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Abstract. A series of long-term and temporary measure- spectively. The significant reductions of particle number and
ments were conducted to study the improvement of air qualvolume concentrations may attribute to actions taken, focus-
ity in Beijing during the Olympic Games period (8—24 Au- ing on primary emissions, especially related to the traffic and
gust 2008). To evaluate actions taken to improve the air qualeombustion sources.
ity, comparisons of particle number and volume size dis-
tributions of August 2008 and 2004—2007 were performed.
The total particle number and volume concentrations were
14000 cnr2 and 37 pmrem—2 in August of 2008, respec-
tively. These were reductions of 41% and 35% comparedl Introduction
with mean values of August 2004-2007. A cluster analy-
sis on air mass history and source apportionment were perfhe effects of aerosol particles on ecology, climate, and
formed, exploring reasons for the reduction of particle con-health-related issues are the central topics in current environ-
centrations. Back trajectories were classified into five ma-mental research. Particle mass concentration attracts more at-
jor clusters. Air masses from the south direction are alwaydgention due to its negative impact on the air quality and ur-
associated with pollution events during the summertime inban visibility (Molina and Molina, 2004). Recent evidences
Beijing. In August 2008, the frequency of air mass arriv- indicated that the number concentration of ultrafine parti-
ing from the south was 1.3 times higher compared to thecles should get equal or even more attention than the par-
average of the previous years, which however did not redicle mass concentration in terms of health effects (Ober-
sult in elevated particle volume concentrations in Beijing. dorster et al., 2005). Moreover, not only the particle num-
Therefore, the reduced particle number and volume concenber concentration is important but also the particle number
trations during the 2008 Beijing Olympic Games cannot besize distribution (Kumar et al., 2010). However, air quality
only explained by meteorological conditions. Four factors standards (such as B and PMg) are developed to con-
were found influencing particle concentrations using a posi-trol the particle mass concentration. The mass of ultrafine
tive matrix factorization (PMF) model. They were identified particles p <100 nm), which dominates the particle num-
as local and remote traffic emissions, combustion sources dger concentration, is negligible. The current air quality stan-
well as secondary transformation. The reductions of the fourdards may thus be insufficient to draw a whole picture on
sources were calculated to 47 %, 44 %, 43% and 30 %, rethe aerosol impacts, especially to ecology and health effects.
Measurements of particle number distributions are one piece
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of the entire mosaic to understand better all kind of impactsemission controls, meteorological conditions such as wind
of atmospheric aerosol particles. direction and precipitation were also important in producing
Measurements of particle number size distributions havdow aerosol concentrations appearing (Gao et al., 2011).
been conducted in diverse environments since the 1990s However, these studies only concern the variations of pol-
(Kulmala et al., 2004; Holmes, 2007). However, long-term lutants (such as pollutant gases and particle mass concen-
measurements were mainly performed in Europe and Northration) before and during the Olympic Games. The control
America (Asmi et al., 2011; Kulmala et al., 2004). Although measures focused on the traffic emission were the most im-
a few intensive campaigns had been conducted in the heavilportant ones taken in August 2008. Previous studies reported
polluted environments such as Mexico (Dunn et al., 2004),that the contributions of vehicle source to particle mass con-
New Delhi (Mdnkkdnen et al., 2005), and the Pearl River centration (PMp) varied in a wind range, accounting for
delta region (Liu et al., 2008; Yue et al., 2010a; Wang et al.,more than 30 % in the megacities and less than 5% at some
2013b), long-term measurements of particle number size disrural sites (Viana et al., 2008). At an urban site in Beijing, the
tributions in developing countries have only been carried outcontribution of traffic source to Py was only 6 % (Song et
in urban Beijing since 2004 (Wehner et al., 2004) and in theal., 2006). However, the source related to traffic emissions
North China Plain since 2008 (Shen et al., 2011). Previoushad a significant contribution to total particle number con-
results showed that Aitken mode particles account for aboutentration, which accounted for about 40 % in northern Swe-
half of the total particle number concentrations, indicating den (Krecl et al., 2008) and Pittsburgh (Zhou et al., 2004),
the strong influences of traffic emissions in urban areas (Wwand even up to 78 % in Erfurt (Yue et al., 2008). Hence, in
et al., 2008). Meanwhile, particle number concentrations esthis study, we aim to evaluate the traffic control measures
pecially in the accumulation mode range were 4 times higheduring the Olympic Games in view of particle number con-
than those in the cities of developed countries, suggestingentration, which has not been done before.
more serious air pollution in urban Beijing (Wu et al., 2008;  This investigation was based on the long-term measure-
Wehner et al., 2008). ments of particle number size distributions during five con-
With the rapid urbanization and motorization, Beijing is secutive Augusts from 2004 to 2008. Relationships between
one of the biggest megacities in the world with a popula-particle number size distributions and air mass origin or
tion of more than 15 million people and over 3.5 million source apportionment were explored in order to answer the
vehicles in 2008 Http://www.stats.gov.ch/ The air quality  following questions: (1) how can one evaluate the air qual-
problem is characterized by high concentrations of fine parity during the 2008 Olympic Games based on the particle
ticles and ozone in Beijing (Shao et al., 2006; Streets et al.number size distributions and (2) which actions were most
2007). As the host city of 29th Olympic Games, “Green responsible for the reductions of particle number and volume
Olympics” was proposed as one of the three themes. A seeoncentrations?
ries of control measures had been conducted by the govern-
ment gradually. The air quality in August 2008 had been the
best for any summer period over the last few years (UNEP,2
2009). This achievement has been attributed to painstakin
efforts in industrial restructuring and application of environ-

