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Abstract In order to guarantee good air quality for the 15th International Association of Athletics
Federations World Championships (22–30 August) and the China Victory Day parade (3 September) in
Beijing, a series of comprehensive emissions regulations were implemented in Beijing and the surrounding
provinces from 20 August to 3 September 2015. During this period, the intensity of the emissions regulation
was enhanced step by step in the run-up to the event. This period therefore allowed us to quantitatively
estimate the reduction in emissions as a result of the emissions regulations under different intensity and
strategy scenarios. The ensemble square root filter was employed to optimize the initial conditions and the
emissions simultaneously. Numerical results showed that the variations of the anthropogenic emissions
before, during, and after the emissions regulations were reasonably simulated. The updated emissions were
about 80% and 50% of the prior anthropogenic emissions during the regular- and stringent-regulations
periods, respectively. As a result, the PM2.5 concentrations consistently reduced during the regulations
period, and the largest reduction occurred under the stringent-regulations period. Sensitivity simulations
forced by the averaged emissions before the regulations and during the regular- and stringent-regulation
periods further highlighted the valuable impacts of emissions regulations, under different strategy and
intensity scenarios, on the improvement of air quality. More intense emissions regulation will lead to a greater
reduction in PM2.5 concentrations.

1. Introduction

During recent decades China has been suffering from severe air pollution, especially in urban areas with high
population densities (Chan & Yao, 2008; Chen et al., 2014), which is a byproduct of rapid economic growth.
Consistent efforts, such as the “Atmospheric Pollution Prevention and Control Action Plan,” have been imple-
mented by the government to control PM2.5 (particulate matter with an aerodynamic diameter of 2.5 μm or
less) pollution and to improve air quality. In addition to long-term air pollution control, temporary air pollution
regulations have also occasionally been implemented to guarantee good air quality during major events, such
as the 2008 Beijing Olympic Games (Okuda et al., 2011; Streets et al., 2007; Wang, Liang, et al., 2010; Wang, Nie,
et al., 2010;Wang et al., 2014; Zhou et al., 2012) and the 2014Asia-Pacific Economic Cooperation (APEC) Summit
held in Beijing (Huang et al., 2015; Tang et al., 2015; Wen et al., 2016; Zhang et al., 2016). These temporary reg-
ulations resulted in the so-called “Olympic blue” and “APEC blue” in the years those events took place.

With the government and public paying increasing levels of attention to air pollution control, quantitatively
evaluating the achievements in the air quality resulting from various regulation measures is imperative and
valuable for government policy makers. First, it is vital to be able to estimate real-time emissions sources accu-
rately. However, this is difficult because most emissions inventories are developed based on a bottom-up
approach, which is dependent on land use, the source sector, and sector-specific emissions factors, which intro-
duces considerable uncertainty in the data (Ding et al., 2015). Data assimilation approaches are frequently used
to estimate or improve estimations of source emissions. Such efforts include variational approaches (Chai et al.,
2007; Elbern et al., 2007; Guerrette &Henze, 2015; Hakami et al., 2005; Henze et al., 2007, 2009;Wang et al., 2012;
Yumimoto et al., 2007, 2008; Zhang et al., 2016; Zhu et al., 2013) and ensemble-based approaches (Barbu et al.,
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2009; Constantinescu et al., 2007a, 2007b; Heemink & Segers, 2002; Huneeus et al., 2012, 2013; Miyazaki et al.,
2014; Schutgens et al., 2010; Sekiyama et al., 2010; Tang et al., 2011; Wang et al., 2016).

Accurately estimating source emissions is crucial for PM2.5 prediction and can also provide timely instructions
for the design of future emissions regulations. Tang et al. (2011) reported that simultaneously assimilating
ozone (O3), nitrogen oxide, and volatile organic compound observations and their emissions can result in bet-
ter 1-hr and 24-hr O3 forecasts than through the individual assimilation of concentrations or emissions.
Miyazaki et al. (2012) also highlighted the importance of the simultaneous adjustment of concentrations
and emissions for improving tropospheric O3 budget and profile analyses. Recently, Peng et al. (2017)
improved a PM2.5 concentration forecast over China by simultaneously optimizing the chemical initial condi-
tions and source emission inputs.

