage of calm wind conditions was very low (0.5%) during the 400 

assessment period, which is in favor of ADMS-Urban‟s performance, since modelling 401 

of traffic sources in low wind speed conditions can lead to over-predictions and is 402 

sensitive to the minimum value of wind speed used (Carruthers et al., 2000b). 403 
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 404 

Fig. 2. Wind roses of wind directions at 2 am, 8 am, 2 pm, 8 pm and the whole day 405 

from July to September, 2008.  The radius indicates the frequency of wind observed 406 

in each direction. 407 

2.3 Model evaluation 408 

The evaluation of the model performance was carried out by comparing the observed 409 

hourly concentrations of CO, PM10, NO2 and O3 at CGZ monitoring site with model 410 

predictions for the periods of July 10
th

-20
th

 and August 10
th

-20
th

, using the statistics 411 

recommended by Hanna et al (1991, 1993), which have been adopted as a common 412 

model evaluation framework for the European Initiative on „„Harmonization within 413 

Atmospheric Dispersion Modelling for Regulatory Purposes‟‟ (Olesen, 2001).  The 414 

statistical performance measures include (a) the fractional bias (FB) showing the 415 

tendency of the model to overpredict or underpredict; (b) the normalized mean square 416 

error (NMSE) showing the overall accuracy of the model; (c) the geometric mean bias 417 

(MG) showing the mean relative bias and indicating systematic errors; (d) the 418 
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geometric variance (VG) showing the mean relative scatter and reflecting both 419 

systematic and random errors; (e) the Pearson correlation coefficient (R) describing 420 

the degree of association between observed concentrations and model results; and (f) 421 

the fraction of predictions within a factor of two of observations (FAC2).  These 422 

statistical measures are defined as follows: 423 

FB =
𝑪𝒐    −𝑪𝒑    

𝟎.𝟓(𝑪𝒐    +𝑪𝒑    )
                                                       (5) 424 

NMSE =
(Co−Cp )2
              

Co    Cp    
                                                     (6) 425 

MG = exp(lnCo      − lnCp      )                                               (7) 426 

VG = exp[(lnCo − lnCp)2]                                                                  (8) 427 

R =
(Co−Co    )(Cp−Cp    )
                        

σCp σCo
                                                    (9) 428 

FAC2=fraction of data that satisfy 0.5 ≤
Cp

Co
≤ 2.0                         (10) 429 

Where: Cp  are model predictions; Co  are observations; overbar(C ) is the average 430 

over the dataset; and σC  is the standard deviation over the dataset. 431 

Since NMSE accounts for both systematic and random errors, it is helpful to 432 

partition NMSE into the component due to systematic errors, NMSEs, and the 433 

unsystematic component due to random errors, NMSEu.  NMSEs, the minimum 434 

NMSE without any unsystematic errors, was defined by Hanna et al (1991) for a 435 

given value of FB as: 436 

NMSEs =
4FB2

4−FB2
                                                     (11) 437 

The above statistical measures, however, do not provide information about the 438 

model performance under diurnal variation of weather and traffic conditions.  For 439 
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that reason, the following qualitative performance measures have also been used: (i) 440 

diurnal pollution profiles to identify specific periods of the day when the model had 441 

good/poor performance; and (ii) pollution roses to compare predictions and 442 

observations at each of the wind directions and thus to show the model performance 443 

for different wind directions. 444 

3. Results and discussion 445 

3.1 Model evaluation 446 

3.1.1 Overall model performance 447 

The statistical evaluation results for CO, PM10, NO2 and O3 based on the hourly 448 

predictions and observations are summarized in Table 3.  The model predicted the 449 

concentrations of all pollutants reasonably well, with the FAC2 between 0.50 and 0.71.  450 

Besides, the FB statistic revealed that ADMS-Urban had a moderate tendency to 451 

underestimate NO2 (FB=0.12) and O3 (FB=0.31) concentrations, and had a moderate 452 

tendency to overestimate CO (FB=-0.22) concentrations and a slight overestimation 453 

of PM10 (FB=-0.0084) concentrations.  The model showed satisfactory performance 454 

for NO2 with a NMSE of 0.33, and moderate NMSE for CO, PM10 and O3.  455 

Furthermore, the model performances indicated by NMSEs are very satisfactory for 456 

all pollutants, which agreed well with MG, the systematic error indicator.  Besides, 457 

the model had a good performance for CO, PM10, NO2 and O3 concentrations when 458 

considering both systematic and random errors as indicated by VG.  Although the 459 

Pearson correlation coefficient for CO is relatively low (0.34), the R values for PM10, 460 
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NO2 and O3 were much higher.  The R, however, is not a very robust measure due to 461 

its sensitivity to a few outlier data pairs, and thus Willmott (1982) discourages the use 462 

of R, because it does not consistently relate to the accuracy of predictions.  Instead, 463 

the FAC2, which is not overly influenced by either low or high outliers, is the most 464 

robust performance measure. 465 

Table 3. Statistical evaluation of model performance based on hourly predictions and 466 

observations at CGZ monitoring site for the period of July 10
th

-20
th

 and August 467 

10
th

-20
th

, 2008. 468 

 CO PM10 NO2 O3 

Observed mean (µg/m
3
) 1214.2 84.1 52.3 52.7 

Predicted mean (µg/m
3
) 1459.6 84.8 46.5 38.3 

FB (ideal value: 0) -0.22 -0.01 0.12 0.31 

FAC2 (ideal value: 100%) 0.71 0.65 0.69 0.50 

NMSE (ideal value: 0) 0.76 0.54 0.33 0.71 

NMSEs (ideal value: 0) 0.05 0.00 0.01 0.10 

MG (ideal value: 1) 0.92 0.81 1.07 3.33 

VG (ideal value: 1) 1.57 2.27 1.42 4.51 

R (ideal value: 1) 0.34 0.45 0.56 0.68 

A scatter plot between the observed and predicted concentrations at CGZ is 469 

presented in Figure 3, which illustrates the robust FAC2 statistic for CO, PM10, NO2 470 

and O3, respectively.  There was a moderate overestimation for CO probably due to 471 

the adoption of higher model-calculated emission factors, as shown by Figure 3 (a), 472 

although the FAC2 for CO is high (0.71).  As shown by Figure 3 (b), predicted and 473 

observed PM10 concentrations agreed very well with each other, with its scatter plot 474 

almost symmetrical.  Figure 3 (c) reveals that a majority (69%) of predicted 475 

concentrations fall within a factor of two of the observations for NO2, with a slight 476 
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underestimation.  The higher NO2 observations might derive from the enhanced 477 

photochemical reactions of NO with oxidants such as peroxy radicals that were 478 

present either in the atmosphere or in vehicle exhaust (Kenty et al., 2007).  Ozone 479 

was moderately underestimated, as revealed by Figure 3 (d), but was still 480 

satisfactorily predicted when taking into account the limitation of the simplified GRS 481 

scheme adopted in predicting secondary pollutant like ozone. 482 

 483 

 484 
Fig. 3. Scatter plot comparison between observed and predicted hourly 485 

concentrations of (a) CO, (b) PM10, (c) NO2 and (d) O3 for the periods of July 486 

