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Abstract. A series of aggressive measures was launched byl  Introduction

the Chinese government to reduce pollutant emissions from

Beijing and surrounding areas during the Olympic Games.gzone is produced in the troposphere by photochemical ox-
Observations at Miyun, a rural site 100 km downwind of the jqation of carbon monoxide (CO) and volatile organic car-

Beijing urban center, show significant decreases in concenpon (VOCs), initiated by reaction with OH in the presence

trations of @, CO, NQ;, and SQ during August 2008, rel-  of NO,. In surface air, 0zone has an adverse impact on both
ative to August 2006-2007. The mean daytime mixing rationymans and vegetation (NRC, 1991). Due to its relatively
of Oz was lower by about 15 ppbv, reduced to 50 ppbv, in |ong lifetime, it can be transported over long distances from

August 2008. The relative reductions in daytime;500,  source regions, making ozone pollution an issue of global
and NG, were 61%, 25%, and 21%, respectively. Changes inconcern.

SO, and in species correlations from 2007 to 2008 indicate
that emissions of Sg CO, and NQ were reduced at least

by 60%, 32%, and 36%, respectively, during the Olympics.
Analysis of meteorological conditions and interpretation of
observations using a chemical transport model suggest th

although the day-to-day variability in ozone is driven mostly lation of over 15 million with a vehicle fleet of more than

by meteorology, the r.educt|on N emissions of 0ZONE Pre-3 million. Beijing’s air quality problems were characterized
cursors associated with the Olympic Games had a signifi-

o . . historically by high concentrations of particulate matter and
cant contribution to the observed decrease 3d0ring Au- y by hig P

gust 2008, accounting for 80% of the; @duction for the sulfur dioxide (Hao and Wang, 2005). In recent years, due

. . . to a rapid increase in vehicular emissions, ozone pollution
month as a whole and 45% during the Olympics Period (8 b b

) - ... >~ has drawn increasing attention in Beijing (Hao and Wang,
24 August). The model predicts that emission restrictions, . . . . .
such as these implemented during the Olympics can aﬁeCZOOS, Wang et al., 2006), especially in the period leading up

L . {o the Summer Olympic Games (August 200@6://www.
.03 far beyond the Beijing urban area, resulting 'n.reducnonsnytimes.com/2007/12/29/w0r|d/asia/29china.I)tn1Formu—
in boundary layer @of 2—-10 ppbv over a large region of the

. : i lating a successful strategy to addresspllution poses a
North China Plain and Northeastern China. difficult challenge as a consequence not only for Beijing but

also for other regions of the developed and developing world.
To improve air quality during the Olympics (8-24 Au-
gust 2008) and the Paralympics (9-17 September 2008),
the Chinese government implemented a series of aggressive
measures to reduce pollutant emissions in Beijing and sur-

Correspondence toY. Wang rounding areas for more than two months during the time
BY (yxw@tsinghua.edu.cn) periods of the Olympics and the Paralympics. From 1 July
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China’s rapid economic growth in recent years has resulted
in large increases in pollutant emissions (Zhang et al., 2007;
Ohara et al., 2007) with important implications for ozone
an both regional and global scales. Beijing, China’s capi-
qgl, is one of the world’s largest metropolises with a popu-
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to 20 September 2008, all vehicles that failed to meet theobservations of important atmospheric species in China.
European No. | standards for exhaust emissions (including The present study will focus on the impact of the Olympics
light-duty and heavy-duty trucks and inefficient personal ve-emission restrictions on air quality, particularly on surface
hicles) were banned from Beijing’s roads. Mandatory restric-ozone in the summertime, through analysis of surface ob-
tions were implemented from 20 July to 20 September forservations at a rural site downwind of Beijing. Without a
personal vehicles, allowing them on roads only on alternatenetwork of multiple observational sites over different parts
days depending on license plate numbers (odd-numbered vef Beijing urban area, this study employs long-term, con-
hicles on odd-numbered days and even-numbered vehiclesnuous measurements og0CO, NG,, and SQ at a subur-
on even-numbered days). As a result, traffic flows in Bei-ban/rural site (Wang et al., 2008b) located directly downwind
jing urban areas were found to have declined by 22% duringf the Beijing urban area during summer months. Species
the Olympics (Y. Wu, personal communications). In addi- correlations at the site will be used to infer “top-down” con-
tion to traffic emission controls, other area and point sourcesstraints on the magnitude of emission restrictions during
in Beijing were placed under strict control during the samethe Olympics. The nested-grid version of the GEOS-Chem
period. Power plants in Beijing were required to reduce theirglobal chemical transport model (Wang et al., 2004a; Chen et
emissions by 30% from their levels in June when they hadal., 2009) will be employed to interpret the observations and
already met the Chinese emission standard. Several heavilye evaluate the reductions in emissions during the Olympics.
polluting factories were ordered to reduce their operating ca- The emission restrictions associated with the Olympic
pacities or to completely shut down during the Games. AllGames offer an invaluable opportunity to test our under-
construction activities were placed on hold. Since it has beerstanding of the chemistry and dynamics affecting ozone and
shown that Beijing’s air quality problems also have regionalits precursors in a major Chinese urban environment. The
causes (Streets et al., 2007; L. Wang et al., 2008), emisability of chemical transport models (CTMs) to reproduce
sion controls on large industrial sources were also applied irchanges in tropospheric ozone arising in response to these
surrounding provinces (e.g. Inner Mongolia, Shanxi, Hebei,emission changes provides an important test of these mod-
Shandong) and in the city of Tianjin. Traffic restrictions simi- els.
lar to Beijing’s were instituted in Tianjin during the Olympics ~ We begin by introducing the Miyun site and the nested-
Games. grid GEOS-Chem model. The paper is organized then in two
As a result of these initiatives, one would expect to seeparts. The first is devoted to observational results. Trace
significant decreases in emissions of ozone precursors (CQas concentrations and meteorological conditions measured
NOy, and VOCs) and other key pollutants (5@nd par-  atthe Miyun site in August 2008 are compared with observa-
ticulates, for example) in Beijing. Wang et al. (2007) and tions for Augusts of the two preceding years, demonstrating
Cheng et al. (2008) demonstrated that the four-day traffic resignificant decreases in30CO, NQ,, and SQ during Au-
strictions in Beijing during the Sino-African Summitin early gust 2008. We show that the reduction in pollution levels
November 2006 resulted in significant temporary reductionsduring the Olympics, far exceeding the magnitude attributed
in concentrations of NQand particulates in the city. Com- to year-to-year changes in meteorology, reflects most a re-
pared with the Sino-African Summit, the emission reductionssponse to the emission reductions. Using species concentra-
during the Olympic Games were more aggressive, affectingions and their correlations observed at Miyun, quantitative
more than the transportation sector and lasting much longekestimates are derived for the magnitude of emission reduc-
The effect on ozone is an important research question as théons for S@, CO, and NQ during the Olympics employ-
dependence of ©production on N and VOCs is signif-  ing a “top-down” approach independent of any modeling or
icantly different between the so-called NOmited regime  bottom-up information. The latter part of the paper focuses
and the hydrocarbon-limited regimes (Sillman et al., 1990).on a model-based analysis. The extent to which the “top-
Many previous studies investigated the nonlinegrcBem-  down” estimates of emission reductions improves the perfor-
istry and challenges of combating @ollution in cities of de-  mance of the model in simulating the observations at Miyun
veloped countries (Sillman et al., 1995; Murphy et al., 2006, provides an independent evaluation of the observational anal-
2007; Harley et al., 2005; Trainer et al., 2000). Comparedysis conducted in the first part of the paper. Model sensi-
with these studies, basic scientific understanding about surtivity analysis is used to differentiate quantitatively between
face @@ and precursor emissions in Chinese cities has beemeteorology- and emission-driven changes in ozone during
minimal. For example, examining the day-of-week varia- the Olympics. The impact of the emission reductions gf O
tions of G; provides a useful methodology to improve un- ata regional scale is also predicted by the model. Concluding
derstanding of nonlinear ozone chemistry for many westerrremarks are presented in Sect. 5.
cities and downwind regions (Murphy et al., 2006, 2007).
However, no such “weekend” effect has been observed for
precursor emissions in China (Beirle et al., 2003), likely due
to different emission patterns related to social-economic fac-
tors in China. This suggests that it is essential to study in situ
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2 Observations and model Miyun Afternoon Wind Directions in August

