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            Atmospheric Environment 41 (2007) 480–492 Air quality during the 2008 Beijing Olympic Games David G. Streets a, , Joshua S. Fu b , Carey J. Jang c , Jiming Hao d , Kebin He d , Xiaoyan Tang e , Yuanhang Zhang e , Zifa Wang f , Zuopan Li b , Qiang Zhang a,d , Litao Wang d , Binyu Wang c , Carolyne Yu a a Decision and Information Sciences Division, Argonne National Laboratory, Argonne, IL 60439, USA b Department of Civil & Environmental Engineering, University of Tennessee, Knoxville, TN 37996, USA c Ofﬁce of Air Quality Planning & Standards, US Environmental Protection Agency, Research Triangle Park, NC 27711, USA d Department of Environmental Science and Engineering, Tsinghua University, Beijing 100084, PR China e College of Environmental Sciences, Peking University, Beijing 100871, PR China f Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, PR China Received 13 April 2006; received in revised form 14 July 2006; accepted 19 August 2006 Abstract China is taking major steps to improve Beijing’s air quality for the 2008 Olympic Games. However, concentrations of ﬁne particulate matter and ozone in Beijing often exceed healthful levels in the summertime. Based on the US EPA’s Models-3/CMAQ model simulation over the Beijing region, we estimate that about 34% of PM 2.5 on average and 35–60% of ozone during high ozone episodes at the Olympic Stadium site can be attributed to sources outside Beijing. Neighboring Hebei and Shandong Provinces and the Tianjin Municipality all exert signiﬁcant inﬂuence on Beijing’s air quality. During sustained wind ﬂow from the south, Hebei Province can contribute 50–70% of Beijing’s PM 2.5 concentrations and 20–30% of ozone. Controlling only local sources in Beijing will not be sufﬁcient to attain the air quality goal set for the Beijing Olympics. There is an urgent need for regional air quality management studies and new emission control strategies to ensure that the air quality goals for 2008 are met. r 2006 Elsevier Ltd. All rights reserved. Keywords: Beijing; Regional air quality; Olympic Games; PM 2.5 ; Ozone 1. Introduction Beijing will host the 2008 Summer Games of the XXIX Olympiad from August 8–24, 2008. This is an event of paramount importance to China, and great steps are being taken to ensure its complete success. Of concern both within and outside China is the air quality that athletes and attendees will face during the Games. China wishes to ensure a healthful and enjoyable experience for all. However, air pollution levels in the summertime in Beijing can be high. Signiﬁcant improvements in air quality in China were achieved during the late 1990s and early 2000s (Hao and Wang, 2005), but with reinvigorated economic growth and continued expansion of the transportation system, some of those gains have been lost in the last few years. The Beijing and National governments are introducing many new pollution control measures designed to reduce local emissions in Beijing, as ARTICLE IN PRESS www.elsevier.com/locate/atmosenv 1352-2310/$ - see front matter r 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.atmosenv.2006.08.046 Corresponding author. Tel.: +1 630 252 3448; fax: +1 630 252 5217. E-mail address: [email protected] (D.G. Streets). 
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 Abstract
 China is taking major steps to improve Beijing’s air quality for the 2008 Olympic Games. However, concentrations of
 fine particulate matter and ozone in Beijing often exceed healthful levels in the summertime. Based on the US EPA’s
 Models-3/CMAQ model simulation over the Beijing region, we estimate that about 34% of PM2.5 on average and 35–60%
 of ozone during high ozone episodes at the Olympic Stadium site can be attributed to sources outside Beijing. Neighboring
 Hebei and Shandong Provinces and the Tianjin Municipality all exert significant influence on Beijing’s air quality. During
 sustained wind flow from the south, Hebei Province can contribute 50–70% of Beijing’s PM2.5 concentrations and 20–30%
 of ozone. Controlling only local sources in Beijing will not be sufficient to attain the air quality goal set for the Beijing
 Olympics. There is an urgent need for regional air quality management studies and new emission control strategies to
 ensure that the air quality goals for 2008 are met.
 r 2006 Elsevier Ltd. All rights reserved.