10
th

-20
th

 and August 10
th

-20
th

, 2008, at the CGZ air quality monitoring site, for the 487 

evaluation of ADMS-Urban model.  The lines showing an agreement of predictions 488 
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and observations by a factor of two are also presented. 489 

Figure 3 (b) and the statistical evaluation reveal that the model predictions of PM10 490 

concentrations were very good compared to the observations, rather than an 491 

underestimation as some previous field measurements (Okuda et al., 2004; Sun et al., 492 

2004), modelling studies (Song et al., 2006a; Wang et al., 2008a) and source 493 

apportionment work (Zheng et al., 2005; Song et al., 2006b; Song et al., 2007; Zhang 494 

et al., 2007; Wang et al., 2008b; Xie et al., 2008 ) would expect.  These good PM10 495 

predictions in this study were credible, primarily due to the distinct characteristic of 496 

source emissions during the Games when a series of control measures were taken for 497 

sectors other than on-road vehicles, which were expected to decrease significantly the 498 

contributions from soil dust, coal or fossil fuel combustion, industry, secondary 499 

sources and biomass burning, the identified major sources for PM10 or PM2.5 in 500 

Beijing by previous work (Okuda et al., 2004; Sun et al., 2004; Zheng et al., 2005; 501 

Song et al., 2006a,b; Zhang et al., 2007; Wang et al., 2008b; Xie et al., 2008).  502 

Consequently, on-road vehicles became the remaining major source, with relatively 503 

more PM10 emissions and a higher contribution for PM10 during the particular period.  504 

Moreover, the PM10 or PM2.5 samples used for the previous source apportionment 505 

studies in Beijing were collected with samplers located at the roofs of several sites, of 506 

which the heights ranged from one story (about 5 metres) to five stories (about 25 507 

metres) (Zheng et al., 2005; Song et al., 2006b), and even to 40 metres (Zhang et al., 508 

2007).  These PM measurements obtained on the roofs of buildings tended to be less 509 

influenced by on-road vehicles of which the exhaust tailpipe height was usually below 510 

0.3 meter.  Besides, according to a previous study focusing on the vertical profile of 511 

PM near major roads, both the PM10 and PM2.5 concentrations decreased substantially 512 

on the top of a high-rise residential building compared to their ground-level values 513 
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near roadways (Wu et al., 2002).  Therefore, the PM measurements used in the 514 

previous source apportionment studies tended to underestimate the PM contribution 515 

from on-road vehicles, while on-road vehicles considered in this study had a more 516 

substantial impact on the PM10 concentrations, which were predicted at a much lower 517 

height of 1.5 metres.  Furthermore, the background concentrations of PM10 from a 518 

representative rural monitoring station was added during the modelling, to take into 519 

account the contributions from other minor source emissions that were not included 520 

specifically in the model run.  Thus, the distinct characteristic of source emissions 521 

during the particular Olympic period, larger influence of on-road vehicles on 522 

predicted PM10 concentrations in this study than previous measurements, and the use 523 

of background data from a rural monitoring station, resulted in reasonably good 524 

predictions compared to the observations, rather than an underestimation of predicted 525 

PM10, and the slight overestimation of PM10 was therefore not coincidental at the 526 

station chosen for model evaluation. 527 

3.1.2 Dependence of model performance on time-of-the-day 528 

Diurnal profiles on hourly average have been separately plotted for all pollutants 529 

measured and predicted at CGZ, as shown by Figure 4.  The model captured well the 530 

diurnal variations of CO, PM10, NO2 and O3, and did particularly well for NO2 and O3 531 

at predicting the observed peaks.   The predicted morning peaks of CO and PM10 532 

were about three hours earlier than the observed, but were in good agreement with the 533 

morning peak of traffic flows.  In addition, the temporal variations of predicted CO 534 

and PM10 concentrations changed more dramatically than the observed, with a notably 535 

overprediction in peak CO concentrations, which was mainly related to an 536 
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overestimation of the CO emission factor adopted by the model, resulting in a 537 

relatively larger overestimation of emission rates during the rush hours with higher 538 

traffic flows than other periods of the day.  Moreover, Figure 4 showed that the 539 

model had an excellent performance in predicting the diurnal profile of NO2 and O3, 540 

which revealed the satisfactory model performance in reasonably predicting the 541 

temporal variation of secondary gases like NO2 and O3 with the application of the 542 

GRS chemical scheme.  Consequently, the model captured the evening peak NO2 543 

concentrations, and the afternoon peak ozone concentrations accompanied by the 544 

trough NO2 concentrations. 545 

546 

 547 

Fig. 4. Model performance on time-of-the-day, in comparison with the diurnal profiles 548 

of observed and background concentrations for (a) CO; (b) PM10; (c) NO2 and (d) O3, 549 

for the periods of July 10
th

-20
th

 and August 10
th

-20
th

, 2008. 550 
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3.1.3 Dependence of model performance on wind direction 551 

Although wind speed has an important influence on the dispersion of pollutant and 552 

thus the model predictions of pollutant concentrations, we do not focus on the 553 

evaluation of the dependence of model performance on wind speed, because the 554 

fundamental factor influencing the diurnal profile of model predictions was the 555 

temporal variation of source intensity and subsequent atmospheric chemical reactions, 556 

rather than the accompanying wind speed.  However, to evaluate the dependence of 557 

model performance on wind direction was important to know whether the 558 

meteorological station adopted in this study was representative of the wind field of the 559 

study domain, and to understand for the right reason the characteristics of spatial 560 

distribution of the traffic-related air pollution after the TRS was implemented.  Thus, 561 

the pollution roses for all pollutants were plotted, as showed by Figure 5, which 562 

revealed that the peaks and troughs of the predicted and observed concentrations were 563 

virtually in the same directions.  This proved that the model well predicted the 564 

variance of concentrations in response to the wind direction variation.  Besides, 565 

