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A statisticalmodel was developed using satellite remote sensing data andmeteorological parameters to evaluate
the effectiveness of air pollution control measures during the 2008 Beijing Olympic Games. Custom satellite re-
trievals under hazy conditions were included in the modeling dataset to represent the air pollution levels more
accurately. This model explained 70% of the PM2.5 variability during the modeling period from June to October
2008. Using this tool, we estimate that the aggressive emission reduction measures alone effectively lowered
PM2.5 levels by 20–24 μg/m3 or 27–33% on average during the Games period, which is substantially greater
than those reported previously. Since parameters required to develop this model are readily available in
most cities of the world, it can be quickly applied after other major events to evaluate air pollution control
policy.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Beijing is one of the largest metropolitan areas in the world. Rapid
urban sprawl in the past 30 years has put tremendous pressure on the
local and regional environment. To improve air quality during the
2008 Summer Olympic (August 8–24) and the Paralympic Games
(September 9–17), the Chinese government implemented aggressive
air pollution control measures in Beijing and surrounding areas. From
July 1 to September 20, all on-road vehicles (including both trucks
and passenger cars) that failed to meet the European Level I emis-
sions standards were banned from Beijing's roads. Mandatory restric-
tions were implemented from July 20 to September 20 for limiting
the use of government vehicles and reducing ~50% personal vehicles
by allowing them on roads only on alternate days based on license
plate numbers (odd-numbered vehicles on odd-numbered days,
even-numbered vehicles on even-numbered days). In addition to mo-
bile sources, other area and point sources in Beijing were also tightly
controlled during this period. Power plants were required to reduce
their emissions by 30% from their levels in June even though they
had already met the Chinese emission standards. Several heavily pol-
luting factories were ordered to reduce their operating capacities or
to completely shut down. Similar control measures were also
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extended to neighboring areas including the Tianjin Metropolitan
Area, Hebei, Shanxi, Shandong provinces, and Inner Mongolia Auton-
omous Region (Wang et al., 2010a).

In addition to protective effects on the health of the athletes, lower
PM2.5 levels (airborne particles equal to or less than 2.5 micrometers
in aerodynamic diameter) during the Games has been linked to a sig-
nificant reduction of adult outpatient asthma visits in Beijing (Li et al.,
2010). Previous research has linked ozone reduction to lower child-
hood asthma cases during the 1996 Olympic Games in Atlanta (note
that PM2.5 data were not available then) (Friedman et al., 2001).
From a policy perspective, it is very important and informative to
evaluate the effectiveness of the emission control strategy during
this natural experiment to guide future control strategies. In fact,
other megacities in China such as Shanghai and Guangzhou faced
similar problems when they hosted the 2010 World Expo and the
2010 Asian Games, respectively.

Since air pollution levels are affected by emissions as well as me-
teorological conditions, comparing concentrations prior to and during
controls is not sufficient to evaluate the efficacy of the emission re-
duction strategies. To isolate the effect of emission reductions it is
necessary that statistical models control for several meteorological
parameters such as wind speed, rain, temperature and relative hu-
midity among others. Another approach is to use comprehensive
models that simulate air pollutant formation, transport and fate.
These models can be used to simulate air pollution levels before and
during a significant event. For example, Wang et al. compared
model simulated daytime mean PM2.5 levels in Beijing in August
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2008 using the emission inventories of June 2008 (i.e., prior to emis-
sion reduction) and August 2008 (i.e., during emission reduction)
(Wang et al., 2010a). Model results suggest that the mean emission-
driven reduction is 27 μg/m3, while the mean meteorology-driven re-
duction is 11 μg/m3. Thus approximately 60% of the PM2.5 reduction
during the Olympic period was due to emission control. The modeling
approach makes it possible to evaluate the effectiveness of emission
controls by measure and by region. However, PM2.5 is a complex mix-
ture of chemical species thus model performance is strongly influ-
enced by the accurate representation of photochemical reactions as
well as emission inventories. The correlation coefficient between ob-
served and simulated daily mean PM2.5 concentrations for August
2008 is 0.7, indicating ~50% unexplained variability in PM2.5 levels
by the model in Wang et al. (2010a).