 Keywords: Beijing; Regional air quality; Olympic Games; PM2.5; Ozone
 1. Introduction
 Beijing will host the 2008 Summer Games of theXXIX Olympiad from August 8–24, 2008. This is anevent of paramount importance to China, and greatsteps are being taken to ensure its complete success.Of concern both within and outside China is the airquality that athletes and attendees will face during
 e front matter r 2006 Elsevier Ltd. All rights reserved
 mosenv.2006.08.046
 ing author. Tel.: +1 630 252 3448;
 5217.
 ess: [email protected] (D.G. Streets).
 the Games. China wishes to ensure a healthful andenjoyable experience for all. However, air pollutionlevels in the summertime in Beijing can be high.Significant improvements in air quality in Chinawere achieved during the late 1990s and early 2000s(Hao and Wang, 2005), but with reinvigoratedeconomic growth and continued expansion of thetransportation system, some of those gains havebeen lost in the last few years.
 The Beijing and National governments areintroducing many new pollution control measuresdesigned to reduce local emissions in Beijing, as
 .
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 specified by the Beijing Organizing Committee ofthe XXIX Olympic Games (BOCOG) (2004).Undoubtedly, by August 2008, local sources of airpollution will be considerably fewer than they aretoday. However, there is a concern that much of theair pollution experienced in Beijing is regional innature and not attributable to local sources. Thus,control measures implemented only in Beijing maynot reduce ambient pollutant concentrations toacceptable levels. The purpose of this study is toexamine the contribution of sources outside Beijingto air pollution levels in summertime Beijing. Weconsider two of the most important regional andurban air pollutants: fine particulate matter (PM)and ozone (O3). We examine the contributions ofneighboring provinces and suggest priorities foraddressing regional air pollution concerns.
 Fig. 1 shows the locations of the Beijing andTianjin Municipalities that contain the cities ofBeijing (population 11.5 million) and Tianjin (9.3million) (National Bureau of Statistics of China(NBS), 2004). Surrounding them are three largeprovinces—Hebei, Shandong, and Shanxi—allheavily populated, urbanized, and industrialized.Also shown in Fig. 1 are the four large urbancenters of Shijiazhuang (9.1 million), Qingdao (7.2million), Jinan (5.8 million), and Taiyuan (3.3million), which are typical industrial, coal-burningcities within several hundred kilometers of Beijing.In these areas, emission controls on stationarysources and vehicles are not as stringent as inBeijing, and emissions are high. Rural biomassburning has also been identified as an important
 Fig. 1. Map of Beijing and the surrounding area, showing the
 4-km modeling domain.
 contributor to fine PM concentrations in Beijing(Duan et al., 2004). Emissions from these nearbysources, as well as more distant ones, undergochemical reactions during transport on the prevail-ing winds, forming secondary species that pervadethe entire region and add to the local pollution inBeijing (Han et al., 2005; Hatakeyama et al., 2005;Luo et al., 2000; Mauzerall et al., 2000). Episodicdust storms in the springtime also contribute to thePM loading in Beijing (Dillner et al., 2006; Xieet al., 2005).
 Fine PM, here considered as either PM2.5
 (particles with average diameters p2.5 micrometers[mm]) or PM10 (diameters p10 mm), is directlyemitted from power plants, motor vehicles, indus-trial facilities, and other sources. It is also formedphoto-chemically from reactions of primary gaseousspecies in the atmosphere, e.g., ammonium sulfate,ammonium nitrate, and secondary organic aerosolsformed from reactions among sulfur dioxide,nitrogen oxides (NOx), volatile organic compounds(VOC), and ammonia (Lun et al., 2003; Tang et al.,2005; Zhang et al., 2000). In summertime, the hightemperatures and high humidity promote thephotochemical formation of ozone (Xiao and Zhu,2003), exacerbated by the heat island effect (Lin andYu, 2005). Fine PM and ozone are considered to bethe most serious air pollutants of concern in the UStoday, as well as in most metropolitan areas aroundthe world. It is imperative to reduce the concentra-tions of these two pollutants during the OlympicGames.