Figure 5 also revealed that there was a clear dependence of concentrations on wind 566 

directions for all pollutants: high CO concentrations occurred mainly in the downwind 567 

southwesterly, northwesterly and southerly directions, with high PM10 concentrations 568 

also occurring in the downwind southwesterly and northwesterly directions.  In 569 

addition, NO2 concentration had a weaker dependence on wind directions and 570 

distributed more uniformly in each direction, with the peak concentrations mainly 571 
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occurring in the southwesterly direction.  O3 had a very clear dependence of wind 572 

direction, with the peak concentrations appearing in the northwesterly and 573 

southwesterly directions.  Therefore, the model captured well the spatial variation of 574 

the pollutant concentrations in response to the wind direction variation, which 575 

revealed that the meteorological data from the Airport Meteorological Observatory 576 

were well representative of the wind field of UAB, in consistence with another study 577 

using the same meteorological data source for the evaluation of air quality impacts of 578 

the Games (Wang et al., 2009a). 579 

580 
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Fig. 5. Comparison of mean predicted and observed pollutant concentration roses for 582 

(a) CO, (b) PM10, (c) NO2 and (d) O3 in different wind directions for the periods of 583 

July 10
th

-20
th

 and August 10
th

-20
th

, 2008, at the CGZ air quality monitoring site. 584 

Only one traffic-representative monitoring station was included in the model 585 

evaluation, because the data from the other one, the Qianmen station set up at a 586 

high-traffic environment and maintained by the Beijing Municipal Environmental 587 

Monitoring Centre (BMEMC), were incomplete during the evaluation period, with 588 

about 70% of the data missing due to malfunction of the monitoring equipment.  589 

Besides, as industrial production were restricted, construction sites were shut down, 590 

and agricultural activities, particularly biomass burning in rural areas were strictly 591 

banned both in Beijing and other eight surrounding provinces (MEP, 2008), the major 592 

emissions in the UAB during the Games came from vehicles, and this emission 593 

characteristic during the Games was distinct from the usual situation with much more 594 

emissions from other sources, under which circumstances the previous modelling 595 

studies (Song et al., 2006b and Wang et al., 2008a) were conducted, using additional 596 

rural and industrial monitoring stations for the modelling evaluation.  Therefore, the 597 

overall good model evaluation results in this study based on the CGZ monitoring 598 

station were not coincidental due to the station location, but was a true reflection of 599 

the particular characteristic of source emissions dominated by vehicles during the 600 

Games.  Under such a circumstance, a city-level evaluation of the model 601 

performance was not conducted in this study, as the particular characteristic of 602 

sources emissions during the Games convinced us that other air quality monitoring 603 

stations, particularly those usually adopted to reflect air quality impacts from 604 

industrial sources or rural emissions, were unnecessary or not suitable to be included 605 

for the model evaluation in this study.  Furthermore, since the following analysis of 606 
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the modelling results was focused on the predictions at the simulated roads and at the 607 

receptors, where the traffic-dominant emission characteristic was identified and the air 608 

quality responses have been evaluated, using the measurements from the 609 

representative traffic monitoring station (CGZ), it is reasonable to believe that the 610 

conclusions drawn based on the analysis were credible.  Nevertheless, the possible 611 

drawback of using one traffic-representative station for model evaluation was that the 612 

model predictions in areas away from the simulated roads might have some unknown 613 

uncertainty. 614 

3.2 Air quality impacts in response to TRS policy before, during and after the Games 615 

Applying the evaluated ADMS model, we predicted the CO, PM10, NO2 and O3 616 

concentrations from the RRs and LRs around UAB before, during and after the 617 

Olympic Games, with the aim of evaluating the air quality impacts of the TRS policy.  618 

First, the emission reduction in accordance with the decrease of traffic flows was 619 

reported; Second, the daily and diurnal variation of pollutant concentrations along the 620 

RRs and LRs were compared for the pre-, during- and post-TRS periods, followed by 621 

a further assessment of the weekly variation of air quality in response to the TRS 622 

policy; Finally, the spatial variation of the traffic-related air pollution for the pre-, 623 

during- and post-TRS periods was assessed, to understand the regional differences in 624 

air quality impacts of the TRS policy. 625 

3.2.1 Reduction of diurnal average traffic flow and pollutant emissions 626 

The traffic flows on the RRs and LRs had a notable reduction after the TRS policy 627 

was implemented on 20
th

 July, 2008.  The daily average traffic flows of the short and 628 
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long motor vehicles for the during-TRS period had a reduction of 26.1% and 11.0%, 629 

respectively, compared to the pre-TRS period.  Figure 6, which shows the variation 630 

of traffic flows on RRs and LRs on daily average and the variation of the diurnal 631 

profiles of the total traffic flow on hourly average for the pre-TRS, during-TRS and 632 

post-TRS periods, revealed that the TRS policy had a substantial effect on the 633 

reduction of both daily average and hourly average traffic flows, with average 634 

reduction rates of 22.4%, 26.1%, 27.7% and 27.6% on the 2
nd

, 3
rd

, 4
th

 RR and the LRs, 635 

respectively, and a notably overall reduction of about 26.1% for the total traffic flow.  636 

Particularly, the TRS policy had a largest traffic flow reduction of 30.8% during the 637 

morning rush hours (7-8 am).  On the other hand, both the daily average and hourly 638 

average traffic flows on all types of roads during the post-TRS period virtually 639 

bounced to the same level as the pre-TRS period, with the double-peak pattern of the 640 

diurnal profile of traffic flows in Beijing unchanged by the TRS policy. 641 
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Fig.6. Comparison of traffic flows on 2
nd

 RR, 3
rd

 RR, 4
th

 RR and the LRs on daily 643 

average (histograms), and diurnal variation of total traffic flow on hourly average 644 

(scatter plots) for the pre-TRS, during-TRS and post-TRS periods, respectively. 645 

With the reduction of traffic flows, the traffic conditions were improved and the 646 

traffic running speeds on hourly average increased by about 15% for the during-TRS 647 

period, as revealed by the ITS-TAP monitoring network.  The raised speed decreased 648 

the emission factors of CO, PM10 and NOx for all vehicle types, as calculated by 649 

COPERT model.  In addition to the reductions of traffic flows and emission factors, 650 

the emissions on daily average decreased by about 26.1%, 25.4% and 25.2% for CO, 651 