mental protection technologies since 1998 as well as tem sampling site was located on the sixth floor of an
porary measures taken during Olympic Game periods, eszcademic building (about 20m above the ground level)
pecially revolved around vehicles (Zhou et al., 2010; Hao,, the campus of the Peking University (PKU; 39.99

et al.,, 2006). Many estimation results focusing on the airy1¢ 3¢ E), in the northwestern urban area of Beijing, outside
quality during the 2008 Olymplc.: Games period have bee_nthe 4th Ring Road. The PKU site is assumed as representative
reported (M. Wang et al., 2009; W. T. Wang et al., 2009; 4t 4 typical urban site of Beijing. For detailed descriptions of

X. Wang et al., 2009, Y. Wang et al., 2009, Wang et al,, e measurement site we refer the reader to Wu et al. (2007).
2010; Zhou et al., 2010; Wang and Xie, 2009). On average,

PM, 5 and PMg concentrations were 31 % and 35 % lower, 2.2 |nstrumentation

respectively, during the Olympic period compared to the non-

Olympic period (W. T. Wang et al., 2009). The model results Number size distributions of atmospheric particles have been
showed that the average reductions of BMCO, and NQ measured by a TDMPS (twin differential mobility particle
were 28 %, 19.3%, and 12.3 %, respectively, in the case osizer) system with 10 min time resolution at PKU site since
a 32.3 % reduction of the traffic flow (Wang and Xie, 2009). March 2004. The measured size range is 3—800 nm (mobility
A mobile laboratory study revealed that the on-road air pol-diameter) from 2004 to 2006 and 3—900 nm in 2007—-2008.
lutant concentrations decreased by 54 % for CO, 41 % forThe system is composed of two parallel Hauke-type differ-
NOx and 12 % for black carbon during the Olympics com- ential mobility analyzers (DMAS) that classify particles in
pared to the pre-control time period (M. Wang et al., 2009).the size ranges 3—80 nm and larger than 40 nm, counting us-
In addition, previous research also suggested that besides tlieg condensation particle counter (CPC, TSI Inc., St. Paul,

Experimental

91 Sampling site
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MN, USA) models 3025 and 3010, respectively. The rela-was applied to group in total 620 backward trajectories (five
tive humidity within the systems was kept below 40 % by years of August measurements) into different transport pat-
adding a silica-gel dryer in the inlet line and in the sheathterns according to their similarity in spatial distribution using
air cycle to avoid condensation of water in the inlet sys-the HYSPLIT4 software.

tems during humid days, especially in summertime. The par-

ticle number size distributions were corrected for particle2.3.2 Source apportionment

losses inside of the TDMPS and in the sampling, following

the method of “equivalent length” as described in Wieden- Positive matrix factorization (PMF) is a powerful multivari-
sohler et al. (2012). Particle volume concentrations were cal@te factor analysis tool to decompose the observed data into
culated from the measured number size distributions, assundWo matrices: factor contributions and factor profiles (Paatero
ing spherical particles. Considering that the 2008 summe@nd Tapper, 1994). In this study, the source apportionment is
Olympic Games were held from 8 to 24 August in 2008, we achieved using the EPA PMF 3.0 version (EPA, 2008). The
chose only data of measurements taken in August from 2004asic source—receptor model in matrix form can be simply

to 2008 in this investigation. presented as

To evaluate the air quality during the Olympic Games, »
an intensive campaign called CAREBeijing 2008 was per-y.. — ZGika' 1 E;. 1)
formed from beginning of July to the end of September.” "~ & o