2.1 Surface observations

N 2006
— 2007
— 2008

The Miyun site (4029 N, 116 46.48 E) is located at an ele-
vation of about 152 m in Miyun County (population of about
420 000), about 100 km northeast of the Beijing urban area.
The terrain to the south of the site falls off gradually to about
90m in a region characterized by a mix of agriculture and
small villages. Mountains rise steeply to the north. There
are no big point sources between the Beijing urban area anc
the site, nor close to the site in other directions. A map of
the Beijing-Miyun region was shown in Fig. 1 of Wang et
al. (2008b) and is not reproduced here. The station was es:
tablished through a collaboration between the Harvard Chinaysy
Project and Tsinghua University. The measurements begar
in November 2004 and include continuous observations of
O3, CO, CQ, together with basic meteorological data (tem-
perature, relative humidity, and wind speed and direction).
Additional instruments measuring NO, NCand SQ were
added in 2006, with data collection for these species initiated

in early 2007. The present study focuses on measuremenﬁg. 1. Wind roses of afternoon wind directions at Miyun in Au-

of O3, CO, NQ,, and SQ for July, August, and Septem- gyt 2006 (light blue), 2007 (blue), and 2008 (red). The radius in-
ber (JAS) 2008 when the emission restrictions were in placegicates the frequency of wind observed in each direction.