 2. Background
 In 1997 the US Environmental Protection Agency(US EPA) revised the National Ambient AirQuality Standards (NAAQS) that have been estab-lished to protect public health and the environment.The revised PM standards include an annualaverage PM2.5 standard of 15 mgm�3 and a dailyaverage PM2.5 standard of 65 mgm�3, in addition toan annual PM10 standard of 50 mgm�3 and a dailyaverage PM10 standard of 150 mgm�3 (US Environ-mental Protection Agency (US EPA), 1997a). Chinaalso has ambient air quality standards for PM,codified in 1996, which it classifies according tothree grades. China’s daily average PM10 standardsare 50 mgm�3 (Grade I), 150 mgm�3 (Grade II), and250 mgm�3 (Grade III) (China State EnvironmentalProtection Administration (SEPA), 1996; Hao andWang, 2005). China’s annual PM10 standards are
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 40 mgm�3 (Grade I), 100 mgm�3 (Grade II), and150 mgm�3 (Grade III). The Grade II standard isapplied to urban areas like Beijing. Thus, Beijing’sdaily average PM10 standard is the same as for theUS. There is no standard in China for PM2.5 atpresent.
 There have been many measurements of fine PMin Beijing made over the past five years (summarizedin Table 1). These studies have found averagesummertime daily PM10 concentrations to rangefrom 94 to 251 mgm�3 (Bergin et al., 2001; Chan etal., 2005). A maximum value of 368 mgm�3 wasmeasured at the Southern Observational Base (SB)of the Chinese Academy of Meteorological Sciences(CAMS) in August 2003 (Chan et al., 2005). Thus,average concentrations of PM10 in Beijing haveoften exceeded the US NAAQS and China’s GradeII standard in recent years. Occasionally, there havebeen exceedances of China’s Grade III standard of250 mgm�3 for daily PM10 concentrations. Daily
 Table 1
 Summary of measurements of fine particle concentrations in Beijing (con
 from daily values; concentrations shown are average values with range
 Measurement
 intervals
 PM10
 concentration
 (mgm�3)
 PM2.5
 concentration
 (mgm�3)
 M
 Hourly (4.5–374) 89 (2.9–300) I
 Daily 167 (52–272) 91 (30–159) C
 251 (177–368) 114 (84–163) S
 94 (3.5–179) 169 (19–368) I
 s
 192 136 P
 150 65 U
 50, 150, 250 C
 I
 Weekly (37–357) T
 Monthly 99 D
 M
 112 33 B
 Seasonal (summer) 93 B
 P
 76 C
 145 B
 104 B
 122 P
 91 B
 (
 172 (24–462) 77 (16–216) B
 170 (51–311) 82 (12–170) C
 150 (64–276) 75 (15–180) Y
 IP ¼ Institute of Atmospheric Physics, CM ¼ Chinese Academy of
 PU ¼ Peking University, TU ¼ Tsinghua University, CG ¼ Chego
 AP ¼ airport, YL ¼ Yong Le Dian, MT ¼Ming Tombs, CS ¼ C
 MY ¼Miyun, BJ ¼ Beijing (unspecified), BN ¼ Beijing Normal Unive
 PM2.5 concentrations in Beijing have been found tobe very high in comparison to the US NAAQS valueof 65 mgm�3. Average daily PM2.5 concentrations inrecent studies ranged from 91 to 169 mgm�3 (Berginet al., 2001; Chan et al., 2005).
 Many studies (Dan et al., 2004; He et al., 2001,2004; Sun et al., 2004; Wang et al., 2005; Xu et al.,2005; Zheng et al., 2005) have measured weekly toseasonally averaged concentrations of fine PM, andthe summertime measurements are particularlyuseful indicators of recent air quality. The averagesof measured daily PM10 concentrations duringsummer range from 150 to 172 mgm�3 (Sun et al.,2004). For PM2.5, the averages of measured dailyconcentrations range from 75 to 145 mgm�3 acrossthe various studies. It can be concluded that inrecent years both PM10 and PM2.5 concentrations inthe summer months have been consistently abovehealthful levels. The World Health Organization(WHO) has not issued a guideline for acceptable
 centrations reported for periods of a week or longer are averaged
 s given in parentheses)
 onitoring site(s) Time period of
 measurements
 Reference
 P (urban) 8/2003 Chan et al. (2005)
 M (urban)
 B (suburban)
 P, CM, SB (urban/
 uburban)
 U (suburban) 6/1999 Bergin et al. (2001)
 S National Ambient Air Quality Standards (US EPA, 1997a)
 hina Ambient Air Quality Standards (Grade I, Grade II, Grade
 II) (China SEPA, 1996)
 U, CG (urban) 7/1999–9/2000 He et al. (2001)
 S, PU, AP, YL,
 T (urb/sub)
 7/2000 Zheng et al. (2005)
 N (urban) 7/2002 Xu et al. (2005)
 N, CS, YH, MY,
 G (urb/sub)
 Summer 2001–2003 Wang et al. (2005)
 G (urban) Summer 2000 He et al. (2001)
 J (urban) 7/2002–8/2002 He et al. (2004)
 N (urban) 7/2001–8/2001 Dan et al. (2004)
 G (rural)
 N, CS, YH
 urban)
 6/2002–7/2002
 N (urban) Summer 2002–2003 Sun et al. (2004)
 S (urban)
 H (urban)
 Meteorological Sciences, SB ¼ Southern Observational Base,
 ngzhuang, DS ¼ DongSi Environmental Protection Bureau,
 apital Steel Company, YH ¼ Yihai Garden, PG ¼ Pinggu,
 rsity.