PM10 and NOx, respectively.  Consequently, emission rates on the RRs and LRs 652 

decreased as well, especially for the 3
rd

, 4
th

 RR and the LRs. 653 

3.2.2 Temporal variation of air quality impacts of the TRS policy 654 

Pollutant concentration levels are directly related to air quality, and thus we focused 655 

on the pollutant concentration impacts of the TRS policy to assess its effectiveness on 656 

air quality improvement in Beijing during the Games.  Concentrations of CO, PM10, 657 

NO2 and O3 in the following results and discussion were predicted at a height of 1.5 658 

meters above the ground. 659 

3.2.2.1 Changes in daily average concentrations for the pre-, during- and post-TRS 660 

periods 661 

The daily average concentrations of CO, PM10, NO2 and O3 had a notable reduction 662 

on the RRs and LRs around UAB after the TRS policy was implemented, as shown by 663 

Figure 7, which illustrates that the daily average predictions of CO, PM10, NO2 and O3 664 
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on the 2
nd

, 3
rd

, 4
th

 RR and the LRs for the pre-, during- and post-TRS periods.  Daily 665 

average CO concentrations were about 2.1, 2.1, 2.2 and 2.3 mg/m
3
 on the 2

nd
, 3

rd
, 4

th
 666 

RR and LRs, respectively, for the pre-TRS period, which decreased by about 35.8%, 667 

38.5%, 34.9% and 35.6% on the 2
nd

, 3
rd

, 4
th

 RR and LRs, respectively, for the 668 

during-TRS period.  Consequently, the CO daily concentrations on all road types 669 

satisfied the CNAAQS Grade II of 4 mg/m
3
 for the during-TRS period.  The 670 

pre-TRS daily average concentrations of PM10 were 120.9, 115.7, 136.1 and 163.2 671 

µg/m
3
 on the 2

nd
, 3

rd
, 4

th
 RR and the LRs, respectively, which was successfully 672 

reduced below 150 µg/m
3
 by the TRS policy, as shown by Figure 7.  For the 673 

pre-TRS period, 40% of days on the LRs exceeded the daily CNAAQS Grade II of 674 

150 µg/m
3
, while the PM10 daily concentrations on the LRs were successfully reduced 675 

by 34.7%, to satisfy the Grade II limit, with the PM10 concentrations on the 2
nd

, 3
rd

 676 

and 4
th

 RR reduced by 38.7%, 31.8% and 44.0%, respectively, resulting in satisfaction 677 

of the Grade II limit for every single day for the during-TRS period.  The reduction 678 

of vehicular emissions of PM10 due to the TRS policy, which was the major cause for 679 

PM10 emission reduction during the Games, as control measures for sources other 680 

than on-road vehicles remained unchanged and had little extra effect on emission 681 

reduction, resulted in this reasonably notable effect on the reduction of PM10 682 

concentration, which the previous source apportionment studies would not expect.  683 

With the bounce of traffic flows during the post-TRS period, concentrations of both 684 

CO and PM10 increased notably, with 20% of days on the LRs exceeds the Grade II 685 
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limit for PM10.  The NO2 concentrations were reduced by about 30.3%, 31.9%, 32.3% 686 

and 33.9% on the 2
nd

, 3
rd

, 4
th

 RR and the LRs, respectively, to about 52.3, 46.2, 45.9 687 

and 47.0 µg/m
3
 during the TRS period, with the daily concentration on every single 688 

day during this period conforming to the CNAAQS Grade II of 80 µg/m
3
.  Only 10% 689 

of days on the 2
nd

 RR exceeded the NO2 Grade II limit for the post-TRS period, 690 

despite a concentration increase of about 9.0%, 13.7%, 17.3% and 18.8% on the 2
nd

, 691 

3
rd

, 4
th

 RR and the LRs, respectively, during the period.  O3, of which the 692 

concentration level is usually lower in the source-intensive urban areas than in the 693 

rural areas, had a concentration of about 38-52 µg/m
3
 in the urban areas during the 694 

pre-TRS period, and the O3 concentration decreased to about 24-29 µg/m
3
 during the 695 

TRS period, which was consistent with the findings of Wang et al. (2009b).  Unlike 696 

other pollutants, the O3 concentration continued decreasing for the post-TRS period, 697 

to about 23-26 µg/m
3
 despite the increase of traffic flow and vehicular emissions.  698 

This is mainly because O3 concentrations in UAB are produced by local 699 

photochemical reactions under VOC-limited conditions (Wang and Li, 2002; Wang et 700 

al., 2009c), and higher emission level of NO during the post-TRS period consumed O3 701 

and suppressed the accumulation of O3 in urban environment of Beijing (named the 702 

“titration effect”) (Chou et al., 2006; Sadanaga et al., 2008).  Besides, the elevated 703 

nitrogen dioxide (NO2) through the titration effect and reactions of NO with other 704 

radicals further reacted with the OH radical and yielded nitric acid (HNO3), which 705 

ended the photochemical reaction chain involved with the OH radical that otherwise 706 
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accumulates the ambient O3 concentration (NARSTO, 2000).  Therefore, it was clear 707 

that the TRS policy was effective in reducing daily average concentrations of 708 

pollutants, ensuring that the air quality in Beijing during the Olympic Games 709 

conformed to the 24 hours CNAAQS Grade II limits. 710 

 711 

Fig. 7. Comparison of daily average predicted concentrations of CO, PM10, NO2 and 712 

O3 on different road types for the pre-TRS, during-TRS and post-TRS periods. 713 

The predicted highest daily average concentrations of the CO, PM10, NO2 and O3, 714 

which occurred at a very limited area under certain circumstances, also showed a 715 

notable decrease during the TRS period, which was in consistence with the previous 716 

study proving the effectiveness in reducing extreme concentrations of a four-day 717 

traffic control experiment by the Beijing Municipal Government (Westerdahl et al., 718 

2009).  The predicted highest concentrations had decreased from 6.3 to 4.6 mg/m
3
 719 

for CO, from 635.7 to 498.3 µg/m
3
 for PM10, from 194.7 to 154.2 µg/m

3
 for NO2 and 720 

from 88.2 to 53.3 µg/m
3
 for O3, a reduction of about 27.6%, 21.6%, 20.8% and 39.6% 721 
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for CO, PM10, NO2 and O3, respectively, in comparison with the pre-TRS period. 722 

3.2.2.2 Diurnal variation of hourly average concentration 723 

To further evaluate the effectiveness of the TRS policy on air quality improvement, 724 

we focused on the variation of diurnal profiles of hourly average concentration on the 725 