Mixing ratios of these species measured for the same period
in 2006 and 2007 are used for comparison. Measurements
in summer 2005 had many gaps due to instrumental probtraceable S@standard into sample air. The mixing ratio is
lems and are not included for comparison. Figure 1 showscomputed by subtracting the zero offset from ambient signal
afternoon wind directions recorded at the Miyun site in Au- voltage and multiplying by the instrument gain.
gust 2006—2008. The prevailing SSW-SW-S winds suggest
that the Miyun site is located directly downwind of the Bei- 2.2 Model description
jing urban area in summer. Miyun observations are represen-
tative therefore of plume conditions of Beijing urban pollu- The nested-grid GEOS-Chem model developed by Chen et
tion in summer. al. (2009) is employed in the present study. The GEOS-
The G and CO instruments and the site details are dis-Chem global 3-D model for tropospheric chemistry is driven
cussed in Wang et al. (2008b). The N@nd SQ instru- by meteorological data assimilated by the Goddard Earth Ob-
ments are outlined here. The N@nixing ratio is measured serving System (GEOS) at the NASA Global Modeling and
by the chemiluminescence method (Thermo EnvironmentaAssimilation Office (GMAO). The present study uses GEOS-
Instruments 42C-Y). Sample air is drawn first into an inlet 5 meteorology covering the period from December 2004 to
6 m above the ground and then split into two parallel chan-present. The meteorological data include 3-D fields updated
nels. The NQ channel uses a heated molybdenum converteevery 3 h for surface fluxes and mixing depths and every 6 h
to reduce all forms of N@to NO. The catalyst is preceded for other variables. The horizontal resolution isO&titude
by as short a section of Teflon tubing as practical to minimizeby 0.667 longitude, with 72 levels in the vertical extending
loss of HNG; and other surface active compounds on tubingfrom the surface to 0.01 hPa. The lowest 2km is resolved
walls before they reach the catalyst. The instrument responsto 14 layers with midpoints at altitudes of 70, 200, 330,
and catalyst efficiency are calibrated every 6 h by introduc-460, 600, 740, 875, 1015, 1157, 1301, 1447, 1594, 1770,
ing NIST traceable standard NO and n-propyl nitrate into the2000 m for a column based at sea level. For inputs to the
sample air in sequence. The S@ixing ratio is measured global GEOS-Chem model, the horizontal resolution of the
by a pulsed fluorescence method (Thermo Environmental Inmeteorological fields is degraded t® [Atitudex2.5> longi-
strument 43CTL). Sample air is drawn from the same in-tude or 4 latitudex5° longitude due to computational limita-
let as CO and @ and a mass flow controller upstream of tions. Details of the degrading process are provided by Wang
the instrument maintains constant flow in the system. Theet al. (2004a).
instrument zero is determined every 2 h by passing sample The structure of the nested-grid GEOS-Chem model in-
air into a denuder coated with sodium carbonate. A calibra-volves a window with a uniform horizontal resolution of
tion sequence is implemented every 6 h by introducing NIST0.5°x0.667 embedded in a low-resolution (45°) global
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background. The nested-grid GEOS-Chem retains thesurface @ (Ding et al., 2007; Lin et al., 2008). To minimize
generic high horizontal resolution of the GEOS-5 data overthe compounding effects of this natural seasonal variability
the nested regional domain. For the present study, thef Oz and other species, our analysis compares trace gas lev-
nested domain is set at 7B-150 E and 12 S-55 N and  els in August 2008 to the same periods in 2006 and 2007,
includes all of China, its neighboring countries, and a sig-rather than comparing August to June or other months of
nificant portion of the northwestern Pacific (Wang et al., 2008. No “weekend effect” has been observed for precursor
2004a; Wang et al., 2004b; Chen et al., 2009). The high-emissions in China (Beirle et al., 2003) and we did not find
resolution regional simulation is coupled dynamically to the a “weekend effect” on @observed at Miyun. Therefore, we
low-resolution global model through lateral boundary condi- did not distinguish weekend from weekday observations in
tions that are updated every three hours. the following discussion.
The GEOS-Chem model includes a detailed tropospheric
O3—NOy-hydrocarbon- aerosol simulation. The aerosol and3.1 Trace gas concentrations
oxidant chemistry are coupled through the formation of sul-
fate and nitrate, heterogeneous chemistry, and aerosol efigure 2 presents mean daytime mixing ratios gfEig. 2a)
fects on photolysis rates. Photolysis frequencies are comand CO (Fig. 2b) as observed at Miyun in summer (July-
puted using the Fast-J radiative transfer algorithm (Wild etAugust-September; JAS) 2006-2008. In JAS 2008, mean
al., 2000) which allows for Rayleigh scattering as well as for daytime mixing ratios of CO and £dropped significantly
Mie scattering by clouds and aerosols. Simulation of wetcompared to the same months in 2006 and 2007. The mean
and dry deposition follows the schemes developed by Beydaytime mixing ratio of CO was 350 ppbv in August 2008,
et al. (2001). Application and evaluation of the model over about 150 ppbv (or 30%) lower than for August in 2006 and
China have been described by Wang et al. (2004a, c). An2007. The mean daytime mixing ratio o;@ecreased by
thropogenic emissions of NOCO, SQ, and VOCs over the  about 15 ppbv between August 2006-2007 and August 2008,
nested East Asia domain were taken from Zhang et al. (2009§fom 65 ppbv to 50 ppbv. During the Olympics (4 August—
for the year 2006. Since our analysis focuses on the differ24 August 2008), daytime $averaged 42 ppbv. The de-
ences in model results over Beijing between 2007 and 2008¢reases in @ and CO, compared to the same months in
2007 is chosen as the base year with which to represent emig006—2007, are larger than the magnitude of interannual vari-
sions from Beijing. Anthropogenic emissions for Beijing in ations observed at Miyun.
2007 are taken from detailed inventory work carried out by ~Figure 2c presents hourly mixing ratios o Observed at
researchers at Tsinghua University. The inventory for Bei-Miyun in August 2006-2008. It is clear that;@vas lowest
jing was developed bottom-up and has a spatial resolutionn 2008 for almost every day in August except the few days at
of 4kmx4 km. It was compiled from detailed energy statis- the beginning of the month, which were attributed to unfavor-
tics for Beijing, road network databases, locations of powerable meteorological conditions (to be discussed in Sect. 4.2).
plants and large industrial facilities, population distribution, The decreases in August 2008 were most significant in the
and surveys of other key parameters related to activity ratesafternoon when photochemical production of ® most ac-
Emission factors for pollutants were obtained from a detailedtive and urban pollution plumes are transported to the site.
technology-based approach reflecting rapid renewal of comMixing ratios of CO peak in the afternoon in summer, sim-
bustion equipment and processes, combined with field meallar to Os, indicating the arrival of urban pollution plumes
surements of representative combustion types (S. X. Wang diVang et al., 2008b). The decrease in afternoon mixing ra-
al., Emission reductions and air quality improvements of airtios of O3 in August 2008 indicates reductions in chemical
quality control measures during the 2008 Olympics in Bei- production of @ in urban pollution plumes. The reduction
jing, Environ. Sci. Tech., submitted, 2009). in O3 was not only reflected in mean concentrations but also
in peak concentrations. The number of hours with 1-hr av-
erage concentrations ofs@xceeding 102 ppbv (Chinese air
3 Air quality improvement during the Olympics quality standard for ozone) decreased from an average of 25 h
in August 2006 and 2007 to only 3 h in August 2008.
As summarized in the introduction, some emission-reduction Figure 3 displays afternoon mixing ratios 03, @O, NG,
measures started later than others, although all were in placand SQ observed at Miyun in August 2006—2008 as a func-
during the time period of the Olympics (8—24 August 2008). tion of wind direction. For NQ and SQ, data are available
Therefore, in order to evaluate the aggregate effects of thenly for 2007-2008. Lower mixing ratios of all the species
emission-reduction policies, most of the analysis below will were observed for most wind directions in August 2008. The
focus on pollutant concentrations for August 2008. We largest reductions in trace gas concentrations were observed
showed in a previous study thag@eaks in June at Miyun for air masses arriving from SW, SSW and S, i.e. from the
and that mean daytimesOn August is on average 10 ppbv Beijing urban area. Table 1 compares mean afternoon mixing
lower than that in June (Wang et al., 2008). Other obser~+atios of the trace gases associated with SSW-SW-S winds
vations for Beijing have shown similar seasonal patterns inobserved at Miyun between August 2007 and 2008. For