An alternative approach involves the development of statistical
models using ground observations and meteorological parameters.
For example, Wang et al. developed a multiple linear regression
(MLR) model to explain the day-to-day fluctuation of PM2.5 concen-
trations with meteorological parameters such as precipitation and
source region impact factors, as well as categorical indicators of emis-
sion control periods (Wang et al., 2009a). This model yields a R2 of
0.55 with the majority of the variability in PM2.5 concentrations
explained by meteorology. Therefore, the authors concluded that
emission controls had a limited influence on lowering PM2.5 levels
during the Games (~16% reduction from pre-control period). This
modeling approach has relatively low predictability because none of
the predictors directly represents the abundance of ambient particles.
Cermak and Knutti developed a neural network model to link
satellite-retrieved aerosol optical depth (AOD, an indicator of PM2.5

loading in the atmospheric column) with wind vector, precipitation,
and relative humidity (Cermak and Knutti, 2009). The comparison be-
tween model predictions and the validation dataset yielded a correla-
tion coefficient of 0.79. Their model predicts log(AOD) levels in
August 2008 assuming no emission controls, then the predictions
were compared with satellite observations during this period. They
found a 14% reduction of the log(AOD) within the 1° grid cell cen-
tered in Beijing, which can be attributed to the emission control mea-
sures. AOD has been shown as a strong indicator of surface PM2.5

levels when it is used in conjunction with other predictors such as
meteorological parameters (Liu et al., 2005, 2007; Paciorek et al.,
2008). Without the support of ground PM2.5 measurements, the ability
of this model to provide an accurate assessment of the effectiveness of
the air pollution control strategies is questionable. This weakness be-
comes clear as we included custom AOD retrieval during hazy days
which changed AOD levels during the Games.

The objective of this study is to evaluate the effectiveness of emis-
sion control measures using a statistical approach that is based on
both ground and satellite observations. We first develop a non-
linear statistical model which uses both satellite AOD and meteoro-
logical parameters to estimate ground level daily mean PM2.5 concen-
trations in Beijing. This model captures the association between these
predictors and PM2.5 levels before, during, and after the Games. A cate-
gorical variable of emission control periods is included in the model.
Then, we evaluate model performance with cross-validation tech-
niques. Finally, we estimate the impact of emission control measures
by examining the regression coefficients associatedwith the categorical
variable.
Fig. 1. The geographic location of the study area on the Chinese national map (upper
right plot) is shown on the right as the red dot. Beijing Metropolitan Area is shown
as the red polygon, surrounded by Tianjin city and Hebei province. The three ground
monitoring sites are shown as red triangles (M — Miyun site, T — Tsinghua site, D —

Daxing site). The weather station is shown as the yellow triangle. Light blue elevation
contours at 1000 meters asl are shown near the west and north side of the city
boundary.
2. Data and methods

The data used in this analysis consist of satellite images, satellite-
retrieved aerosol optical depth, ground observations of particle mass
concentrations, and ground level meteorological parameters. These
datasets, their processing, and final integration are described briefly
below.
2.1. Ground PM2.5 measurements

To represent the urban influence and regional background, an
urban site and two rural sites were selected in this study. The sam-
pling period is from June 20 through October 24, 2008. The urban
site (labeled as “T” in Fig. 1) was located in the residential area inside
the campus of Tsinghua University (40°19′N, 116°19′E) (Wang et al.,
2010a). The northern rural site (labeled as “M” in Fig. 2) was near the
Miyun Reservoir (40°29′N, 116°47′E), 90 km northeast of the city
center (Wang et al., 2009b), and the southern rural site (labeled as
“D” in Fig. 2) was on a roof of a primary school in Daxing District
(39°67′N, 116°13′E), 50 km south of city the center. Miyun is consid-
ered a background site for Beijing, and Fig. 1 shows that it is still part
of the regional air mass affecting Beijing metropolitan area. Hourly
PM2.5 mass samples were collected at all three sites, using a Thermo-
Electron TEOM1400 (Tapered Element Oscillating Microbalance) and
a Metone BAM1020 (Beta Attenuation Monitor) at the urban and
rural sites, respectively. In addition, at the Tsinghua and Miyun
sites, filter-based daily PM2.5 mass concentrations were measured
during the same period. For each site, PM2.5 samples were collected
by quartz filters (prefired at 550 °C for 5 h to remove residual carbon)
and were used to measure the PM2.5 mass using a microbalance (Met-
tler Toledo AG285). Prior to the gravimetric analysis the filter samples
were stabilized under constant temperature (20±5 °C) and humidity
(40±5%) conditions for at least 48 h. To represent the daily levels in
the entire Beijing area, we averaged PM2.5 mass concentrations mea-
sured at all three sites.