The PM, particle mass concentration and chemical compo-
nents (sulfate, nitrate, ammonium, chloride and organic matHere a data matriX;; is observed particle number size dis-
ter) measurements were carried out using an Aerodyne hightributions composed af by j dimensions, in whichi num-
resolution time-of-flight aerosol mass spectrometer (HR-ber of samples and the size bins were measured;; is
ToFAMS) (Huang et al., 2010). The detection limits of sul- the number concentration of particles from th¢h source
fate, nitrate, ammonium, chloride, and organics were calcu-associated with the-th sample, and?; is the size distribu-
lated to be 0.008, 0.004, 0.026, 0.004, and 0.033 1) me- tion profile associated with-th source.E;; is the residual
spectively. Meanwhile, four organic components including for each sample.
a hydrocarbon-like (HOA), a cooking-related (COA), and To evaluate the reductions of diverse sources, we assumed
two oxygenated (OOA-1 and OOA-2) organic aerosols werethat the source profile was consistent in August from 2004 to
identified. All the data were averaged to 10 min in order to 2008. It appears that some of the sampling days had nucle-
keep consistent with the particle number size distribution. Aation and subsequent growth occurring. The mean frequency
detailed instrumentation description of HR-ToFAMS can be of new particle formation event was 10% in August from
found in Huang et al. (2010). BC concentrations were mea-2004 to 2008. The basic assumption of the receptor model is
sured using a multi-angle absorption photometer (MAAP,that the ambient data are the sum of constant particle num-
Thermo Model 5012). ber size distribution profiles from the contributing sources
Meteorological conditions including air temperatu@®,(  (Zhou et al., 2004). Considering that nucleation is a strong
relative humidity (RH), wind speed (WS) and precipitation source of newly formed particles, the days with intense nu-
were measured at a meteorological station at 200 m distanceleation events in the data set were thus excluded for this

from the sampling site. study. These days were classified as the criteria described in
Wau et al. (2007), with the particle number concentrations ex-
2.3 Methods ceeding 16cm~2 in the 3-10nm range for 2.5h. Overall,
the whole data set includes 16 170 individual particle num-
2.3.1 Back trajectory analysis ber size distributions with 30 size intervals.

Measurement uncertainty is one input parameter for the
To investigate the influence of the air mass history and to obPMF analysis. In this study, an equation-based method was
tain a better understanding of regional atmospheric aerosdiaken to calculate the measurement uncertainty. Two param-
properties, the back trajectory analysis was performed usingters including the method detection limit (MDL) and error
the HYbrid Single Particle Lagrangian Integrated Trajectory fraction are involved in the equation-based method (EPA,
(HYSPLIT4) model developed by NOAA/ARL to follow the 2008). The detection limit of the TDMPS was calculated by
history of air masses arriving at measurement site (Draxlemparticle number concentration divided by raw counts of CPC
and Rolph, 2012; Rolph, 2012). The meteorological inputfor each size bins. The mean result is shown in Fig. 1. Error
data used in the model were obtained from the NOAA ARL sources for the measurements of particle number size distri-
archives [ttp://ready.arl.noaa.gov/archives.phm this in- bution include the aerosol flow rate, the DMA, CPC counting
vestigation, 48 h back trajectories were chosen, and four traefficiency and the correction for diffusion losses as described
jectories per day (00:00, 06:00, 12:00, and 18:00) were calcuabove. Considering these error sources, the error fraction was
lated. The trajectories terminated at a height of 500 m aboveestimated as 15 (the percent uncertainty multiplied by 100)
ground level. In addition, a hierarchical clustering algorithm for particles smaller than 25nm and 10 for particles larger
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Table 1. Detailed information of different traffic control stages.

Title Time Periods Major control measures
Before control (BC)  Pre-1 July Control 50 % of governmental cars since 23 June
Traffic Control-I 1-19 July Control total 300 000 heavy-polluting vehicles

(TC-)

Traffic Control-I
(TC-1)

Before Olympics

The even- and odd-numbered license plate rule was

(20 July—7 August); between enforced (control 45 % of total vehicles)

Olympics and Paralympics
(24 August—6 September)

Stricter control on vehicles entering in Beijing

Traffic Control-IlI
(TC-1N)

During the Olympics
(8—23 August)

and Paralympics
(7-19 September)

Control extra 20 % of governmental cars
Stop outdoor construction activities
Increase bus number and frequency

Post-control

After 20 September

The even- and odd-numbered license plate rule was

(PC) instead by limitation system for the ending number
(control 20 % of private cars)
i i T value (Paatero et al., 2002). The PMF was run several times
for the Fpeakvalues between-2 and 2 in steps of 0.2. The
_ 1ooog E value is an assessment of how well the model fits the input
'?E o ] data and is calculated using the following equation:
= %
g o A
o— o) n m Xl/ - Z leFk./
= 10 o | _ k=1
£ . o=y | —2 @
b o i=1j=1 t
2 o
a %04 o
e og 0000 with U as the uncertainty. Th@ value versusFpeak plot
10F 90000° shows a typical “U” shape with the loweg value corre-
Lt e . st ] sponding toFpeak Of 0, which is selected in this study. The
10 100 1000 theoretical 0 (Qexp) is estimated by using the following
Dp [nm] equationnm — p(n +m), wheren is the bins number of the

Fig. 1. TDMPS detection limit versus particle diameter.

profile of the particle number size distribution,the number
of samples in the data set, apdhe number of factors fitted
by the model. If the assumption that the source profile and the

than 25 nm. If the number concentration is less than or equafstimation of the errors in the input data are accurate, solu-
to the MDL provided, the uncertainty (Unc) is calculated by fions with numbers of factors that giv8/ Qexpnear 1 should

the following equation:

Unc= g x MDL.