Atmos. Chem. Phys., 9, 5233251, 2009 www.atmos-chem-phys.net/9/5237/2009/



Y. Wang et al.: Ozone air quality during the 2008 Beijing Olympics 5241
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Fig. 2. Daytime mean mixing ratios of §Xa) and CO(b) observed at Miyun for July-August-September of 2006 (blue line), 2007 (black line)

and 2008 (red line). The triangles indicate the mixing ratios averaged for the exact time period of the Olympics Games (4—24 August 2008)
and the Paralympics Games (6—17 September 2@08)lourly mixing ratio of Gy observed at Miyun for the period 1 August-17 September

of 2006 (blue line), 2007 (black line), and 2008 (red line).
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Fig. 3. Afternoon mixing ratios of @ (a), CO(b), NOy (c), and SQ (d) observed at Miyun in August as a function of wind directions. Data
for August 2006 are displayed in blue, August 2007 in black, and August 2008 in red. Observationg aht6GQ were not available in
2006.
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(a) Miyun afternoon Tair by wind directions in Aug (b) Miyun afternoon RH by wind directions in Aug
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Fig. 4. Air temperature and relative humidity observed at Miyun in August as a function of wind directions. Data for August 2006 are
displayed in blue, August 2007 in black, and August 2008 in red.

Table 1. Mean afternoon mixing ratios (ppbv) of $0CO, NG, sunny conditions. As cl_oudiness ar_1d precipitation are un-
and G; associated with SSW-SW-S winds observed at the Miyunfavorable for photochemical production of ozone at the sur-

site in August 2007 and 2008. face, RH tends to be negatively correlated with @avis
et al., 1999; Elminir, 2005). Our prior study (Wang et al.,
August 2007 August 2008  Reduction (%) 2008b) discussed the negative correlation between RH as an
indicator of cloudiness and£dn summer 2006 at the Miyun
SO 6.2 2.4 61.3 site.
CcO 468 352 24.8 . . . o
NOy 11.7 9.2 21.4 Although wind direction measured locally at the site is
03 78 58 256 not equal to the direction from which air masses originate,

grouping observations for the whole month by wind direc-
tion can still give some statistical association with the ori-
these ail’ masses, the relative I’edUCtionS in miXing ratiOS Obins of air masses. Figure 4 presents temperature and RH
SG, CO, NG, and @ from August 2007 to August 2008 gpserved at Miyun in August 2006—2008 as a function of

are 61%, 25%, 21%, and 26%, respectively. wind direction. Northeasterly winds (NNE, NE, ENE) were
. - sampled 10% of the time in August 2008, more frequently
3.2 Meteorological conditions than in either August 2006 or 2007 (2% and 4% of the time,

respectively) (Fig. 1). As shown in Fig. 3, the mean mix-

Production and transformation ofsQ@lepend critically on  ing ratio of Q; in NNE-NE-ENE air masses dropped from
meteorology and weather patterns. In this section we com50 ppbv in August 2006—2007 to 35 ppbv in August 2008,
pare the meteorological parameters measured at Miyun fowith relatively smaller or no changes for CO, N@nd SQ,
Augusts of the three years investigated in this study. As il-suggesting that the reductions in ®ay be attributed to dif-
lustrated in Fig. 1, the prevailing winds were from SSW and ferences in meteorological factors such as temperature and
SW in August 2007 and 2008 and from S and SSE in Au-relative humidity rather than in precursor emissions. For air
gust 2006. However, mixing ratios ofz@nd CO associated masses from the NNE-NE-ENE directions, the mean tem-
with S and SSE winds in August 2006 were comparable toperature was 4C lower in August 2008 as compared to Au-
those associated with SW and SSW winds (c.f. Fig. 3a andyust 20062007, while RH was higher by 15% (Fig. 4).
b), with both representing polluted air masses from urbanSince lower temperature and higher RH are normally con-
areas to the south of the site. Therefore, we conclude thagidered meteorological conditions that are not conducive to
there were no significant changes in the characteristics of aiphotochemical production of £this meteorological differ-
masses associated with the prevailing winds arriving at theance could account for reduced @vels in NNE-NE-ENE
site over Augusts of the three years. air masses sampled in August 2008 relative to those in 2006

Temperature and relative humidity (RH) are two key me- and 2007. However, winds from the NNE-NE-ENE sector
teorological parameters measured at the site. Temperaturgre infrequent at the site in August, and lowes @ixing
controls key chemical reactions. RH is an indicator of wa-ratio for this sector relates to short-term, day-to-day, vari-
ter vapor content in the air with respect to saturation lev-ability in meteorology and thus can only account for 2 ppbv
els. It is closely associated with weather patterns. RH isof the reduction in monthly meanzdor August 2008. The
typically higher on cloudy and precipitation days than on effect on other species is even smaller. Therefore, the large
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Fig. 5. Mixing ratio of afternoon mean §observed at Miyun in August as a function of temperata)eRH (b), and wind spee¢c). Data
averaged for Augusts of 2006 and 2007 are indicated in solid black line, for August 2008 in dashed black line.

decreases observed fog @nd other species in August 2008 pollution from the Beijing urban region, this in combination
(e.g. a 15 ppbv reduction ingwould have to be related to with reductions in urban pollutions during the Olympics of-
the majority of air masses from SSW-SW-S-SE directions,fers a plausible explanation for lower concentrations gf O
where significant reductions in emissions took place in theand other pollutants observed at Miyun in August 2008.