2.2. Satellite remote sensing data

The MODIS (Moderate Resolution Imaging Spectroradiometer) in-
struments, aboard both the EOS Terra and Aqua satellites, cross the
equator on the day side at approximately 10:30 a.m. and 1:30 p.m.
local time, respectively (Remer et al., 2005). AOD is defined as the in-
tegral of aerosol extinction coefficients along the vertical atmospheric
column from the ground to top of the atmosphere. Our preliminary
analysis showed that both Terra and Aqua MODIS AOD retrievals
over Beijing metropolitan region are highly correlated with ground
truth (correlation coefficients ~0.9 with AERONET observations),



Fig. 2. Box plots of air pollution,meteorology, and satellite remote sensing parameters (PM2.5, relative humidity, temperature, daily cumulative precipitation andMODIS AOD) during the
threemodeling periods. The boundaries of the boxes indicate the 75th and 25th percentiles. The linewithin the boxmarks themedian. The error bars above and below the box indicate the
90th and 10th percentiles. Dots above and below the error bars indicate 95th and 5th percentiles.
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and show little biases. Our results are in agreement with previous
global and regional MODIS validation efforts (Levy et al., 2010; Mi
et al., 2007). Operational Terra and Aqua MODIS level 2 AOD data
(collection 5) at 10 km spatial resolution over Beijing area (approxi-
mately 16,600 km2, marked in Fig. 1 as the red polygon) was down-
loaded from the Goddard Space Flight Center MODIS Level 1 and
Atmosphere Archive and Distribution System (http://ladsweb.
nascom.nasa.gov). Two filters were applied to the MODIS data to en-
sure highest data quality. First, AOD retrievals with “good” and “very
good” QA flags were retained. It should be noted here that previous
validation efforts have suggested to use AOD values with the “very
good” QA flag only for quantitative analysis (Levy et al., 2010). Our
preliminary analysis indicated that the inclusion of AOD values with
“good” QA flag did not cause any substantial data quality deteriora-
tion. Therefore, we have included both levels of MODIS AOD data to
improve our spatial and temporal coverage. Second, it has been
reported the average mixing height in Beijing during the summer is
approximately 700 m (Wang et al., 2008). To avoid underestimation,
pixels with centroids at 1000 m or higher above sea level, which are
often outside the mixed layer, were excluded from the calculation
of daily mean AOD values. On a given day, all Terra MODIS AOD values
in the Beijing region were averaged to obtain the morning represen-
tation of the air pollution condition observed from space. Same calcu-
lation was done for Aqua MODIS AOD values to obtain the early
afternoon representation of the air pollution condition. On average,
there are 52 Aqua MODIS AOD pixels and 56 Terra MODIS AOD pixels
falling in the Beijing area each day. Note that the Terra MODIS pixels
do not necessarily match the Aqua MODIS pixels spatially. To better
match the 24-hr cumulative PM2.5 concentration measurements,
daily mean AOD was calculated as the average of daily mean Terra
and Aqua MODIS AOD.

Beijing's severe air pollution results in very high AOD especially
during summer (Jiang et al., 2007). Heavy haze is often filtered out
as being cloud-contaminated by MODIS aerosol retrieval algorithm,
causing a bias towards cleaner days. Excluding these conditions
causes our statistical model to miss heavily polluted days in the
model fitting process, hence potentially overestimate the effects of
emission control measures. We have developed a supplemental re-
trieval algorithm based on MODIS reflectance and cloud masking
techniques focusing only on AOD retrieval in hazy days (Li et al.,
submitted for publication). This algorithm was able to make AOD re-
trievals on twice as many hazy days as the operational MODIS algo-
rithm. As a result, we added three days before and after the Games
and five days during the Games causing our mean AOD value to be
higher than those calculated using operational AOD retrievals alone,
as discussed in the following sections.