If the particle number concentration is greater than the MDL

()

provided, the uncertainty is calculated:

Unc= \/ (error fractionx concentratiop? + MDL 2. 3)

be obtained (Ulbrich et al., 2009). The value @f Qexp is
0.96 when the factor number is chosen as 4 in this study.
3 Results and discussion

3.1 General overview

Several temporary measures were taken to improve the air
quality in August 2008 (see Table 1). Starting 1 July, a total

Different numbers of factors ankheakvalues have been ex- of 30000 diesel and heavy-polluting vehicles were not al-
plored to obtain the most meaningful resuleax is a pa-
rameter to control the rotation in PMF model by changing meeting emission standards equivalent to Euro 2 were al-
(adding or subtracting) the rows and columnsrofand G
matrices from each other depending on the sign offihgk

Atmos. Chem. Phys., 13, 10159017Q 2013

lowed to drive in Beijing. Meanwhile, only those vehicles

lowed to enter Beijing. From 20 July, the even- and odd-
numbered license plate rule was enforced, which might
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Table 2. Statistics of meteorological parameters in August from S A AL B
2004 to 2008. — BC
1sx10'p — TG -
—TC-II
Year T RH WS Total precipitation (mm)/
©) (%) (ms™1 number of rainy days —
2004 255+36 60+21 13+08 56/6 § Lox1o* k J
2005 279+36 68+17 12+08 92/6 o
2006 276+37 71+18 12+10 98/5 %
2007 282+44 59+18 10+1.2 116/5 =
2008 275+40 69+17 09+0.9 150/5 4 ,
= 5.0x10" | b
have controlled 45 % of total vehicles. Moreover, an extra (Y =P RN R
20% of governmental cars were not allowed to drive dur- 10 pp [nlr(:f] 1000

ing the Olympics and Paralympics (8-23 August and 7-19
September). Meanwhile, outdoor construction activities wererig. 2. Mean particle number size distributions in different control
stopped, and some gas stations were closed. stages corresponding to Table 1.

Figure 2 illustrates the mean particle number size distri-
butions during the different control stages corresponding tc . y . .
Table 1. Itis obvious that since the diesel and heavy-duty ve:  2sxe*} (8) ——2004-2007——2008 ol ®
hicles were prohibited from driving in Beijing, the particle )
number concentrations, especially in the size range of 70-— 20x10°F
110 nm, showed a significant decrease, implying the traffic £
control measures were effective. Total particle number ancg:
volume concentrations were 13 700cfrand 40 um3cm—3
during the Olympics and Paralympics (TC-Ill stage), re-
spectively, which were 16 % and 41% lower than those  soxo'}
(16300 cnr2® and 68 pm3cm~—3) before control periods. It
is surprising that we found, during the most strict measures AT 100 1000 100 1000
taken in the period TC-IIl, that the number concentration Dp [nm| Dp [nm]

of ultrafine _pamdes was even higher than that in the TC'Fig. 3. Mean particleg(a) number andb) volume size distributions
I stage_. Th's phenomenon might have been _due to th? _IOTn August from 2004 to 2007 (black line) and 2008 (red line). The
cal emissions at the campus. The table tennis competitioRypper and lower boundaries of shaded areas indicate the 75th and
gymnasium for the 2008 Beijing Olympics was located aboutsth percentiles.
200 m away from the sampling site at Peking University. The
traffic was busy on the days with table tennis matches during
the TC-III stage around the gymnasium, which might havequency was almost the same in August of these five years,
produced more ultrafine particles. indicating heavier rainfall events in August 2008. Precipi-
The influence of the local meteorology on the air qual- tation is an important way to remove atmospheric aerosol
ity cannot be ignored. The meteorological condition can beparticles. Previous studies (Gao et al., 2011; J. P. Zhang et
characterized by high temperatures, high humidity, and lowal., 2012) indicated the important roles of atmospheric circu-
wind speed in Beijing in August, while the relatively stable lation and precipitation on the air quality during the 2008
weather conditions and less rainfall, which favor the accu-Beijing Olympic Games. Hence, to avoid the influence of
mulation of particulate matter, were observed in autumn (Wuthe precipitation, the particle number size distributions dur-
et al., 2008). Hence, to avoid the impact of varied meteoro-ing rainfall events were also excluded from the data set for
logical conditions in different seasons, we have to only relyfurther analysis.
on the data set in August. Figure 3 displays the variations of humber and volume
The statistics of various meteorological parameters in Au-size distributions of aerosol particles as a mean for August
gust from 2004 to 2008 are listed in Table 2. The high- periods 2004-2007 and 2008. The shapes of mean parti-
est mean temperature (283 and relative humidity (71%) cle number and volume size distributions were shown as
were observed in 2007 and 2006, respectively. The averagthe unimodal distribution, with the peaks around 50 nm and
wind speeds (WS) were around 1msand the dominate 450 nm, respectively. The total particle number concentra-
wind was from north and northwest in five summers. Thetions were dominated by the ultrafine particles, which ac-
lowest total precipitation amount was 56 mm in 2004 andcount for more than 70 %. The lowest total particle number
highest with 150 mm in 2008. However, the precipitation fre- and volume concentrations were observed in August 2008,