From 20 August to 3 September 2015, to guarantee good air quality for the 15th International Association of
Athletics Federations World Championships (22–30 August) and the China Victory Day parade (3 September)
in Beijing, a series of comprehensive emissions regulations were implemented in Beijing and surrounding pro-
vinces. These emissions regulations included two stages (Xue et al., 2017): regular regulation (20–31 August)
and stringent regulation (1–3 September). From 20 August onward, Beijing and nearby provinces (Hebei,
Shanxi, Shandong, Tianjin City, and the Inner Mongolia Autonomous Region) began to gradually implement
emissions regulations. The emissions regulations focused on the control of heavy industry pollution, coal-
burning pollution, transportation pollution, and fugitive dust pollution, with amain focus on reducing the emis-
sions of sulfur dioxide (SO2), nitrogen oxide, volatile organic compounds, and fugitive dust (Wen et al., 2016).
Moreover, traffic restrictions based on even- and odd-numbered license plates were implemented for private
vehicles, and at least 80% of the vehicles used by government bureaus and institutes, and all high-emitting
vehicles (with yellow environmental labels), were banned from use. As the event approached, stringent regula-
tions were enforced from 1 to 3 September, aimed at achieving an emissions reduction of at least 30% in both
moderate- and high-impact regions. Polluting enterprises suspended production, and construction sites were
temporarily closed. Through these comprehensive emissions regulations, the average PM2.5 concentration in
Beijing during the control period was down 73.1%, which was only 18 μg/m3 (http://www.mep.gov.cn/gkml/
hbb/qt/201509/t20150907_309462.htm, Ministry of Environmental Protection of the People’s Republic of
China). Furthermore, the PM2.5 concentration of the adjacent provinces was also greatly reduced. Similar to
“Olympic blue” and “APEC blue,” the consistently blue skies during this period were named “parade blue.”

Many studies have focused on this event (Lin et al., 2017; Liu et al., 2016; Zhao et al., 2017). Observations have
shown that there was a decreasing trend in concentrations of water-soluble ions and aerosol sulfate (Han
et al., 2016), as well as a consistent reduction in PM2.5, PM10 (coarse particulate matter), nitrogen dioxide,
SO2, and carbon monoxide concentrations (Xu et al., 2017) in Beijing and its surrounding area during the
emissions control period. Xue et al. (2017) concluded that the absolute reduction in emissions of primary
air pollutants led to the reduced PM2.5 concentration. Wang et al. (2017) further noted that local emissions
reduction contributed more to the air quality in Beijing than that from neighboring regions of Beijing, and
the meteorological conditions were also beneficial for the improvement in air quality. The above analyses
were mostly based on observations of PM2.5 and its components. However, an accurate estimation of spatial
and temporal variations of the reductions in source emissions during this period has not yet been reported.
During this period, the regulation measures were enhanced step by step, which provides us with a unique
opportunity to quantitatively evaluate the impact of the regulation measures at different intensities on the
reduction in source emissions and the subsequent improvements in air quality during the event. This was
the primary goal of the present reported work.

Section 2 describes the emissions estimation method proposed by Peng et al. (2017), the observations used
in the study, and the experimental design. The main numerical results are present in section 3. A summary
and discussion are given in section 4.

2. Methods, Data and Experimental Design
2.1. Emissions Data Assimilation Approach

The emissions data assimilation approach employed was the same as in Peng et al. (2017). The forecasting
model included two parts: the Weather Research and Forecasting (WRF)-Chem model (Grell et al., 2005),
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which was used to predict the transport of aerosol and chemical spe-
cies, and a persistence forecasting operator of emissions, which was
added to forecast the background fields of the emissions scaling fac-

tors λ fi;t . This forecast operator was constructed by using the ensemble

concentration ratios of the WRF-Chem forecast chemical concentra-
tions and the time smoothing operator. Thus,

κi;t ¼
C f
i;t

C f
t

; i ¼ 1;…;Nð Þ; (1)

κi;t
� �

inf ¼ β κi;t � 1
� �þ 1; i ¼ 1;…;Nð Þ; (2)

λpi;t ¼ κi;t
� �

inf ; i ¼ 1;…;Nð Þ; (3)

λ f
i;t ¼

1
M

Xt�1

j¼t�Mþ1

λai;j þ λpi;t

 !
; i ¼ 1;…;N; j ¼ t �Mþ 1;…; t � 1ð Þ;

(4)

where c fi;t are the chemical fields at time t, which were available in the

previous assimilation cycle via WRF-Chem; c ft ¼ 1
N

∑
N

i¼1
c f
i;t is the ensem-

ble mean of the chemical fields; κi, t are the ensemble concentration
scaling factors; β is the inflation factor to ensure the ensemble spread
of the concentration scaling factors at a certain level, which was taken
as 2.0;M is the time window of the time smoothing operator, chosen as
4 hr; and λai;j i ¼ 1;…;N; j ¼ t �Mþ 1;…; t � 1ð Þ are the previous

data assimilation cycles’ analysis scaling factors.