2.3. Meteorological data

Meteorological parameters including hourly temperature, precipi-
tation amount, and calculated relative humidity reported in the DSI
3505 data product were obtained from the National Climatic Data
Center (NCDC). The Beijing weather station is located in one of the
urban districts (Haidian District) near the west 3rd Ring Road
(39°56′N, 116°17′E) (yellow triangle in Fig. 1). We averaged hourly
values between 10 am and 3 pm local time to represent daytime con-
ditions (Liu et al., 2009a). Precipitation has an important effect on
PM2.5 daily concentrations, and daily precipitation was calculated
from four measurements obtained each day at 6-hr intervals. Instead
of using the highly skewedprecipitation amount as a continuous variable,
we created a binary rain/no-rain indicator.

2.4. Model development

Wemodel the temporal variability in PM2.5 concentrations using a
generalized additive model (GAM) assuming normally distributed,
homoscedastic model residuals (Wood, 2004).

PM2:5eNðμ þ f AOD AODð Þ þ f AOD2 AODPlagð Þ þ f RH RHð Þ
þf TEMP TEMPð Þ þ β1 � precipþ β2 � precipPlag
þβ3 �weekendþ β4 � period;σ2Þ

ð1Þ

On the left hand side, PM2.5 is the mean daily PM2.5 concentration
in Beijing. All the covariates on the right hand side of Eq. (1) are averaged
spatially and therefore only vary with time. μ is the model intercept,
fAOD(AOD) is the smooth regression term describing the association be-
tween AOD and PM2.5, fAOD2(AOD_lag) is the smooth regression term
describing the association between mean AOD of previous two days
and PM2.5, fRH(RH) and fTEMP(TEMP) are smooth regression terms de-
scribing the impact of domain-averaged relative humidity (RH), and
surface air temperature (TEMP) on the AOD–PM2.5 association, respec-
tively. The inclusion of lag AOD term reflects the fact that urban aerosol
has a general life time of a few days without major scavenging events.
Precipitation on a given day (precip) and precipitation on the previous
day (precip_lag) are both modeled as a binary variable (0=no rain,
1=rain). The weekend effect is reflected here as a binary variable
(weekend=1 if Saturday and Sunday, =0 otherwise). A three-level
categorical variable, period, is defined to examine the effect of staged
implementation of emission reduction measures. The first period
(period=0) is between June 21 and July 27 and between September
21 andOctober 24, representing the non-source control period. The sec-
ond period is between July 28 and August 7, representing the ramping
up of control measures. The third period is between August 8 and Sep-
tember 20, when all the control measures (i.e., traffic, construction, and
industrial activities) were fully enforced in Beijing as well as the sur-
rounding six provinces. The three level definition also helps compare
our findings with previous works (Wang et al., 2009a).

Many studies pointed out that as an indicator of PM2.5 levels, AOD
has a rather complicated and often non-linear association with PM2.5

(Hoff and Christopher, 2009; Liu et al., 2007). In addition to meteoro-
logical factors such as temperature and humidity, particle composi-
tion and vertical distribution have major impacts on the AOD–PM2.5
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relationship. These two factors changed substantially during the
Games due to the strict emission control measures. For example, analy-
sis of the secondary particles showed large changes of PM2.5 composi-
tion with decreases in organic compounds and increases of nitrates
and sulfates during the Game period (Wang et al., 2010b). In addition,
significant changes in lidar aerosol extinction profiles were observed
in an urban site during the Games (August 8–24, 2008) with a maxi-
mum decrease of daily aerosol extinction coefficient in layer of 0.5–
1.5 km (Yang et al., 2010). The impact of these changes on the AOD–
PM2.5 relationship will be partially reflected in the overall regression
coefficients of AOD as well as the meteorological parameters. Unfor-
tunately, our small sample size prohibits us from including interac-
tion terms between AOD and game periods to better characterize
the changing AOD–PM2.5 relationship.

In our preliminary analysis, we have explored other meteorologi-
cal parameters such as wind speed, direction, and boundary layer
height. None of these parameters turned out significant at α=0.05
level. Furthermore, AOD scaling with aerosol vertical profiles has
been previously shown to stabilize and improve the AOD–PM rela-
tionship (Liu et al., 2009b). However, lidar-measured aerosol profiles
were not available to the authors at the time of this analysis, hence it
was not attempted.