We showed in a previous study that optically thick clouds

For SSW-SW-S-SE air masses, mean temperature and RASsociated with summer monsoonal rainfall have a significant

in August 2008 were not significantly different during Au- radiative impact on @at Miyun (Wang et al., 2008b). Cloud
gusts of 2006 and 2007. For these air masses, mean temp&ptical depth (COD) retrieved from the Moderate Resolution

Beijing urban area during the Olympics.

ature was 27C in August 2008, as compared to°Zband

Imaging Spectroradiometer (MODIS) instrument aboard the

29°C in August 2006 and 2007, respectively. Average RH's/Aqua satellite (Platnick et al., 2003; MYDO@3, MODIS
in August 2006, 2007, and 2008 were 70%, 50%, and 609 level-3 monthly global product atk1° resolution) showed
respectively. The difference in the mean mixing ratios gf O Slightly lower COD for August 2008 (COD=17.7), as com-

RH. By comparison, the difference in meagp etween Au-
gust 2008 and 2007 is 15 ppbv, despite only a1°C dif-

gust 2008.

ference in mean temperature and a +10% difference in RH,

This suggests that inter-annual variations in temperature and-> SPecies correlations and
RH could not be the only explanation for the unusually low
concentrations of @and other species observed at Miyun in

August 2008.

except for the lack of high wind speed sected(m/s) in Au-

emission reductions

key factors responsible for lowerings@s observed in Au-

“top-down” estimates of

In this section, we employ an observation-based approach

to derive quantitative estimates on the magnitude of emis-
Figure 5 presents ozone observations in August 2006—jon reductions for S§ CO, and NQ during the Olympics.
2008 as a function of other meteorological variables (tem-girst, the relative reduction in emissions of £ estimated
perature, RH, and wind speed). Each of the meteorologicajrom observations. Sgphas shorter lifetime than Nand is
variables has similar ranges for Augusts of the three yearsyys |ess influenced by background concentrations. The re-

ductions in emissions of CO and NOrelative to SQ, are

gust 2008 (to be discussed below). For each of the sectors gfterred subsequently using tHE€0/ SO, anddNOy/d SO,

levels of Augusts 2006 and 2007 were always higher com-

Due to the relatively short lifetime of S(a few hours in

pared with August 2008. The differences tend to be larger at;,ymer considering both gas phase and aqueous phase re-
higher temperature and lower RH, which are typically favor- actions), background S@oncentrations at Miyun are lower
able meteorological conditions for ozone pollution. This SUg-than concentrations of CO and NQAs illustrated in Fig. 3,
gests that meteorology cannot be the only factor contributingg, the relatively clean air masses from the northeast sam-
pled at Miyun, mean mixing ratios of SONOy, and CO are
Mean daytime wind speed was 1.3m/s in August 2008,about 0.5 ppbv, 5 ppbv, and 200 ppbv, respectively. Given the
slightly lower than that of 1.7 m/s in August 2006 and 2007. negligible background level for SOthe difference in mixing
For SSW-SW-S-SE winds, mean speed in the afternoorratio from the urban pollution plumes between August 2007
was 1.6 m/s in August 2008 as compared to 2.3 m/s in Au-and 2008 can be assumed to be caused by changes in emis-
If slower southwesterly winds could be inter- sions and variations in the chemical lifetime of 50Q0ne
preted as indicating slower and less efficient transport ofcan expect that the chemical lifetime of £@nd its transport

to the reductions in ®in August 2008.

gust 2007.
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(a) Miyun afternoon SO2 in Aug (b) Miyun afternoon SO2 in Aug (c) Miyun afternoon SO2 in Aug
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Fig. 6. Mixing ratio of SO, observed in SW-SSW-S air masses at Miyun in August as a function of tempefaturelative humidity
(b), and wind speed&). Data for August 2007 are indicated in solid black line, August 2008 in dashed black line, and the ratio between
August 2008 and 2007 ([SPr00d[SO2]2007) in red line.

time from the Beijing urban area to the site depend on metethe focus of the present study is to demonstrate the effective-
orological conditions. To separate the effects of meteorologyness of emission reductions during the Olympics on air qual-
on the lifetime of SQ, the S-SW-SSW air masses sampled atity improvement, use of the conservative emission estimates
Miyun during August 2007 and 2008 were divided into sev- would not weaken our conclusions.

eral data intervals according to their temperature, RH, and Figure 7 shows scatterplots of N®ersus CO (Fig. 7a),
wind speed. Under the constraint that each interval contairsQ, versus CO (Fig. 7b), and SQersus NQ (Fig. 7c) ob-

at least five observational data points for each month to alserved at Miyun during August 2007 and 2008. As we are
low for statistical representation, we identified 6 intervals by interested primarily in pollution from the Beijing urban area,
temperature, 6 by RH, and 4 by wind speed, as illustrated inthe figure presents only data for the SSW-SW-S air masses
Fig. 6a, b, and c, respectively. Mean mixing ratios 0f,SO sampled at Miyun. Linear regressions for the observations
were calculated for each interval as well as the ratio in SO are obtained with the reduced major axis (RMA) method that
between August 2007 and 2008 ([Hebog[SO2]2007. The  allows for uncertainty in both variables (Hirsch and Gilroy,
mean ratio averaged for all the intervals is assumed to in41984). The three species are positively correlated at Miyun,
dicate reductions in emissions, while the variance about thguggesting that they originate from co-located sources. The
mean represents random variations in the chemical lifetimeenhancement ratios between two species @EaD/dSO),

and transport time of Sat Miyun. We found that the mean derived from the slope of the regression line, provide use-
ratio in SG (weighted by the frequency of the meteorology ful constraints on their emission ratios. Since the Miyun site
classes in Fig. 6) was 40% and the variance inp $ife- is somewhat removed from fresh urban emissions, the en-
time was 10%, representing the uncertainty in our estimatehancement ratios measured at the site will be affected also by
of emission reductions. We estimated therefore that duringdifferences in lifetimes between the species. In the follow-
the Olympics period (i.e. August 2008), $@missions in  ing analysis, focusing on relative instead of absolute changes
Beijing were reduced by 60%10% uncertainty) compared in enhancement ratios between August 2007 and 2008, we
with the same month the year earlier. shall assume that the lifetime ratio between the species does