4
>
T

1.5x10'F

1.0x10'f

dN/dlo;

dV/dlogDp [um’*/em’]
7]
—]

www.atmos-chem-phys.net/13/10159/2013/ Atmos. Chem. Phys., 13, 10189-7Q 2013



10164 Z. B. Wang et al.: The air quality during the 2008 Olympic Games

100°E 105°E 110°E 115°E 120°E 125°E 50

son] (@ 550 N (®)
3 2008
nye \ 8
50° N S°N = \
Cluster 1 NW (12%) S
Cluster 5 NE (17%) 2 30 T
&
o \ L4se N E
g 2004-2007
g | 4
\ 5 5 20 \
40N \\/ L40e N l
Cluster 3 S (zn%)\ - |
35° N ster 9 > k350 N
0 L n n n
30° N L300 N NW SW S E NE

100°E 105°E 110°E 115°E 120°E 125°F Cluster direction

Fig. 4. Mean back trajectories for five trajectory clusters arriving at the PKU site in August 2004—2008 (left panel) and the mean frequencies
of five trajectory clusters from 2004 to 2007 and 2008 (right panel). The directions of five trajectory clusters are northwest (NW, red),
southwest (SW, green), south (S, blue), east (E, cyan) and northeast (NE, pink), respectively.

with mean values of 14 000 crd and 37 um3cm 3, respec-  Therefore, like the Aitken mode particles, traffic emissions
tively. To obtain a more logical view on the reduction values are also a major source of nucleation mode particles at the
of 2008, the comparisons between the average value of 2004RPKU site (Wu et al., 2007). Several temporal measures, as
2007 (Ave. 2004—-2007) and 2008 (Ave. 2008) were investi-we discussed before, had been taken during the summertime
gated in this study. Mode-related particle number and vol-in 2008, resulting in significant reductions both in nucleation
ume concentrations are listed in Table 3. Here, we definednd Aitken modes particles. In addition, to reduce the local
the nucleation, Aitken and accumulation modes to the parcombustion sources, companies (e.g., Beijing Steel Corpora-
ticle size ranges of 3—20 nm, 20-100 nm and 100-800 nmtion) were forced to move to neighboring provinces prior to
respectively, following the two-year statistical analysis in athe Olympic Games period (UNEP, 2009). As a result, the
previous study (Wu et al., 2008). Significant decreases ofmean volume concentration in August 2008 was only 64 %
number concentrations in diverse modes were found. Duringgompared to the average of the August 2004 to 2007 periods.
the August 2008 period, the average number concentrations
of nucleation, Aitken and accumulation mode particles werez 2 Back trajectory cluster analysis
2800 cnT3, 7400 cnm3 and 3800 cm?, respectively, corre-
sponding to 5200 crr?, 12 600 cnt and 6400 cm® during
Augusts in 2004-2007.

The nucleation mode particles are essential to the tota

aerosol number concentrations, especially during new Parguality of Beijing was determined by the source emissions

ticle formation (NPF) event days in urban Beijing (Zhang, from hoth the megacity and the surrounding provinces de-
2010; R. Zhang et al., 2012; Yue et al., 2010b; Wang et al. ;o ding on the meteorological air mass history. Hence, to

2013a). The numbers of NPF event days were 8 and 6 during, njore the impacts of the air mass history on the reduc-
2004-2007 and 2008, respectively. However, the higher NPk, of harticle number and volume concentrations in 2008,

event frequency in August 2008 did not result in the higher e v sp| T4 model was used to follow the history of air
number concentration for nucleation mode particles, whichyasses arriving in Beijing.