The GAMwas fittedwith the gam() function in themgcv package in
R (Wood, 2006). The one-dimensional smooth terms such as fAOD(AOD),
fAOD2(AOD_lag), fRH(RH), and fTEMP(TEMP) are represented by penalized
cubic splines for computational efficiency. Using the thin plate spline
basis yields very similar results. For all the spline terms, we estimate
the amount of smoothing using generalized cross-validation (Wood,
2006) as implemented by the gam() function. We limit the number of
knots as an additional constraint to avoid potential overfitting.
2.5. Model validation

Model validation is done using cross-validation (CV) techniques,
which test for potential overfitting, i.e., the model could fit the data
better at the sampling days than the rest of the study period. In par-
ticular, after deciding which of the predictors are included in the
final model using the whole dataset, we sequentially retain 10% of
the days as the testing dataset, fit the model using the remaining
days, and then make predictions of daily PM2.5 concentrations on
the testing days. Prediction errors are calculated by subtracting
retained observations from the model predictions. The model predic-
tion precision is estimated by taking the relative error (i.e., the mean
Table 1
Summary statistics of satellite AOD, ground particle pollution and meteorological observati

Period 1 (b7/28 or >9/20) Period 2

Mean Max Min Mean

Whole dataset N=71 N=11
PM2.5 (μg/m3) 72 175 7.9 66
RH (%) 69 94 22 69
TEMP (C°) 21.4 30.7 8.8 28.3
Wind speed (m/s) 1.1 2.9 0.0 1.1
Rain events 23 1
Precipitation (mm) 2.5 34.8 0 0.6

AOD dataset N=56 N=9
PM2.5 (μg/m3) 75 175 8 65
Operational AODa 0.56 2.90 0.01 0.85
Combined AODb 0.56 3.46 0.01 1.12
RH (%) 66 90 22 68
TEMP (C°) 21.9 30.7 8.8 28.2
Wind speed (m/s) 1.1 2.9 0.1 1.1
Rain events 10 1
Precipitation (mm) 1.6 27.9 0 0.7

a Daily AOD calculated from operational Terra and Aqua MODIS AOD at 10 km resolution
b Daily Terra and Aqua MODIS AOD calculated from both operational (10 km resolution)
of 2×|predicted−observed| /(predicted+observed)) and the root
mean squared prediction errors (RMSPE) (Yanosky et al., 2008).

3. Results and discussion

3.1. Summary statistics

The full dataset has 126 sample days (June 21–October 24, 2008), with 71 days,
11 days, and 44 days in periods 1, 2, and 3, respectively (Table 1). The AOD dataset
used for model developing has 105 sample days with 56, 9, and 40 days in the three pe-
riods, respectively. There were a total of 40 daily precipitation events during the study
period. Because of cloud cover, AOD data were retrieved from 10, 1 and 12 rainy days
in each stage, respectively. Fig. 2 and Table 1 together show the distributions and sum-
mary statistics of the PM2.5 concentrations, MODIS AOD, and important meteorological
parameters including relative humidity, temperature and precipitation in both data-
sets during the three periods. The mean values and dynamic ranges of PM2.5, RH, T,
and precipitation are highly comparable between the full dataset and the AOD dataset.
Therefore, we are confident that the AOD dataset used to fit our model is an unbiased
representation of the full dataset.

The mean PM2.5 concentration in the full dataset during period 3 (46 μg/m3) ap-
pears substantially lower than period 1(72 μg/m3) and 2 (66 μg/m3). These values in
the AOD dataset show similar relationships. The maximum concentration during peri-
od 3 (105 μg/m3) is also much lower than the corresponding concentrations for the
other two periods (175 and 126 μg/m3). These values are lower than those reported
by Wang et al. (2009a) probably because (1) the cleaner Miyun site was included to
better represent the entire region, and (2) our sampling duration is different. Period
3 also experienced heavier rain on average than period 1. Despite the differences in
the mean values, the dynamic ranges of these variables during period 3 are either
slightly narrower than or comparable to the other two periods. This is an important
and favorable condition for empirical models such as ours to produce reliable results
because the model does not extrapolate beyond its fitting data range.