We caution that this approach does not take into accounfiot change significantly between the two periods, given that
the affect of changing oxidant levels (i.e. OHg,@nd HO,) meteorological variability influences the lifetime of all the
during the Olympics on the chemical lifetime of &@Biven ~ SPecies.
the 25% reduction in @levels during the Olympics, the life- The dCO/NOy enhancement ratio at Miyun is
time of SQ against the aqueous phase oxidation may be37.5mol/mol in August 2008, similar to the value of
reduced accordingly, resulting in less loss of;S@er the  36.5mol/mol observed in August 2007, indicating that
course of transport from the urban area to the site. The sam#he fractional reduction of emissions was similar for CO
argument holds for the gas phase oxidation of,S@n- ~ and NQ in August 2008. In contrast, théCOlSO;
sidering the affect of reducing NGand G on OH. There- and dNOy/dSO, enhancement ratios in August 2008 are
fore, our estimate of 60% reduction in S@missions de-  significantly larger than values observed in August 2007.
rived above is a conservative estimate. Our later modelingrhis suggests that the fractional reduction of,Sissions
analysis (Sect. 4.1) indicates that use of the Olympics emisin August 2008 is much greater than that for CO or NO
sions for all the species in the model results in an averagégesulting in the observed increases in the enhancement ratio
of 42% reduction in simulated S@oncentrations at Miyun, 0of CO/SQ and NG/SQ;.
less than a perfect linear response to the 60% reduction in The relative reduction in CO and N@missions can be
SO, emissions. A robust estimate of the S@mission re-  inferred using the/CO/ld SO, anddNO,/dSO; enhancement
ductions would require an inverse modeling approach. Asratios observed at Miyun. As shown in Fig. ZCOl SO,
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Fig. 7. (& NOy-CO relationship in afternoon observations at Miyun in August 2007 (gray dots) and August 2008 (black dots). Each point
refers to hourly mean mixing ratios. Correlation coefficier®$ énd slopes of the reduced major-axis regression lines are shown in inset;
(b) same as (a), but for SECO relationship(c) same as (a), but for SENOy relationship.

increased from 54.7 mol/mak3.1) in August 2007 to to meetthe European No. | standards for exhaust emissions.
93.2mol/mol &7.5) in August 2008. Given a 60% reduction However, control on power plant emissions would increase
in SO, emissions derived above, this suggests a 32%106  the CO/NQ ratio as power plants are minor sources for
uncertainty) reduction in CO emissions during the Olympics.CO. As a result,JCO/KNO, enhancement ratio observed
Similarly, dNOy/dSG; increased from 1.7 mol/moi{0.1) in at Miyun did not change significantly from August 2007 to
August 2007 to 2.7 mol/mol#0.2) in August 2008, sug- 2008, leading to comparable estimates on emission changes
gesting a 36% £14%) reduction in N@ emissions. The for CO and NQ.
relative emission reductions derived here using atmospheric Researchers at Tsinghua University conducted a detailed
measurements can be regarded as “top-down” in contrast tgottom-up study of Beijing emissions during the Olympics
the “bottom-up” method based on analyzing changes in enperiod based on roadside traffic monitoring, emission mea-
ergy consumption or emission factors. Our “top-down” esti- surements at the smoke stacks of selected power plants,
mate suggests that in August 2008, total emissions af, SO statistics on industrial output reductions and plant closures,
CO, and NQ in Beijing were reduced by 60%, 32%, and and other information on activity levels and emission fac-
36%), respectively, compared to the same month the year beors (Wang et al., submitted, 2009). Their estimated emis-
fore. sion reductions were 58%, 51%, and 55% for,SOO, and

Our results suggest that the emission control on $@s NOx. Our estimate of the reductions is consistent with the
most effective during the Olympics. Emissions of S@ig-  bottom-up estimate for S{but is lower for NQ and CO. On
inate |arge|y from Coa|-burning point sources such as powepne hand, the difference is consistent with our above anal-
plants and industrial boilers, while sources of CO andyNO Ysis that our top-down estimates are subject to low biases.
are more diversified. Transportation accounts for a large fracOn the other hand, the discrepancy may be attributed to cer-
tion of emissions for both CO and NQwhile the power sec-  tain types of emissions not included in the bottom-up study,
tor is a greater contributor to both $@nd NQ.. The flue  such as biofuel combustion in rural areas surrounding Bei-
gas desulphurization (FGD) equipment installed on powering, biological emissions of NOfrom soils, and CO pro-
plants in Beijing and mandated to operate at full capacityduced from decomposition of VOCs. These types of emis-
since June 2008 (Wang et al., submitted, 2009) can remov&ions, which are important sources for CO andxNt not
over 95% of S@ from smoke stacks, whereas N@ontrol ~ for SO, are unlikely to have been impacted by measures
technologies with the same effectiveness such as SCR (Seletaken to reduce emissions of pollutants during the Olympics.
tive Catalytic Reduction) are not widely installed because ofAllowing for their contributions in the bottom-up study, the
high cost involved. The low-NOx burner technology adopted estimated emission reductions for CO andN@uld have
in current Chinese power plants can reduce,N@issions been lower. Our “top-down” estimates are based on obser-
only by 30% at most (Zhao et al., 2009). Control mea- vational data, accounting for the composite impact of all the
sures targeted at the power sector would therefore be morg@mission sources.
effective in reducing S@relative to NQ, resulting in in- The bottom-up study estimated that VOCs emissions in
creases in the NSO, ratio. The traffic restriction during Beijing were reduced by 59% during the Olympics com-
the Olympics would decrease the CO/jNfatio because of pared with August 2007. As VOCs species were not mea-
the strict ban placed on old, inefficient vehicles that failed sured at Miyun, we adopted the bottom-up estimate in the
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(a) Miyun O3 (afternoon mean) in August 2008
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Fig. 8. Day-to-day variations in ©(a), CO (b), NOy (c), and SQ (d) at Miyun in August 2008. Observations are indicated in red, the
GEOS-Chem model results using the standard emissions in black and the model results using the Olympics emissions in blue.

model simulation discussed below. The top-down estimategl Model analysis

of SOy, CO, and NQ emissions (i.e. reduction of 60%, 32%,

and 36% relative to August 2007) and bottom-up estimatedn this section, we first evaluate the performance of the
of VOCs emissions (i.e. reduction of 59%) combined herenested-grid GEOS-Chem in simulating the changessiari

are referred to as the Olympics emissions over Beijing inother species observed at Miyun during the Olympics. The
what follows. Emission reductions for other regions during model will evaluate the top-down emissions and simulate the
the Olympics were taken from bottom-up estimates by re-impact of emission reductions on the regional atmosphere.

searchers at Peking University (S. Q. Zhang, personal com-
munications). 4.1 Model evaluation of emissions

Figure 8 presents day to day variations of afternoon mean
mixing ratios of @, CO, NQ,, and SQ at Miyun in Au-
gust 2008. Observations are indicated by the red lines. Sig-
nificant day-to-day variations were observed for all species
at Miyun, with higher pollution levels during the first five
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Table 2. Observed and modeled anomaly of afternoa(@pb) for August 2008 and its decomposition averaged for different days in August.