was reduced by 46% compared with the August periods e five-cluster analysis is the optimum solution accord-
2004-2007. This phenomenon could be ascribed to two reayg g the change in total spatial variance, with the mean
sons: firstly, the various actions taken during the Olympic pe-, 5 trajectory of each cluster presented in Fig. 4a. Each
riods reduced the emissions of gaseous precursors of newlgf the clusters represents between 75 and 250 back trajec-
formed particles such as $@nd volatile organic compounds g5 The mean back trajectories show significant differ-
(VOCs) (M. Wang et al., 2009). Hence, even though we 0b-gceq in direction and length. Three short-length trajectory

served more NPF events, the strength of nucleation eventwa§ysters 2, 3 and 4 arrived from the southern and eastern sec-
decreased, suggesting fewer small particles were observeghs \hile the other two from the north direction. The air
in 2008. Secondly, we considered the PKU site as represerg,asses from the east (39 %) and the south (20 %) direction
tative of the urban environment of Beijing. The nucleation 4 the dominate trajectories for August periods. Figure 5 ex-
mode particles are not only produced during the atmospherig;inis the median particle number size distributions for five

nucleation process, but also by the fresh traffic emissionsy aiectory clusters from 2004 to 2007 and 2008. The particle

The ground-based measurements in the summer of 2006
roved that the air pollution in Beijing is mainly a regional
Broblem (Guo et al., 2010; Takegawa et al., 2009). The air

Atmos. Chem. Phys., 13, 101590170 2013 www.atmos-chem-phys.net/13/10159/2013/
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Fig. 5. Mean particle number size distributions for five trajectory clusters, according to the classification in Fig. 3. Black line indicates the
mean values from 2004 to 2007, and the red line represents the mean values of 2008.

Table 3.Comparisons of particle number and volume concentrations between different modest{istaadard deviation).

Number concentration (CT?) Volume concentration (Ufe cm—3)
Nucleation Aitken Accumulation Total Total
Size range (nm) 3-20 20-100 100-800 3-800 3-800
Ave. 2004-2007 5004 5500 12306t 6200 640G£2800 2390610000 5H 36
Ave. 2008 2800: 4200 7400t 4400 380G+ 2000 1400Gt 7000 37430

number size distributions of different air mass types mostlyvolume concentrations calculated as the difference between
peak around 40-200 nm, whereas the maxima of particle volthe 2008 value and the mean of 2004-2007 are listed in Ta-
ume size distributions are at around 400-600 nm. The meable 4. The reductions of particle number and volume concen-
total particle number concentrations from north directionstrations varied from 24 to 46 % and 23 to 56 % for the five
(NW and NE) were 31200cn? and 21 700cm?, respec-  clusters, respectively. The highest reductions of total parti-
tively, which are higher than the air masses that came frontle number concentrations (46 %) were observed in both the
other directions (Table 4). On the contrary, more volume con-cluster 1 and the cluster 5. The reduction of total particle vol-
centrations were observed for the air masses from the southtme concentrations was more than 40 % in all clusters except
west and the south, with mean values of 803em=—2 and  cluster 3. This might be caused by the high frequency of tra-
67 unT3cm3, respectively, which are 2 times higher than jectory cluster 3 in 2008.

those from other directions. These results are consistent with

a previous study that the slow southern wind controlled by3.3 Source apportionment

high pressure systems always indicates the polluted situa-
tion for the case of Beijing (Wehner et al., 2008; Shen et The results have pointed out so far that the improved air qual-

al., 2011). The huge discrepancy of particle volume concenity in August 2008 might not have been only ascribed to the
trations in five trajectories suggested that the air mass hisihfluence of different meteorological conditions such as air
tory has a significant impact on air quality. However, the fre- Mass history. The reduction of source emissions is also a ma-
quency of air masses from the polluted southern directionjor factor that could be ignored. Therefore, we tried to iden-
(southwest and south) was 43 % in 2008, which is 1.3 timedify the sources based on particle number size distribution
higher than that (31%) in 2004—2007 (Fig. 4b). Although profiles using a PMF model and get detailed information on
the air mass condition in 2008 was not favorable to reducehe variations of source emissions.
particle concentration, still the lowest particle volume con-  The mean modeled profiles of particle number size distri-
centration had been observed (Fig. 3b). This phenomenoHUtion for each factor are presented in Figure 6a. The four
indicated that the good air quality during the 2008 Olympic factors are arranged in order of increasing peak diameter
Games could not be only ascribed to the air mass conditiongfom factor 1 to factor 4. The modeled particle number size
Furthermore, no matter from which direction the air massdistribution (dashed line) is the sum of four factors. The cor-
arrived, the lowest particle number and volume concentralelation coefficient?? between observed and modeled par-
tions were observed in 2008. This implied that the reduc-ticle number concentration in each size interval varied in

tion of the pollutants could be attributed to the abatement® Wide range, only about 0.5 in small diameter (<10nm)
measures taken in Beijing and neighboring provinces dur2nd up to 0.95 in larger size (>15nm). The weak correla-

ing this period. The reductions of total particle number andtion in small particles might be due to the high uncertainty
during the measurement. In total, the mean modeled total
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Table 4. Statistics of the particle number and volume concentrations for five trajectory clusters. The reduction is calculated by the equation:
Ave. (2004—2007)- Ave. (2008)/Ave. (2004—2007).