RRs and LRs in response to the TRS policy.  Figure 8 shows that hourly average 726 

concentrations of CO, PM10, NO2 and O3 on the RRs and the LRs decreased notably, 727 

in comparison with the pre-TRS period.  The morning and evening peak 728 

concentrations of CO on the LRs had decreased from about 3.29 mg/m
3
 to about 1.83 729 

mg/m
3
, the largest reduction of 34.9% and 38.0% among all road types, as shown by 730 

Figure 8 (a), while the largest reduction of the morning and evening peak 731 

concentrations of PM10 was observed on the 2
nd

 RR, accounting for about 37.8% and 732 

40.2%, respectively.  Consequently, the hourly CO concentrations were well below 733 

the 1-hour CNAAQS Grade II of 10 mg/m
3
 and the hourly PM10 concentrations 734 

decreased below 150 µg/m
3
 on all types of roads.  Particularly, the average of 735 

evening peak CO, PM10 and NO2 concentrations were reduced significantly, by about 736 

36.6%, 36.1% and 32.8%, respectively, which was a solid proof for the air quality 737 

improvement during the TRS policy period. 738 
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 740 

  741 

Fig. 8. Comparison of diurnal predicted variations of hourly concentrations of (a) CO; 742 

(b) PM10; (c) NO2 and (d) O3 on 2
nd

, 3
rd

, 4
th

 RR and the LRs for the pre- and during- 743 

TRS periods. 744 

For both pre- and during-TRS periods, the diurnal profile of CO and PM10 took on 745 

an obvious double-peak mode, as shown by Figure 8 (a) and (b), with the morning 746 

and evening peak concentrations occurring at around 7-8 am and around 8-9 pm, 747 

respectively, and the lowest concentrations occurring at around 3 am.  While the 748 

occurring time of the morning peak concentration was consistent with the morning 749 

rush hour of traffic flows, the evening peaks for CO and PM10 were about two to three 750 

hours later than the evening rush hour.  Moreover, the evening peak concentrations 751 

of CO and PM10 during the pre-TRS period even exceeded the morning peak, which 752 

was in contradiction with the diurnal profile of traffic flows during the period.  753 

These delayed and higher evening peak concentrations should be ascribed to the 754 

particular evening meteorological conditions in UAB: urban heat island (UHI) 755 

frequently occurs in Beijing in the summer night, which tends to produce strong 756 
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temperature inversion and higher inversion layer at night.  When the UHI occurred, 757 

the UHI convergence and the strong temperature inversion at night hindered air 758 

dispersion and contributed to the local accumulation of pollutants, resulting in high 759 

pollution concentrations at night (Miao et al., 2008; Liu et al., 2006). 760 

The NO2 concentrations  on all roads for the pre-TRS periods, as shown by Figure 761 

8 (c), began to increase in the early morning, reached a peak in about 7-8 am, and 762 

came to a trough during the mid-day time, which was related to the traffic and 763 

emission rate cycles and similar diurnal variation of NO2 concentrations were found 764 

in the urban area of Cairo (Khoder, 2009).  The maximum concentration of NO2 765 

occurred at about 7-8 pm, which was higher in magnitude than the morning peak.  766 

This was partly due to the evening rush hour of traffic with high emission rate of NOx, 767 

and partly due to the same UHI effect weakening the dispersion conditions and 768 

resulting in evening peak concentrations of CO and PM10.  Moreover, the lower 769 

temperature and solar radiation intensity in the evening decreased the 770 

photodissociation of NO2, a major chemical mechanism for NO2 loss during the 771 

daytime.  The TRS policy, as shown by Figure 8(c), did not alter the diurnal 772 

variation characteristic of NO2 concentrations, but significantly reduced the hourly 773 

sequential concentrations of NO2 during the Games.  Particularly, the highest hourly 774 

average concentrations of 123.1, 107.2, 111.9 and 116.6 µg/m
3
 on the 2

nd
, 3

rd
, 4

th
 RR 775 

and the LRs, respectively, which occurred at about 7 pm during the pre-TRS period, 776 

were significantly reduced by as much as 38.6%, 31.5%, 34.7% and 32.5%, 777 
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respectively, to 77.5, 73.4, 73.1 and 75.7 µg/m
3
, respectively, during the TRS period, 778 

which was in good agreement with the tropospheric NO2 observations by NASA‟s 779 

OMI revealing a 30-50% reduction of NO2 during the Games (NASA, 2009).  780 

Therefore, the TRS policy was effective in reducing the hourly NO2 concentrations, 781 

and consequently the hourly concentrations on all types of roads were far below the 782 

1-hour CNAAQS Grade II of 120 µg/m
3
 during the TRS period.  As shown by 783 

Figure 8 (d), the O3 concentrations on all roads had a similar diurnal profile for both 784 

pre- and during-TRS periods, with the concentrations increasing in the daytime, 785 

reaching the peak at about 3 pm and beginning to decrease rapidly.  It was clear that 786 

the TRS policy reduced remarkably the hourly O3 concentrations on all types of roads, 787 

and had a notable concentration reduction of the afternoon peak, with the 788 

concentrations on the 2
nd

, 3
rd

, 4
th

 RR and the LRs decreasing by about 35.4%, 30.7%, 789 

32.2% and 31.8%, respectively.  As a result, the hourly O3 concentration during the 790 

TRS period was far below the 1-hour CNAAQS Grade II of 160 µg/m
3
.  Meanwhile, 791 

it was interesting to find that the diurnal variation of the concentration ratio of NO2 to 792 

O3 ([NO2]/[O3]) for all types of roads was opposite to the diurnal profile of O3 793 

concentrations, which revealed that the traffic-related NOx (mostly NO) consumed O3, 794 

and resulted in an increase of the secondary NO2 concentration and a decrease of the 795 

O3 concentration, a typical VOC-limited characteristic for ozone formation.  With 796 

the significant reduction of both primary and secondary pollutant concentration levels, 797 

air quality in UAB had therefore been improved remarkably during the Games in 798 
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response to the TRS policy. 799 

3.2.2.3 Weekly variation of diurnal profile of pollutant concentrations for the pre-, 800 

during- and post-TRS periods 801 

To investigate the day-of-the-week variation of air quality impact in response to the 802 

TRS policy, we plotted the diurnal profiles of CO, PM10, NO2 and O3 for weekdays, 803 