\ August 1-28  August1-7  August 8-24

Observed anomaly (composite) —-12.7 16 —26
Modeled Composite —-11.2 14 —22
anomaly and | Meteorology-driven -2.3 25 -12
decomposition| Emission-driven -8.9 -11 -10

days of August. Since all emission reduction measures hathe standard simulation. We conclude therefore that the use
been put in place before 1 August 2008, emissions were exef the Olympics emissions significantly improves the perfor-
pected to stay relatively constant throughout August exceptnance of the model in simulating the observations at Miyun.
on the opening day of the Olympic Games (8 August), which  Model sensitivity analysis was conducted to evaluate the
was declared a public holiday for Beijing. Emissions from relative contribution to air quality improvements in Beijing
the transportation and industry sectors were likely lower onduring the Olympics of local versus regional emission re-
that day. Observations at Miyun indicate that mixing ratios strictions. We found that 80% of the concentration decreases
of Og, CO, NQ,, and SQ were lower apparently on 8 Au- simulated at Miyun during the Olympics resulted from a re-
gust compared with the day before, although the impact isduction in emissions from Beijing, with regional emission
expected to have lasted for at most a couple days. Day-toreductions accounting for an additional 20% decrease.

day variability in mixing ratios at Miyun presumably reflects

changes due to variations in meteorological conditions ands.2 |nfluences of meteorology and emissions

chemical lifetimes of relevant chemical species.

In Fig. 8, model results computed using the standard emisSince the model has been demonstrated to reproduce well the
sions for 2007 are displayed in black while those using asvariability in meteorology and chemistry, model sensitivity
sumed Olympics emissions are displayed in blue. With theanalysis was conducted to quantify the extent to which mete-
standard 2007 emissions, the model captures well the temerological conditions were responsible for the improvement
poral variability of all four species observed at Miyun, with in ozone air quality in Beijing during the Olympics. The
correlation coefficientsrj ranging from 0.56 to 0.8. This model was spun up for three months from 1 March 2006, and
suggests that the day-to-day variations in individual speciesesults for 1 June 2006 were saved to provide the initial con-
are driven primarily by changes in meteorology and chem-ditions for subsequent simulations. The model was run from
istry, features that are accurately reproduced by the modellune to August for each of the three years (2006—2008), all
However, absolute values of model results obtained usingising the same initial conditions obtained from the spin-up
the standard emissions are significantly higher than observaor 1 June 2006 and using the standard emissions for 2007.
tional results for all the species, confirming the benefit to airThe Olympics emissions described above were then adopted
quality of the emission restrictions implemented during theto drive the model simulation for August 2008 only. Hourly
Olympics. The biases between model and observation avemodel outputs for the Augusts of the three years were used
age are +25 ppbv (+41%) for£D+70 ppbv (+21%) for CO, for analysis.

3.5ppbv (+37%) for N@, and 2.7 ppbv (+113%) for SO We define the daily @anomaly in August 2008 as the de-
Adopting the Olympics emissions in the model results in aviation of afternoon-mean £from its mean values in 2006
significant decrease in the mixing ratios 0§,aCO, NQ,, and 2007. The daily @anomaly calculated from the model

and SQ simulated for Miyun (Fig. 8), thus reducing the using the same standard emissions for August 2006—2008
model bias by more than a factor of two for all species. Af- can be thought of as representing the change indQr-

ter implementing the Olympics emission reductions, meaning the Olympics that is not related to emission restrictions,
mixing ratios simulated by the model are reduced by 15%and we refer to it as the meteorology-driven anomaly. The
(or 12 ppb) for Q, 24% (96 ppb) for CO, 36% (4.8ppb) O3 anomaly derived from model results using the Olympics
for NOy, and 42% (2.1 ppb) for S§ compared with those emissions for August 2008 is called the composite anomaly
based on the standard emissions, with no significant biaseas the model in this case takes into account both meteorol-
between model and observation for CO, N@nd SQ. The  ogy and emissions specific to August 2008. The difference
ability of the model to simulate day-to-day variations in ob- between the composite anomaly and the meteorology-driven
servations is also improved by adopting the Olympics emis-anomaly is regarded to be the emission-driven anomaly. Fig-
sions. The correlation coefficients between model and obsemre 9a compares the observed daily &homaly at Miyun
vation for Gz, NOy, and SQ increase to 0.86, 0.75, and 0.65 (solid line) with the composite anomaly simulated by the
from their corresponding values of 0.81, 0.56, and 0.54 inmodel (dashed line). The daily anomaly in both model and
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(a) Daily O, anomaly at Miyun site in 2008
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(b) Decomposition of modeled O, anomaly at Miyun site in 2008
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Fig. 9. (a) Daily O3 anomaly in August 2008 at Miyun. The observed anomaly is shown in solid lines and the modeled anomaly in dashed
lines. The daily @ anomaly is defined as the deviation of afternoon megrinCAugust 2008 from the mean values in August 2006 and
2007.(b) The meteorology-driven ©anomaly (solid line) and the emission-driven anomaly (dashed line) as simulated by the GEOS-Chem
model.