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 Fig. 2. Illustrative example of Beijing’s air quality contrasts: October 29, 2005, Air Pollution Index (API) ¼ 48, PM10 concentration
 �50mgm�3 (left); October 26, 2005, API ¼ 176, PM10 concentration �300mgm�3 (right).
 D.G. Streets et al. / Atmospheric Environment 41 (2007) 480–492 483
 fine PM concentrations, arguing that health effectsresearch does not support setting a threshold belowwhich concentrations are not harmful; that is to say,fine PM is considered harmful even at very lowconcentrations (WHO, 2006).
 Fig. 2 depicts in dramatic fashion how poorBeijing’s air quality can be and how quickly it canchange. The right photograph shows air quality onOctober 26, 2005. This was during a period of airstagnation with low wind speeds and no precipita-tion that caused fine PM to accumulate. The localAir Pollution Index was 176 on this day, equivalentto a PM10 concentration of �300 mgm�3. The leftphotograph shows the situation just three days later,on October 29, 2005, after a period of rain andwind. The API value decreased to 48 and the PM10
 concentration was �50 mgm�3.Although there are fewer published measure-
 ments of ambient ozone concentrations in Beijingthan of fine PM concentrations, ozone remains acritically important component of regional airpollution in Beijing. The US NAAQS ozonestandard is set at 80 parts per billion (ppb) on an8-h average (US Environmental Protection Agency(US EPA), 1997b), which replaced a prior 1-hstandard of 120 ppb. China’s ozone standard is seton an hourly-average basis and was revised in 2000(Hao and Wang, 2005) to 0.16mgm�3 (Grade I),0.20mgm�3 (Grade II), and 0.20mgm�3 (GradeIII). These standards are approximately equivalentto 80, 100, and 100 ppb in the Beijing atmosphere.The WHO guideline (WHO, 2006) for ozone is60 ppb as an 8-h average. One Beijing study that wasreported in the literature measured an average daily
 ozone concentration in summer of 0.093mgm�3
 with a peak value of 0.178mgm�3 (Sun et al., 2004).Hao and Wang (2005) reported that measurementsby the Beijing Environmental Protection Bureaushowed ozone concentrations in 1998 exceeding thestandard on 101 days or 504 hours. The highestmeasured hourly concentration was 0.384mgm�3.Therefore, as for fine PM, exceedances of the USNAAQS and the China Grade II standard for ozoneare common.
 3. Methodology
 In this present work, Beijing’s air quality issimulated using the Models-3/Community Multi-scale Air Quality (CMAQ) modeling system (Ver-sion 4.4), developed by the US EPA (Byun andChing, 1999). The CMAQ model has received manyapplications and evaluations in the US and othercountries for regional- and urban-scale air qualitysimulations, integrating a number of air qualityissues (particulate matter, ozone, acid deposition,visibility, air toxics, etc.) into a so-called ‘‘one-atmosphere’’ approach. The driving meteorologicalinputs for this work are provided by the fifth-generation NCAR/Penn State Mesoscale Model(MM5), version 3.6.2. The pollution episode studiedis from July 1–31, 2001, with a spin-up period of 5days starting on June 26, 2001. Neither the requiredmeteorological data nor any PM10 measurementdata are available for the month of August, so weuse July as a summertime proxy for the month ofAugust when the Olympic Games will be held. Themodel was run in a nested grid mode at 36, 12, and
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 Fig. 3. Comparison of CMAQ model simulations for PM10
 concentrations in the City of Beijing and at the Olympic Stadium
 site against observations derived from API data.