Saturdays and Sundays for the separate periods before, during and after the TRS 804 

policy.  As shown by Figure 9 (a) and (b), the diurnal profiles for CO and PM10 805 

remained similar, with a typical two-peak pattern, and had no obvious weekly 806 

variation in response to the TRS policy, as the occurring time of the peaks and trough 807 

were consistent for weekdays, Saturdays and Sundays for the three separate periods, 808 

due to the smooth weekly cycle of diurnal variation of traffic flows.  Notably lower 809 

levels of CO and PM10 concentrations on Saturdays and Sundays than weekdays, 810 

however, were observed, particularly during the rush hours when peak concentrations 811 

occurred, for the pre-, during- and post-TRS periods.  Therefore, it was clear that the 812 

traffic-related air pollution still presented a typical two-peak diurnal variation pattern, 813 

but the weekly cycle had no obvious variation in response to the TRS policy, which 814 

was, nevertheless, effective in reducing the hourly concentrations, particularly the 815 

peak concentrations of CO and PM10. 816 

The day-of-the-week variation of NO2 diurnal profile, as shown by Figure 9 (c), 817 

revealed a similarity in the diurnal variation on weekdays, Saturdays and Sundays, 818 

particularly, in the ascending trend of NO2 concentrations in the daytime and reaching 819 
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a peak in the evening, despite a notable decrease in the afternoon, for the pre-, during- 820 

and post-TRS periods.  Besides, lower concentration levels on Saturdays and 821 

Sundays were observed compared to that on weekdays, which revealed that the TRS 822 

policy did not change the weekly cycle of traffic flows, with heavier traffic load on 823 

weekdays than on the weekends.  Meanwhile, Figure 9 (d) revealed a notable 824 

difference between the diurnal profile of O3 and other pollutants, with relatively 825 

higher concentration levels on Saturdays and Sundays than that on weekdays for the 826 

pre- and post-TRS periods, which was in agreement with the characteristic of the 827 

ozone weekend effect that has been frequently observed in urban areas 828 

(Atkinson-Palombo et al., 2006; Gao and Niemeier, 2007; Murphy et al., 2007; Tang 829 

et al., 2008; Khoder, 2009).  The major reason for the observed ozone weekend 830 

effect was the “VOC-limited” feature for ozone formation in UAB: the ozone 831 

concentration tended to increase with the decrease of NOx emissions, typically due to 832 

the reduction of traffic flows, as a result of the weakened titration effect of lower NOx 833 

emissions on the weekends that tended to accumulate ozone concentrations.  This 834 

mechanism also explained why a more remarkable ozone weekend effect was 835 

observed for the post-TRS period, as shown by Figure 9 (d): the peak O3 836 

concentration at around 3 pm on weekdays for the post-TRS period continued to 837 

decrease, compared to the during-TRS period, due to the enhanced titration effect of 838 

increased NOx emissions that suppressed the ozone formation on weekdays, while the 839 

peak concentrations on Saturdays and Sundays increased, due to a larger reduction of 840 
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NOx emissions and thus a more weakened titration effect on the weekends during the 841 

post-TRS period, compared to the during-TRS period.  Moreover, Figure 9 (d) also 842 

revealed that the TRS policy effectively reduced both the hourly peak and daily 843 

average concentrations of ozone, and meanwhile reduced and virtually removed the 844 

weekend effect of ozone for the during-TRS period, probably due to the smoother 845 

weekly variation of traffic flows resulting from the restriction on traffic. 846 

  847 
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Fig. 9. Day-of-the-week variations of (a) CO; (b) PM10; (c) NO2 and (d) O3 diurnal profiles in response to the implementation of the TRS policy.  
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3.2.3 Spatial variation of traffic-related air pollution and implication on regional air 847 

quality improvement for the pre-, during- and post-TRS periods 848 

To investigate the regional air quality impacts of the TRS policy, we looked into the 849 

spatial distribution of the traffic-related air pollution around UAB, as well as the 850 

spatial variation of regional air quality improvement in response to the TRS policy.  851 

Figure 10, which illustrates the contour plot of the daily average concentrations of 852 

CO, PM10, NO2 and O3 from on-road motor vehicles on the 2
nd

, 3
rd

, 4
th

 RR and the 853 

LRs, for the pre-, during- and post-TRS periods, respectively, revealed remarkable 854 

differences in the regional distribution of traffic-related air pollutant concentrations 855 

and notable variation of regional air quality in response to the TRS policy.  Before 856 

the TRS policy was placed, the highest and lowest CO concentration levels occurred 857 

in the upwind eastern regions and the southern areas, respectively, as shown by 858 

Figure 10 (a), with the daily average concentrations of the representative receptors 859 

located in the downwind northwest and upwind southeast accounting for about 2.56 860 

and 2.02 mg/m
3
, respectively.  Particularly, the West 2

nd
 RR and the Northwestern 861 

LRs between 2
nd

, 3
rd

 and 4
th

 RR had the heaviest traffic and accordingly suffered the 862 

highest CO concentration level of above 2.4 mg/m
3
.  With the TRS policy, a 863 

significant reduction of the CO daily average concentration was achieved, and the 864 

previously highest concentration in the north was reduced by 31.2%, to 1.79 mg/m
3
, 865 

with the concentration levels in the south, west and east regions decreasing by about 866 

17.6%, 18.2% and 17.6%, respectively.  Besides, CO concentrations in a broad area 867 
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of the northeast, east and southeast outside the 4
th

 RR decreased below a level of 0.5 868 

mg/m
3
, mainly due to the prevailing northeast, east and southeast wind that 869 

transported the pollutant to the downwind directions and resulted in a relatively 870 

lower concentrations in these upwind areas during the period.  Moreover, the 871 

previously seriously polluted areas in the West 2
nd

 RR and the Northwestern LRs 872 

were relieved, with a much smaller area where the concentration level remained 873 

above 2 mg/m
3
.  Therefore, the TRS policy was effective in bringing down the 874 

concentration levels in both the most polluted areas and different parts of the urban 875 

area, resulting in a much better air quality during the Games.  With the bouncing of 876 

traffic flows almost to the pre-TRS level, the CO concentration increased 877 

dramatically in every part of UAB, and consequently, almost caught up with the 878 

previous level before the TRS policy was placed, with the concentrations in the east, 879 

south, west and north increasing by about 24.2%, 16.0%, 15.2% and 22.2%, 880 

respectively. 881 

The spatial distribution of PM10 concentrations was characterized as linear 882 

distribution of relatively higher pollution along the RR and the LRs, with 883 

concentration levels in the areas between the simulated roads and outside the 4
th