observation ranges from60 ppb to 40 ppb. Positive anoma- levels during this period were largely meteorology driven,
lies were observed to occur frequently before 8 August, aftewhen the atmosphere was stagnant with weak southwest-
which, negative anomalies prevailed. The model was founderly winds and high temperature. Although the emission-
to reproduce well the daily £anomaly observed at Miyun in  driven anomaly €11 ppb) cannot fully compensate for the
August 2008: the correlation coefficient between model andmeteorology-driven anomaly during this period, it reduces
observation is 0.83. The meary @nhomaly simulated by the the composite anomaly (+14 ppb) to 60% of the meteorol-
model is—11.2 ppb, consistent with the mean-e12.7ppb  ogy anomaly, suggesting the benefit of reducing emissions
reflected in the observational data. With the model reproduc-of Oz precursors during polluted days. During the Olympics
ing well the observed anomaly, we assume that the mode{8 August-24 August), both the meteorology-driven and
can do a satisfactory job in distinguishing the meteorology-emission-driven anomalies are negative, averagitg ppb
driven anomaly from the emission-driven anomaly, which and—10 ppb respectively. The meteorology-driven anomaly
cannot be separated in observational data. appears to account for a slightly larger fraction (55%) of the
composite anomaly than the emission-driven anomaly (45%)
Figure 9b presents the meteorology-driven anomaly (solidyyring this period. However, the difference between the two
line) and the emission-driven anomaly (dashed line) pre-anomalies is only 2 ppb, within typical error bounds of chem-
dicted by the model. The meteorology-related anomaly hagca) transport models for ©simulation. Averaged for the
significant day-to-day variations, ranging from0ppb t0  \ynole of August 2008, however, the mean emission-driven
+40 ppb. Ir) contra;t, the emission-driven anomaly is al—anomaﬂy is—8.9 ppb, accounting for 80% of the compos-
ways negative, ranging from20 ppb to—5ppb, confirm- jie anomaly and larger than the meteorology-driven anomaly
ing the benefit of emission restrictions in reducing @l- (—2.3 ppb) by a factor of 4. We conclude that although the
lution over Be_:ijing regardless of me_teorological conditions_. day-to-day variability in ozone is driven mostly by meteorol-
Compared with the meteorology-driven anomaly, the vari-oqy, the reduction in emissions of ozone precursors associ-
ability in the emission-driven anomaly is much smaller. gted with the Olympic Games is responsible for at least half

The good temporal correlation between the meteorology-of the observed decrease in Guring August 2008.
related and the composite anomaly indicates that the anomaly

on individual days is mostly driven by meteorology. Ta-
ble 2 summarizes mean anomalies for different days in Au-
gust 2008. The large positive meteorology anomaly during
the first week of August (+25ppb) indicates that high O
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(a) PBL mean O3 (standard emis) (b} O3 reductions in PBL {c) O3 reductions in FT
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Fig. 10. (a)Monthly mean afternoon §averaged over the planetary boundary layer (PBL; 0—2 km) simulated by the GEOS-Chem model
using the standard emissions for August 20(8; Reductions in PBL @ indicated by model results using the Olympics emissions as
compared with the standard emissiofty;same as (b), but for £reductions in the free troposphere (2—5 km).

4.3 Regional impact of emission reductions during this season. Within the PBL, the areas with mean
O3 reductions exceeding 4 ppbv extend northeastward from

Figure 10a shows monthly mean afternooni@eraged over ~ Beiiing to about 43N in Jilin province and southeastward
the planetary boundary layer (PBL; 0—2 km) simulated by thet® @bout 37 N in Hebei province. The reduction in the FT is
GEOS-Chem model using the standard emissions for Au_f'ibout 50% less than in the PBL. The2pp_l_)_ reduction isopleth
gust 2008. The model predicts that high ozone levels ex N the FT extends northeastward from Beijing to aboutk5
ceeding 70 ppbv are located over the North China Plaif{32 N Jilin province and southeastward to about Bl7in Hebei
40° N, 110°—120 E). Ozone mixing ratios are relatively low Province.
in south China and northeastern China. Use of the Olympics
emissions in the model decreases the simulatgan@®ing 5 Concluding Remarks
ratios over the Beijing urban area and the surrounding re-
gions. Previous studies showed that the Beijing urban areg improve air quality during the Olympics (8-24 Au-
was in a VOC-limited regime (Chou et al., 2009), while gyst 2008) and the Paralympics (9-17 September 2008), a
the surrounding suburban and rural areas werg-N@ited  series of aggressive measures was implemented by the Chi-
(Wang et al., 2006). As the spatial resolution of the modelpese government to reduce pollutant emissions in Beijing and
is not sufficient to simulate the nonlinear dependence Ofsurrounding areas, in place for more than two months during
ozone production on Nfat the urban scale, the simulated the interval of the two Games. We conclude that the emission
reduction in ozone over the Beijing urban area during therestrictions were notably successful in improving air quality
Olympics needs to be validated by urban observations. As gyer Beijing. In August 2008, significant reductions in mix-
result of the combined effects of both N@nd VOCs emis- ing ratios of @, CO, NQ,, and SQ were detected at Miyun,
sion reductions during the Olympics, the model successfully; yyral site located 100 km downwind of the Beijing urban
reproduced changes in ozone concentrations observed at th@nter, based on comparison with comparative data for Au-
Miyun site, 100 km downwind of Beijing, where the ozone gust 2006—2007. The mean daytime mixing ratio ghias
production is expected to be more linear. reduced by about 15 ppbv in August 2008 from 65 ppbv in
Figures 10b and c display the spatial distribution of the August 2006—2007, while daytimes@veraged only 45 ppbv
resulting reduction in @ averaged separately over the PBL during the time period of the Olympics (4 August-24 Au-
and over the free troposphere (2—6 km) respectively. As exgust 2008). The decrease iy @as most significant in the
pected, the largest reduction is found over Beijing, averag-afternoon when in situ photochemical production of ®
ing about 12 ppbv for August 2008. Because of the controlmost active. The reduction ingQvas reflected not only in
on regional emissions as well as the relatively long lifetime mean but also in peak concentrations.
of Os, the impact of the imposed reduction in emissions is In August 2008, the relative reductions in daytime mixing
found to extend far beyond the Beijing urban area, coveringratios of SQ, CO, and NQ observed at Miyun amounted to
a large region over the North China Plain and Northeasterr61%, 25%, and 21%, respectively as compared to the same
China. Both the magnitude and spatial extension of the simmonth a year earlier. Concentrations of the three species are
ulated reductions are larger to the northeast of Beijing than tgositively correlated at Miyun, indicating that they originate
its southeast, reflecting the direction of the prevailing windsfrom co-located sources. While there is no significant change
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