 D.G. Streets et al. / Atmospheric Environment 41 (2007) 480–492484
 4 km resolutions. The 36-km grid domain consists ofall of China, the Koreas, Japan, and parts of Indiaand Southeast Asia; the 12-km domain consists ofEast China and the Koreas; and the innermost 4-kmdomain consists of Beijing and surrounding areas(shown in Fig. 1). The model employs 14 verticallayers of varying thickness with denser layersin the lower atmosphere to better resolve the mixinglayer.
 Emissions are taken from the NASA TRACE-Pemission inventory (Streets et al., 2003), updated forthe city of Beijing to take account of detailed localinformation on source strengths and locations.Table 2 summarizes the emissions used in themodeling for Beijing, Tianjin, and the threeneighboring provinces. Note that these five pro-vinces together contribute 16–32% (depending onspecies) of China’s total national emissions.
 Though the CMAQ model has received extensiveevaluation in the US and other countries, it has notpreviously been applied in China. The atmosphereof eastern China poses a number of challenges,including the complex mesoscale meteorologycaused by rapidly evolving land-use patterns andthe possibly unique interactions between reactivegas-phase species like ozone and high loadings ofaerosols. Model evaluation is made more difficultby the absence of routine monitoring data forspecies like ozone and fine PM. Historical measure-ments have focused on regulated pollutants like SO2
 and TSP, and recently PM10 and NOx/NO2 havebeen added in some areas. But there are onlyscattered measurements of PM2.5 and ozone forlimited time periods at one or two research sites.
 Table 2
 Emissions of major anthropogenic species in the study region in July 2
 Region Area (104 ha)a Anthropogenic emission
 SO2 NOx CO2b
 Beijing Municipality 164 26.5 17.7 5.29
 Tianjin Municipality 119 34.1 22.7 4.79
 Hebei Province 1884 106 58.7 18.7
 Shandong Province 1571 154 66.7 19.4
 Shanxi Province 1567 114 45.2 12.8
 Regional total (C103) 435 211 61
 All China (C103)c 1699 946 318
 Regional share (%) 26 22 19
 aFrom China Statistical Yearbook (2004).bEmissions in Tgmo�1.cOne-twelfth of annual emissions (no monthly variation included) fo
 reported in that work.
 The CMAQ model was initially evaluated bycomparing predicted daily PM10 concentrations forJuly 2001 against Air Pollution Index (API) datameasured by the Beijing Environmental MonitoringCenter (Fig. 3). In addition, predicted PM2.5
 concentrations were compared against a set ofweekly measurements of PM2.5 mass and compo-nent species obtained at a monitoring site located atTsinghua University, Beijing. In general, the agree-ment between modeled and observed data wasgood, and the model was able to capture the trends
 001
 s (Ggmo�1)
 CO CH4 NMVOC NH3 PM10 PM2.5
 195 17.2 28.3 12.5 5.50 2.27
 142 15.0 22.7 9.91 6.71 2.63
 545 155 72.0 151 38.6 16.6
 534 192 90.6 164 48.0 22.8
 265 136 33.4 26.6 13.6 4.99
 1680 515 247 365 112 49
 9646 3196 1453 1131
 17 16 17 32
 r 2000 (Streets et al., 2003). PM10 and PM2.5 emissions were not

Page 6
						
						

ARTICLE IN PRESSD.G. Streets et al. / Atmospheric Environment 41 (2007) 480–492 485
 of daily and weekly variations of PM2.5 and PM10.The model slightly under-predicted PM2.5 and PM10
 concentrations, which might be due to an under-estimation of local emissions but could be a modelresolution issue; observations are based on a sparseset of point measurements, whereas model simula-tions are based on a volume average over unit gridcells. The performance of MM5 was also testedagainst wind and temperature data for the city ofBeijing with good results. Temperature simulations,which are particularly important for ozone predic-tion, agreed within o5%. However, for the timebeing, very limited ozone measurement data areavailable for July 2001 to conduct further modelevaluations. Because ozone and PM2.5 are suchcritical pollutants for human health, we recommendroutine observations in cities like Beijing, so thattheir formation can be better understood,their spatial and temporal extent modeled withconfidence, and effective mitigation measures de-signed.