 RR 884 

much lower.  For the during-TRS period, the PM10 concentration levels decreased 885 

remarkably for the whole UAB, with the PM10 concentration in most of the area 886 

reduced below 100 µg/m
3
.  Particularly, the previously highly polluted areas in the 887 

West 2
nd

 RR, Southwestern 4
th

 RR and the Northern LRs with PM10 concentrations 888 
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above 150 µg/m
3
 before the TRS shrank significantly during the TRS, as shown by 889 

Figure 10 (b).  Consequently, the concentrations in the east, south, west and north 890 

regions of UAB decreased from about 118.2, 111.9, 160.4 and 217.7 µg/m
3
, 891 

respectively, for the pre-TRS period, to about 66.1, 67.6, 105.6 and 155.2 µg/m
3
, 892 

respectively, for the during-TRS period.  The dramatically decrease of the primary 893 

pollutant concentration indicated that the air quality during the Games was improved 894 

significant in response to the TRS policy.  However, the PM10 concentration levels 895 

increased by about 23.4%, 33.6%, 20.7% and 29.5%, respectively, in the east, south, 896 

west and north regions for the post-TRS period.  As a result, the areas with PM10 897 

concentration above 150µg/m
3
 expanded, which proved reversely the effectiveness 898 

of the TRS policy on air quality improvement. 899 

The spatial distribution of NO2 concentration was more influenced by the 900 

prevailing northeasterly, easterly and southeasterly winds during the pre-TRS period, 901 

with the relatively higher daily average concentration of about 76.8 and 68.0 µg/m
3
 902 

predicted in the downwind western areas and the northern traffic-heavy areas, 903 

respectively.  Besides, the daily average NO2 concentration along the West 2
nd

 RR, 904 

the Northern LRs and part of the West 4
th

 RR exceeded the CNAAQS Grade II of 80 905 

µg/m
3
.  On the contrast, the NO2 concentration decreased significantly in response 906 

to the TRS period, with the concentration level in most of UAB below 80 µg/m
3
, 907 

which was a clear evidence of the effective control of traffic-related air pollution and 908 

corresponding remarkable air quality improvement by the TRS policy.  Particularly, 909 
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better effect on pollution reduction was observed in the previously most severely 910 

polluted areas, as the concentration level in these areas were brought down 911 

sufficiently to comply with the CNAAQS limited values.  With the expiration of the 912 

TRS policy, NO2 pollution with concentration above 80 and even 120 µg/m
3
 913 

appeared in a much larger area for the post-TRS period, and NO2 concentration 914 

increased significantly in the downwind western areas, in comparison with the 915 

during-TRS period, as shown by Figure 10 (c).  The spatial distribution variation of 916 

NO2 concentration in UAB revealed a notable air quality improvement due to 917 

reduced on-road vehicular emissions. 918 

The spatial distribution of O3 concentration was distinct from those of CO, PM10 919 

and NO2, as shown by Figure 10 (d).  For the pre-, during- and post-TRS periods, 920 

notably lower O3 concentrations were observed along the RR and the LRs as these 921 

areas were the emission sources and O3, as a typical secondary air pollutant, had its 922 

higher concentration levels in the relatively remote areas off the road sources.  923 

Consequently, the O3 daily average concentration in the near-road areas was well 924 

below 60 µg/m
3
 for the pre-TRS period and relatively higher concentration levels of 925 

60-80 µg/m
3
 and above 80 µg/m

3
 covered a large area around and outside UAB 926 

where no direct vehicular emissions were generated.  Particularly, the severely 927 

polluted West 2
nd

 RR, Northern LRs and part of the South 4
th

 RR areas with high 928 

concentration levels of CO, PM10 and NO2, however, had the lowest O3 929 

concentrations.  In response to the TRS policy, the O3 concentrations in the East, 930 
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South, West and North regions of UAB decreased significantly from 43.3, 46.6, 36.4 931 

and 43.9 µg/m
3
, respectively, to about 30.7, 31.2, 23.7 and 24.4 µg/m

3
, respectively, 932 

mostly due to the decrease of the precursor emissions of NOx and VOC from on-road 933 

vehicles.  Moreover, the O3 concentration during the post-TRS period continued to 934 

decrease, despite the increase of vehicular emissions of NOx and VOC.  As has 935 

been discussed previously, this phenomenon was mostly due to the “VOC-limited” 936 

characteristic for ozone formation in UAB.  Therefore, the spatial variation of O3 937 

concentrations in response to the TRS policy also provided solid evidence of the 938 

effectiveness of such a restriction policy on air quality improvement during the 939 

Games. 940 
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Fig. 10. Spatial distribution of (a) CO; (b) PM10; (c) NO2 and (d) O3 concentrations on daily average for pre-, during- and post-TRS periods, 

and the spatial variation of regional air quality impacts in response to the TRS policy. 
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3.3 Contribution of traffic flow reduction, raise of running speed and meteorological 941 

conditions to air quality improvements during the TRS period 942 

It is meaningful to understand deeply the reasons that resulted in the air quality 943 

improvement after the TRS policy was implemented, to make sure that the model 944 

performed well for the right reasons, and to learn and inherit the useful experiences 945 

for the future air quality management in Beijing and other cities of China.  Therefore, 946 

we focused on a discussion about the air quality impacts of traffic flow reduction, 947 

raise of running speed, variation of emission factors of pollutants, as well as the 948 

meteorological condition variation during the Games. 949 

The TRS policy had a direct impact on the traffic flow and the running speeds of 950 

traffic fleet.  As revealed by the ITS-TAP system, the daily average traffic flows of 951 

short and long vehicles during the TRS period decreased by 26.1% and 11.0%, 952 

respectively, an average reduction of about 24.2% for the total traffic fleet, in 953 

comparison with the pre-TRS period.  Besides, running speed on the 2
nd

, 3
rd

, 4
th

 RR 954 

and the LRs increased by 18.5%, 12.8%, 15.3% and 13.8%, respectively, an average 955 