Total number concentration (cfA) Total volume concentration (them—3)
2004-2008 2004-2007 2008 reduction 2004-2008 2004-2007 2008 reduction
Cluster 1 31200 36 000 19500 46 % 36 37 16 56 %
Cluster 2 18000 21000 16 000 24 % 80 85 51 40%
Cluster 3 15800 19100 11900 38% 67 78 60 23%
Cluster 4 21700 23000 13400 42% 55 60 33 45%
Cluster 5 27100 30200 16500 46 % 32 32 14 55%
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£ 410’ |
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. ”,,voﬂ’% Time of day [h]
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O rctorz Fig. 7. Diurnal variations of NQ (cyan) and particle number con-
0.0

1o ) o0 | === factor3 factord centration of factor 1 (red) and factor 2 (green).
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Dp [nm| measurement

Fig. 6. (&) Number size distribution profiles of four factors. The
black dashed and solid lines present the modeled and observed p
ticle number size distributions, respectively) and(c) are the frac-
tions of four factors in particle number and volume concentrations.

Factor found in previous studies (Zhou et al., 2004, 2005; Yue
et al., 2008).

The particle number size distribution of factor 2 is domi-
nated by the ultrafine particles in the size range between 10
and 100 nm with the peak diameter around 50 nm. It provides
particle number concentration could explain 96 % of the ob-29 % of the particle number concentration but only 7 % to the
servation data, varying from 82 to 99 % at 7 nm and 120 nm,volume concentration. The diurnal variation shows the peaks
respectively. Source contributions of factors combined withhave a delay after rush hour (Fig. 7). This should also ap-
gaseous and particle chemical component information coulgly to traffic-related particles, but it is not the same as fac-
help us to identify the sources of four factors. However, tor 1, possibly aged particles from more distant areas of the
we only have the complete data set during the CAREBei-sampling site. In addition, evidence from other research had
jing2008 intensive campaign. Hence, we choose here the datshown that diesel and gasoline engine vehicles emit parti-
setin 2008 as an example to identify the major source of eacleles in this range (Harris and Maricq, 2001; Kittelson et al.,
factor. 2006). Factor 2 seems consistent with other findings (Zhou et

The number size distribution of factor 1 has a peak diam-al., 2005; Kim et al., 2004; Yue et al., 2008), and can be inter-
eter of 16 nm, as shown in Fig. 6a. Although this factor haspreted and hamed as remote traffic. Nevertheless, the differ-
only little contribution to the volume concentration (1 %), it ences between these two factors only behaved on geometric
represents however 25 % of the number concentration (semean diameter.

Fig. 6b and c). The shape of this factor profile is similar to  The peak of the number size distribution of factor 3 is at
the shape of particle number size distributions measured at 200 nm. This factor accounts for 33 % of the total number
roadside (Wehner et al., 2002; Virtanen et al., 2006; Gramot-concentration and 21 % of the total volume concentration.
nev and Ristovski, 2004), indicating its relation to car traffic. Similar diurnal variation trends are observed between num-
The strong diurnal variation shows obvious peaking duringber concentration of factor 3 and black carbon concentration
morning and evening rush hours, which is similar to the diur-(see Fig. 8a). Recent studies in China have shown that the
nal variation of NQ, suggesting that factor 1 is likely to be number size distribution of particles emitted by the combus-
particle nucleation induced by traffic emissions (Fig. 7). Thetion sources such as power station or biomass burning also
pattern of this factor in Beijing is similar to the local traffic shows the peak in the diameter around 100 nm (Yi et al.,
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ing the air quality for the last decade. This study success-
fully demonstrated that the air quality was improved signifi-

A bimodal particle number size distribution with the peaks cantly during the Olympic Games period, which was evalu-

30nm and 200 nm characterizes factor 4. The concentratiof‘?lted based on the long-term measurements of particle num-

of this factor does not change obviously with time, which be;ﬁlze dlStI’IbUtIOlnS sm(‘]e 20045 4 vol
coincides with a previous study (Kim et al., 2004). Figure 8b e mean fotal particle number and volume concentra-

depicts the high correlation between the daily pattern of fac-tions (in the size range 3-800nm) were 14 000¢émand

33 ; .
tor 4 and secondary aerosol such as SNA (sulfate, nitrate ana7|”m_ crtr: in August 2,008’ .resEeCtNelyaThe Il?weslt pa_r
ammonium) and OOA (oxygenated organic aerosol organic)t'ce number concentrations in three modes of nucleation

The sources of factor 4 seem to be rather complex, origina@_20 nm), Aitksn (20;}00 nm) ar]ldz accumulati(]zn (100~
tion from the accumulation of secondary aerosol mass grow-800 nm) were observed in August of 2008 among five years,

ing on pre-existing particles. This factor contributes to num—Wlth reductions of 46 %, 42 9% and 40 %, respectively, com-

ber (13 %) and significantly to the volume (71 %) concentra- pared with .the mean values of AL_JQUSt 2004 to 2007 pgriods.
tion. Back trajectory cluster analysis was performed to inves-