The mean MODIS AOD calculated from operational 10 km data is 0.56, 0.85, and
0.53 during three periods. After we accounted for the hazy days using the custom
AOD retrieval algorithm, however, these values changed to 0.56, 1.12 and 0.77 respec-
tively. The inclusion of the custom retrievals makes the mean AOD values during the
Games higher than before the games. As a measure of ambient aerosol extinction in
the entire column, satellite retrieved AOD often has a complex relationship with
ground level PM2.5 concentration. Previous research has shown that relative humidity,
mixing depth, and particle vertical profile can all modify the AOD–PM association sub-
stantially (Koelemeijer et al., 2006; Liu et al., 2005, 2007). For example, relative humid-
ity during the Games was higher than the non-game period, which may have caused
particle size growth making them more effective light scatterers. The shift of particle
vertical profiles reported by Yang et al. could also alter the AOD–PM2.5 association
(Yang et al., 2010). As a result, it is possible to have lower PM2.5 concentrations
when AOD became higher in period 3 than in period 1, as is shown by the measure-
ment results.

3.2. Model performance evaluation and cross-validation

The fitted model explains 70% of the temporal variability in PM2.5 as indicated by
adjusted R2 value. A linear regression between fitted (Eq. (1)) and observed PM2.5 con-
centrations yields an adjusted R2 of 0.75 (correlation coefficient r=0.87). The adjusted
CV R2, calculated from simple linear regression between CV predicted and observed
ons during the three modeling periods.

(7/28–8/7) Period 3 (8/8–9/20)

Max Min Mean Max Min

N=44
126 19.5 46 105 11
86 56 73 91 49
30.5 25.3 24.2 30.4 20.0
1.8 0.2 1.0 3.1 0.0

16
6.1 0 4.8 39.1 0

N=40
111 28 46 105 11

2.97 0.13 0.53 1.64 0.002
3.06 0.12 0.77 2.81 0.002

86 56 71 91 49
30.5 25.3 24.6 30.4 20.0
1.8 0.2 1.0 3.1 0.0

12
6.1 0 3.8 26.9 0

.
and custom haze retrieval algorithm (1 km resolution).



Fig. 4. Autocorrelation plots of model residuals for the entire modeling periods. The
two horizontal dashed lines are 95% confidence internal lines assuming an uncorre-
lated series.
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PM2.5 concentrations, is 0.61 (correlation coefficient r=0.78). Fig. 3 shows that both
the fitted and CV predictions have low biases based on linear regressions with inter-
cepts forced through the origin (7 and 9% negative biases, respectively). The CV pre-
dicted mean PM2.5 concentration is 75, 62, and 44 μg/m3 for each of the three
periods, respectively. When compared with the full dataset and the AOD dataset,
these predictions are within 4 μg/m3 of the observations, corresponding to 5–9% rela-
tive error. Model prediction accuracy at daily level is lower as expected. The RMSPE is
23 μg/m3 corresponding to a 25% relative error on predicted daily PM2.5 concentration.

Our model takes advantage of nearly complete time series of all parameters to in-
clude both same day and previous 48-hour AOD values. As shown in Fig. 4, the autocor-
relation coefficients are randomly distributed around zero, all of which stay within the
95% confidence internal lines assuming an uncorrelated series (lag 1 is slightly beyond
the 95% CI). Therefore, our model sufficiently accounts for the temporal autocorrelation in
measured PM2.5 concentrations.

The uncertainty of MODIS AOD values over land has been shown to be 0.05±
0.15×AOD (Levy et al., 2010). Given the relatively high AOD values in Beijing, it trans-
lates to a 15–20% retrieval error, which is approximately half of the unexplained vari-
ability in PM2.5 concentrations as indicated by the CV R2 value. The remaining
unexplained variability can be attributed to a few factors. First, even though we took
the average of Terra and Aqua MODIS AOD values to better represent daily fine particle
abundance, the average of two atmospheric snapshots may not represent 24-hr aver-
age conditions precisely. Second, MODIS observes ambient particles whereas the
ground monitors measure dry mass concentrations. Despite the inclusion of relative
humidity and precipitation events in our model, Eq. (1) may not fully account for par-
ticle growth (Chin et al., 2002). Third, the spatial distribution of validMODIS pixels in the
Beijing varies from day to day due to the constantly changing cloud patterns, introducing
matching inconsistencywith the three groundmonitors. Finally, limited by the small sam-
ple size, our relatively simple model does not include interaction terms to better charac-
terize the changing AOD–PM2.5 relationship, which may result in lower model
performance.