 4. Results
 The model was used to simulate PM2.5 and ozoneconcentrations in Beijing and surrounding areas.Fig. 4 (top two frames) shows base-case simulationsof concentrations in the 4-km model domain. Asecond model case was run in which all man-madeemissions in Beijing were removed (natural emis-sions such as biogenic VOC emissions were notremoved). The resulting PM2.5 and ozone concen-trations are shown in the center two frames ofFig. 4. These two center frames can be considered torepresent the contributions of sources outsideBeijing to concentrations inside Beijing. The differ-ences between these two sets of runs (shown in thebottom two frames) can be used to approximatelyrepresent the contributions of Beijing sources alone.Note that this approach cannot accurately reflectthe contributions of Beijing sources alone, due tothe non-linearity of model response to emissionchanges, especially for ozone.
 Fig. 4 shows that monthly average PM2.5
 concentrations under base-case conditions are inexcess of 30 mgm�3 over most of the BeijingMunicipality, rising to 470 mgm�3 in the Beijingurban center. The steep concentration gradientsreveal the important role of local urban sources indetermining the ambient PM2.5 level. Sources out-side Beijing (center left frame of Fig. 4) contribute aconsistent level of 420 mgm�3 to Beijing PM2.5
 levels. The contribution of Beijing sources alone is430 mgm�3 over a wide area of urban Beijing and460 mgm�3 in the city center. Ozone shows abroader and more spatially variable signature thanPM2.5. Under base-case conditions, maximumhourly ozone concentrations are 490 ppb for muchof the area comprising Beijing, Tianjin, andadjacent Hebei Province. The center right frame ofFig. 4 shows that ozone concentrations can be60–90 ppb even with man-made Beijing emissionsremoved.
 Based on very limited observational data forozone in Beijing, we believe that the predictedconcentrations of ozone in Beijing may be slightlyunderestimated. This may be due to an under-estimation of VOC emissions—either anthropogenic(Streets et al., 2003) or biogenic (see Palmer et al.,2003). For example, modeled VOC/NOx ratios inBeijing in this study are typically about six, whereasratios in the US are typically 10–15 (Kang et al.,2004). On the other hand, an underestimation ofCO emissions may be responsible (Streets et al.,2006) on the evidence that oxidation of CO isthought to be the largest source of ozone in easternChina (Tie et al., 2006). Improved regional emissioninventories are needed to answer these questions.
 In order to examine the implications for theOlympic Games, daily average concentrations ofPM2.5 and maximum hourly ozone concentrationswere extracted from the model for the grid cell inwhich the Olympic Stadium is located. (The site ofthe Olympic Stadium is between the fourth and fifthring roads, due north of the city center.) For eachday of the month, concentrations resulting from theinclusion of emissions from all sources are con-trasted with those for which man-made emissionsfrom Beijing sources are removed (Fig. 5). For theOlympic Stadium site, the average of the simulateddaily PM2.5 concentrations is 77 mgm�3 (range of27–130 mgm�3) for all sources and 26 mgm�3
 (2–60 mgm�3) for the contribution from sourcesoutside Beijing. These results suggest that sourcesoutside Beijing contribute, on average, about 34%of the measured PM2.5 in the vicinity of the site ofthe Olympic Games in summertime. The July 2001simulations show that PM2.5 concentrations ex-ceeded the US NAAQS for PM2.5 (65 mgm�3) onmany days (highest values of 130 and 115 mgm�3);and, even when all Beijing sources were removed,the highest daily averages in the month (56 and60 mgm�3) were close to the US standard. (Recallthat China has no PM2.5 standard.)
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 Fig. 4. CMAQ model simulations of monthly average concentrations of PM2.5 (left) and maximum hourly concentrations of ozone (right)
 in the Beijing area for July 2001. Top frames show simulations for emissions from all sources; center frames show contributions from
 sources outside Beijing (Beijing emissions removed); bottom frames show the differences between top and center frames, which may be
 considered to approximately represent the contributions from Beijing sources alone (see text).