Overall, we could assume that factors 1-3 are related td!98t€ the impacts of the air mass history on the reduction
the primary emission, and factor 4 represents the seconda f particle concentrayons.. !n total five significant trajectory
aerosol mass. The box plotin Fig. 9 shows the statistics of thé&'USters have been identified. The results showed that the

source contributions of each factor. The lower source con&!l Masses from the east (39 %) and south (20 %) directions

tributions in all four factors of August 2008 were observed dominated for August periods. The air masses from the south

compared with the results between 2004 and 2007. The re(southwest and south) always indicated the polluted situa-
ductions of source contributions for the four factors Weretion with increased particle mass concentrations for the case

47 %, 44 %, 43 % and 30 %, respectively. The obvious reduc—Of Beijing. For the Olympic Games period August 2008, a

tions of factors related to traffic and combustion showed that'9ner frequency (43 %) of th_ese air masses was ot()]served
the measures taken focused on the primary emissions durin pmpared to the August periods 2004 to 2007 (31%). In

the Olympic Games periods are significant. Factor 4, which .ddmon, the lowest particle number and volume concentra-

is assumed as secondary aerosol formation, does not shoU\Pns were observed no matter from which direction the air

the corresponding rate of decline trend with the reduced pri_masses came from originally. The reductions of total par-

mary emissions, indicating long-range transport of aerosoPCle number and volume con_centratlons vqued from 24 to

precursors to be less affected by the reduction measures. 45% and 23 to 56 %, respectively, fo.r all Frajecto.ry clgsters,
with mean values of 41 and 35 %. This evidence implies that

the reductions of particle number and volume concentrations

4 Conclusions could not only be ascribed to the air mass origins during the
Olympic periods.

As the host city of the 29th Olympic Games, the munic- In this investigation, we also applied the PMF model to

ipal government of Beijing has been working on improv- explore the source apportionment of particle number size

2006; Li et al., 2007). Hence, factor 3 is mainly contributed
by other combustion source besides car traffic.
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distributions. Four factors have been identified based on their ticle formation and growth, Geophys. Res. Lett., 31, L10102,
unique size patterns and the correlations with other chemical doi:10.1029/2004g1019482004.
components. We can assume that factors 1-3 are related f&PA: Positive Matrix Factorization (PMF) 3.0 Fundamentals &
the primary emission, in which factors 1 and 2 are related to_ User Guide, Washington, DC, 2008. o
the traffic emission and factor 3 to other combustion sources®a0: Y- Liu, X., Zhao, C., and Zhang, M.: Emission controls ver-
These three factors account for 87 % of total particle num- SUS meteorological conditions in determining aerosol concentra-
ber concentration. Factor 4 could be assigned to secondary tions in Beijing during the 2008 Olympic Games, Atmos. Chem.
L . - Phys., 11, 12437-12451, db@.5194/acp-11-12437-2012011.
aerosol for.matlon, which has a great contribution to YOIumeGramotnev, G. and Ristovski, Z.: Experimental investigation of
concentration (71 %). The reductions of source contribution jira-fine particle size distribution near a busy road, Atmos. Envi-
for the four factors were 47 %, 44 %, 43 % and 30 %, respec- ron., 38, 1767-1776, ddi0.1016/j.atmosenv.2003.12.02804.
tively. These results indicated that the significant reductionsGuo, S., Hu, M., Wang, Z. B., Slanina, J., and Zhao, Y. L.: Size-
of particle concentrations might be attributed to the measures resolved aerosol water-soluble ionic compositions in the summer
taken focused on the primary emissions, especially related to of Beijing: implication of regional secondary formation, Atmos.
the traffic and combustion sources. Chem. Phys., 10, 947-959, di).5194/acp-10-947-2012010.
Overall, this study illustrated that the control strategies im-Hao, J. M., Hu, J. N., and Fu, L. X.: Controlling vehicular emissions
plemented by urban Beijing were able to affect short-term in Beuln_g during the last decade, Transport Res. A-Pol., 40, 639—
improvements in air quality. However, the evidence reveale%a?gi' go'iojr?j%;iso&s'}wl'.og%onoa%re sive distributions for
that §m|SS|ons from regional source_s could also ?ﬁeCt the air diesel and gasoline engine exhaust particulate matter, J. Aerosol
quality. Thus, even though the traffic control policy has fa-

: , , S fa- g6 32, 749-764, 2001.
vorable effects in the urban area and achieves air quality imygimes, N. S.: A review of particle formation events and growth

provement, pollution controls in the surrounding regions are iy the atmosphere in the various environments and discussion
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