15% increase in driving speeds of total traffic fleet, estimated based on the fractions 956 

of traffic flows on these roads after the TRS policy took effect, which had a positive 957 

effect on reducing emission factors of pollutants.  Figure 11 (a) illustrates the 958 

decrease rates of model-calculated emission factors of CO, PM10 and NOx from 959 

various vehicle types resulting from the raise of running speed.  The PC and LDV, 960 

which were mostly gasoline vehicles, had the largest reduction of CO emission factor, 961 
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accounting for about 10%.  The largest reductions of both NOx and PM10 emission 962 

factors were ascribed to diesel HDV, of which the traffic flow accounted for only 1-2% 963 

of the total fleet.  Therefore, the reduction of NOx emission factor mainly relied on 964 

the other vehicle types, and an overall 3% reduction in NOx emission factor was 965 

achieved.  The PM10 emission factors were assumed constant for gasoline PC and 966 

LDV in response to the running speed increase, as there were no domestic studies 967 

available reporting the variation of PM emission factors of gasoline vehicles induced 968 

by speed raise, like from 20 km/h to 23 km/h, and a comprehensive sensitivity 969 

evaluation of the USEPA‟s MOBILE 6.2 model for PM emission factor found that a 970 

speed increase from 20 km/h to 23 km/h had very little impact on PM emission factor 971 

and concluded that speed has a negligible effect on PM emission factors for gasoline 972 

vehicles, which was unlike the emission factors for CO NOx and VOC that were 973 

highly sensitive to speed (Granell et al., 2004), while the HDV and buses had a 974 

reduction of about 10% of PM10 emission factor.  Consequently, the emissions of CO, 975 

PM10 and NOx were reduced by about 26.1%, 25.4% and 25.2%, respectively, and the 976 

daily average concentrations of CO, PM10, NO2 and O3 decreased by about 25.5%, 977 

35.4%, 32.1% and 34.4%, respectively, in response to the TRS policy.  Therefore, 978 

the TRS policy was effective in bringing down traffic-related emissions, by a 979 

dominant contribution of traffic flow reduction, and by an extra bonus of decreasing 980 

emission factors due to the improvement of driving conditions.  Taking into account 981 

the variation of wind speed, a major meteorological factor that affected the 982 
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traffic-related air pollution, the daily average wind speeds were about 2.52 and 2.53 983 

m/s for the pre- and during-TRS periods, respectively, and had no statistically 984 

significant difference (p<0.05).  Besides, the diurnal wind speed profile on the 985 

hourly average had little variation, particularly in the morning and for the evening 986 

rush hours (7-8 pm), as shown by Figure 11 (b).  Under the virtually constant wind 987 

speed, the TRS policy turned out an effective measure in simultaneously bringing 988 

down traffic flow, increasing traffic fluency, and achieving air quality improvement 989 

with significantly decreased concentration levels.  Therefore, the TRS policy was 990 

effective in reducing short-term traffic-related air pollution and improving air quality 991 

promptly, which could be considered as a feasible alternative in pollution control and 992 

air quality assurance in megacities of China like Beijing under particular or 993 

emergency occasions. 994 

  995 

Fig. 11. Air quality impacts during the Games of (a): Reduction rates of emission 996 

factors of CO, PM10 and NOx from various vehicle types resulting from the raise of 997 

running speed from 20 km/h to 23 km/h, calculated by COPERT model; (b) Variation 998 

of wind speed (m/s) on hourly average for the pre-TRS and during-TRS periods. 999 
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We conducted a modelling evaluation of the air quality impacts of the odd-even day 1001 

traffic restriction scheme implemented by the Beijing Municipal Government during 1002 

the 2008 Olympic Games, and proved that this policy was effective in reducing 1003 

short-term traffic-related air pollution and substantially improved the air quality in the 1004 

urban area of Beijing during the Games. 1005 

The ADMS-Urban was well evaluated with hourly observations from a 1006 

traffic-representative air quality monitoring station, and produced satisfactory 1007 

predictions, based on the high temporal resolution on-road traffic flow data retrieved 1008 

from the ITS-TAP monitoring network covering the 2
nd

, 3
rd

, 4
th

 RR and the LRs 1009 

distributing over the major UAB, and on the hourly meteorological data from a 1010 

representative Observatory.  This study demonstrated that modelling-based air 1011 

quality evaluation was a reliable approach and was especially useful for simultaneous 1012 

and intensive assessment of air quality responses at multi-receptor and in different 1013 

regions of the study domain.  However, the possible drawback of using one 1014 

traffic-representative station for model evaluation in this study was that the model 1015 

predictions in areas away from the simulated roads might have some unknown 1016 

uncertainty. 1017 

Both daily average and maximum concentrations of CO, PM10, NO2 and O3 during 1018 

the pre-TRS period deceased significantly to much lower levels during the TRS 1019 

period, with the daily average concentrations from on-road vehicles conforming to the 1020 

CNAAQS Grade II.  However, pollutant concentrations of CO, PM10 and NO2 1021 
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increased for the post-TRS period, with the exception for O3 concentration, which 1022 

continued decreasing, mainly due to the “VOC-limited” characteristic for ozone 1023 

formation in UAB.  The bouncing of pollutant concentration levels of CO, PM10 and 1024 

NO2 after the expiration of the TRS policy just reversely reflected the effectiveness of 1025 

the TRS in improving short-term air quality. 1026 

The hourly average, especially the peak concentrations of CO, PM10, NO2 and O3 1027 

were reduced significantly in response to the TRS policy.  However, the TRS policy 1028 

did not change the typical two-peak diurnal variation pattern of the primary pollutants 1029 

(CO and PM10).  Besides, no remarkable weekly variation of pollutant concentrations 1030 

were revealed as a result of the TRS policy, with the concentration levels of CO, PM10, 1031 

NO2 on weekday generally higher than those on weekends.  Particularly, a notable 1032 

ozone weekend effect with higher concentrations on weekends was revealed, mostly 1033 

due to the decreased NOx emissions on weekends and the “VOC-limited” 1034 

characteristic for ozone formation in UAB.  Meanwhile, a remarkable reduction of 1035 

peak hour and daily average concentrations of O3 was achieved in response to the 1036 

TRS policy. 1037 

Notable air quality improvement was revealed around UAB during the Games, 1038 

which indicated the overall effectiveness of the TRS policy.  Particularly, better 1039 

effect on pollution reduction was observed in the previously most severely polluted 1040 

areas, where the concentration level decreased sufficiently to comply with the 1041 

CNAAQS guidelines.  Besides, significant air quality improvement was achieved in 1042 
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the upwind eastern and southern areas in response to the TRS policy.  In conclusion, 1043 

the TRS policy was effective in significantly improving short-term and regional air 1044 

quality in UAB during the Games, and provided valuable experiences for future 1045 

temporary and regional control of traffic-related air pollution. 1046 
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