 D.G. Streets et al. / Atmospheric Environment 41 (2007) 480–492486
 The ozone simulations show that maximumhourly ozone concentrations exceeded the ChinaGrade II standard of �100 ppb for one episode atthe Olympic Stadium (July 6, 117 ppb) and camevery close to 100 ppb on two other occasions (July15 and 20). The influence of regional sources is morepronounced than for PM2.5 and more complex.Simulations show considerable day-to-day fluctua-tion of maximum hourly ozone concentrationswithin a range of �20–120 ppb. Simulations withBeijing man-made emissions removed show morestable values of �50–80 ppb, reflecting the large-
 scale buildup of ozone in eastern China during thesummertime (Mauzerall et al., 2000; Luo et al.,2000). When ozone concentrations are high (i.e.,July 6, 10, 11, 15, 20, and 25), the contribution ofregional sources is in the range of 30–70% at theOlympic Stadium site, depending on the assumedvalue of the global background ozone concentra-tion. Fig. 6 shows the sensitivity of the regionalcontributions on those six days to global back-ground concentrations in the range of 25–45 ppb.We choose 40 ppb as the most likely value, based onUS EPA’s modeling guidance and analysis by Tie et
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 Fig. 5. CMAQ model simulations of daily average PM2.5 concentrations and maximum hourly ozone concentrations at the Olympic
 Stadium site in Beijing for July 2001.
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 al. (2006) of ozone concentrations in eastern China;assuming 40 ppb, the regional contribution is35–60%. Note that the regional contribution isnot correlated with the magnitude of the ozoneconcentration.
 For a number of days (notably July 3, 9, 21, 24,and 27), the model simulates higher ozone concen-trations when man-made Beijing emissions areremoved. This phenomenon is often observed inurban environments, when intense NOx emissionsfrom local sources titrate, or consume, ozone undercertain meteorological conditions, and reflects the
 non-linear nature of model response to emissionchanges. In such situations, instead of loweringozone concentrations, reduction of NOx emissionscan lead to higher ozone concentrations, sometimesreferred to as a NOx ‘‘disbenefit.’’
 In order to give guidance to China’s national andlocal policymakers, we ran four additional casesdesigned to elicit information on which surroundingareas influence Beijing’s air quality the most in atypical summer month. These runs integrate theemission characteristics of the neighboring sourceregions (e.g., Taiyuan has many poorly controlled
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 high-sulfur coal-burning factories, whereas Shijiaz-huang is a center of the chemicals industry with highVOC emissions) with important meteorological andtopographical factors (e.g., Beijing is framed by hills
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 Fig. 6. Sensitivity of the regional source contribution to ozone
 concentrations at the Olympic Stadium site, as a function of the
 assumed level of background ozone concentration.
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 to the north and west, as shown in Fig. 1). We ranthe four cases by eliminating all man-made emis-sions, one region at a time, from Hebei Province,Tianjin Municipality, Shandong Province, andShanxi Province. Table 2 shows that PM2.5 emis-sions from Hebei and Shandong Provinces are 7–10times larger than Beijing’s, while PM emissions inShanxi Province are about double Beijing’s andTianjin has about the same emissions. On an arealbasis (Mg 10�3 ha�1mo�1), however, PM2.5 emis-sions are comparable: Beijing 1.38, Tianjin 2.21,Hebei 0.88, Shandong 1.45, and Shanxi 0.32. Withregard to ozone precursor emissions, the surround-ing provinces are less dominant. Emissions of NOx
 and VOC relative to Beijing emissions are 2–4 timesfor Hebei Province and Shandong Province, 1–3times for Shanxi Province, and about the same forTianjin.
 Fig. 7 shows two examples of the spatial variationof model-simulated percentage contributions ofemissions in Tianjin and Hebei Province to monthlyaverage PM2.5 and peak ozone concentrations inBeijing. Note that these runs were performed at 12-km resolution throughout the east China domain.For PM2.5, it can be seen that Hebei Provincecontributes 30% or more throughout the BeijingMunicipality, whereas Tianjin’s contribution
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 averages 10–20%, mostly to the eastern part of theBeijing Municipality. For ozone, the contributionsare lower, with Hebei Province contributing onaverage 10–20% to ozone concentrations in theeastern part of Beijing and Tianjin’s contributionbeing less than 10% for most of Beijing.