3.3. Impact of emission control on PM2.5 levels during the games

The GAM fitted coefficients for the categorical variable period represent the impact
of emission control measures after controlling for the important meteorological pa-
rameters included in the model. Compared to the reference level (the period before
and after the Games), daily PM2.5 levels during the period between July 28 and August
7 decreased by 20 μg/m3. The decrease was greater (24 μg/m3) during the Games peri-
od which was between August 8 and September 20. Both levels of parameter estimates
are statistically significant at α=0.05 level. Given the cross-validation results on
model prediction accuracy, our results suggest that without the emission control mea-
sures, PM2.5 concentrations in Beijing during the Games would have been 20±4 μg/m3

higher immediately prior to the Games and 24±4 μg/m3 higher during the Games
given identical weather conditions. In other words, emission control measures resulted
in a 27–33% reduction in PM2.5 concentrations using the non-control period as the ref-
erence. Wang et al. reported a 16.4% difference between emission control and non-
control periods where approximately 30% of this reduction was attributed to source
emission controls (Wang et al., 2009a). Our analysis suggests that controls played a
more important role, which could be due to the fact that: (1) we focused on the Olym-
pic and Paralympic periods when all the control measures were best enforced, and (2)
our model explained a greater fraction of the PM2.5 variability (note that Wang et al.
did not report cross validation results). Using operational MODIS data collected from
previous years as the reference, Cermak and R. Knutti estimated a 14% decrease in
log(AOD) during the period August 1–September 19, 2008 due to emission control.
Since we included additional hazy days using our customMODIS AOD data, our estimates
of the particle pollution levels during the study period are more accurate (mean com-
bined MODIS AOD=0.77 versus mean operational MODIS AOD=0.53) and realistic.

3.4. Limitations

Despite its good performance, our model can only assess the combined effect of all
the emission control measures. The use of air quality models is necessary to dissect how
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Fig. 3. Scatterplots of model fitted (left) and CV predicted (right) daily PM2.5 concen-
trations versus ground observations. The solid line represents simple linear regression
results with intercept excluded. The 1:1 line is displayed as a dashed line for reference.
well a specific measure has worked, which is important for detailed pollution control
cost benefit analysis. Furthermore, the model can only be developed after an event (i.e.,
after air pollution measurements are conducted) thus it cannot be used for prediction or
planning purposes.

4. Conclusions

We have demonstrated a statistical technique to evaluate the ef-
fectiveness of air pollution emission control measures during the
2008 Beijing Olympic and Paralympic Games. Our statistical model
sufficiently resolves the temporal autocorrelation in daily PM2.5 con-
centrations and is able to explain 70% of the PM2.5 variability. Using
this tool, we estimate that the aggressive emission reduction mea-
sures effectively lowered PM2.5 levels by 20–24 μg/m3 or 27–33% on
average. These estimates were obtained after controlling for the effect
of meteorological parameters thus they are primarily related to the
control measures.

Themeteorological parameters used asmodel predictors are readily
available for most cities. Although we took advantage of the custom
satellite data that enabled us to include days with very high particle
loadings in our analysis, this would not be absolutely necessary for
cleaner areas where MODIS operational data maintains adequate
coverage. In addition, higher quality satellite data will become
more available in the near future. Hence, with the support of limited
ground measurements, our method can be applied to other signifi-
cant events where active air pollution controls are implemented
and need to be evaluated for their effectiveness. When used together,
it also serves as a valuable source of information for quickly cross-
checking the accuracy of more sophisticated air quality modeling
systems.

Abbreviations

AOD aerosol optical depth
TEOM Tapered Element Oscillating Microbalance
MODIS Moderate Resolution Imaging Spectroradiometer
AERONET AErosol RObotic NETwork
NCDC National Climatic Data Center
GAM generalized additive model
CV cross-validation
RMSPE root mean squared prediction errors
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