 Fig. 8 shows the contributions of each of the fourprovinces to Beijing PM2.5 and ozone concentra-tions for each day of the month of July. Eachprovince’s contribution varies dramatically fromday to day, depending on wind direction and othermeteorological factors. Modeled wind arrows inFig. 8 show the wind strength and direction every
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 Province (highest contribution 63%, average 11%)and Tianjin Municipality (highest contribution42%, average 13%) also exert a significant influ-ence. Shanxi Province, due to meteorological andtopographical factors, shows less effect (maximumcontribution 21%, average 3.5%). The influences onozone concentrations are less pronounced, withmaximum contributions of 28% for Hebei Province,27% for Tianjin Municipality, 24% for ShandongProvince, and 10% for Shanxi Province (but not atthe same time). Because of the wide day-to-dayfluctuations in the contributions to ozone concen-trations, we do not present average values for ozone.
 Limited modeling studies by Chinese researchersof ozone formation in the Beijing area have reachedsimilar conclusions (Wang and Li, 2002, 2003).Wang and Li (2002) used the CAMx model to studythe contributions of anthropogenic hydrocarbons toozone formation in urban and suburban Beijing.They found that prevailing winds in summer day-time are from the south and southeast and thatthere is a definite regional contribution to both peakand average ozone concentrations in Beijing. Wangand Li (2003) found that emissions in Tianjincontributed 10–33% of the ozone in Beijing, whileemissions in Hebei Province contributed 6–13%.Shandong and Shanxi Provinces had littlecontribution during the 2-day period of theirsimulations. Tang (2004) confirmed these resultsfor a single day of Wang and Li’s simulation(2003), reporting that emissions in Tianjin contrib-uted 33% to ozone formation in downtown Beijing,while emissions in the southern part of HebeiProvince contributed 11%. The weight of evidencefrom all model simulations is that the regionalcontribution to Beijing’s air quality is almostalways significant in the summertime and sometimesvery large.
 Cities like Beijing are trying hard to improveenvironmental controls and reduce emissions in theface of rapid economic development. By thebeginning of the 21st century, Beijing had imple-mented a number of measures to improve airquality: increasing access to natural gas, electricity,and geothermal energy; converting all coal-burningstoves and residential boilers to cleaner energy; andenforcing more stringent emission standards forvehicles (BOCOG, 2004). This resulted in a declinein measured SO2 and TSP concentrations—thoughvalues still exceeded Grade II standards, and NOx
 levels were generally on the rise (Hao and Wang,2005). Now China has announced further major
 renovation and restructuring programs in Beijingaimed at meeting the national standards by 2008,including reducing coal consumption, installingemission control equipment, increasing natural gasuse, tightening vehicle emission standards, andintroducing airborne PM and evaporative VOCcontrols. The specific objectives for the OlympicGames period are (a) that concentrations of SO2,NO2, and O3 should meet WHO guidelines; and (b)that particle concentrations should be comparableto levels in major cities in the developed countries(BOCOG, 2004).
 5. Conclusions
 There is no doubt that the measures planned tolimit air pollution in Beijing will greatly improveBeijing’s air quality for the period of the 2008Olympic Games. But will they be sufficient toachieve the stated objectives? This study shows that,even in the limit that Beijing generates no man-made emissions, levels of fine PM and ozone couldstill be high and could exceed healthful levels underunfavorable meteorological conditions. Because thelimit of zero emissions cannot be achieved inpractice, and because China is presently undergoingtremendous economic growth, the threat of higherregional emissions and higher concentrations of finePM and ozone by 2008 is very real.
 Air quality in Beijing in the summertime isdictated by meteorology and topography. Typically,temperatures are high, humidity is high, windspeeds are low, and the surrounding hills restrictventing of pollution. Thus, regional pollutantslike PM2.5 and ozone build up over several days—usually until dispersed by wind or removed by rain.Our modeling suggests that emission sources farfrom Beijing exert a significant influence on Beijing’sair quality. We recommend new measurement andmodeling studies to further investigate the nature ofregional air quality in China, as well as theconsideration of additional emission control measuresfor Beijing’s neighboring provinces in plans forhealthful air during the 2008 Olympic Games.
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