Then, the ensemble members of the forecast emissions, which were used to force the ensemble forecast for
WRF-Chem, were calculated using the equation

E f
i;t ¼ λ fi;tE

p
t ; i ¼ 1;…;Nð Þ; (5)

whereE f
i;t is the ith ensemblemember of the forecast emissions at time t,λ fi;t is the forecast scaling factors, and

Ept is the prescribed emissions, which can be obtained from the emissions inventories. Therefore, the forecast
variables contain the mass concentration C and the emissions scaling factor λ. The mass concentration C
includes the 15 WRF-Chem/GOCART (Goddard Chemistry Aerosol Radiation and Transport) aerosol variables,
and emissions scaling factors include λ fPM2:5, λ

f
SO2, λ

f
NO, and λ fNH3.

During the assimilation stage, both the mass concentration C and the emissions scaling factor λ are jointly
assimilated using the ensemble square root filter (EnSRF) approach, as in Peng et al. (2017). After data assim-

ilation, the state vector x (x = [C, λ]T) is updated. Then, the analysis of emissions Eai;t
� �

is obtained from the

prescribed emissions (Ept ) multiplied by the analysis of scaling factors (λai;t):

Eai;t ¼ λai;tE
p
t : (6)

For a more detailed description of the emissions data assimilation, refer to Peng et al. (2017).

2.2. Data

Surface synoptic observations (SYNOP) from the Automated Data Processing Global Upper Air and Surface
Weather Observations provided by the National Centers for Environmental Prediction were employed to
evaluate the uncertainties in the simulation of meteorological conditions. The hourly PM2.5 concentrations
were obtained from the Ministry of Environmental Protection of China (http://113.108.142.147:20035/emc-
publish/). These data have been used in several studies on aerosol data assimilation, such as Peng et al.
(2017), Zhang et al. (2016), Jiang et al. (2013), and Li et al. (2013). Altogether, 76 stations were selected for
the assimilation experiments (black dots in Figure 1), and the other 131 stations were used as independent
validation stations (red dots in Figure 1).

Observation errors contain measurement errors and representativeness errors, and these can be calculated
following Elbern et al. (2007), Pagowski et al. (2010), Schwartz et al. (2012), and Peng et al. (2017). The

Figure 1. Locations of the 76 PM2.5 assimilation observation stations (black
dots) and 131 independent observation stations (red dots) in the model
domain. The blue box marks the south Beijing-Tianjin-Hebei region.
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measurement error ε0 was computed using ε0 = 1.5 + 0.0075 ×Π0, whereΠ0 denotes observational values for
PM2.5 (μg/m

3). The representativeness error εr depends on the resolution of the model and the locations of

the observation sites and was calculated using εr ¼ rε0
ffiffiffiffiffiffiffiffiffiffi
Δx=L

p
, where r is an adjustable parameter (here

r = 0.5), Δx is the grid spacing (here 12 km), and L is the radius of influence of an observation (here L was

set to 3 km). The total PM2.5 error (εt) was defined as εt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε02 þ εr2

p
. The observation errors were assumed

to be uncorrelated so that R is a diagonal matrix.

2.3. Experimental Design

The model domain was 1,200 × 1,200 km2 on a Lambert conformal map projection centered at (39.9°N,
116.4°E), with a 12-km horizontal spacing and 57 vertical levels. The Regional Atmospheric Chemistry
Mechanism Scheme (Stockwell et al., 1997) and the Goddard Chemistry Aerosol Radiation and Transport
(Chin et al., 2000, 2002) were employed to simulate the gaseous chemistry and aerosol, respectively. The
physical parameterizations used in this study included the Rapid Radiative Transfer Model for longwave
radiation simulation and the Goddard shortwave radiation scheme, the Yonsei University planetary
boundary layer scheme (Hong et al., 2006), and the Grell-3D cumulus parametrization. The prior
anthropogenic emissions used in this study came from the Intercontinental Chemical Transport
Experiment-Phase B (INTEX-B), which has a 0.5° * 0.5° horizontal resolution and used an improved, detailed
technology-based approach to estimate emissions in China (Li, McLinden, et al., 2017; Zhang et al., 2009).
Biogenic (Guenther et al., 1995), dust (Ginoux et al., 2001), dimethyl sulfide, and sea salt emissions (Chin
et al., 2000, 2002) were calculated online. The meteorological initial conditions and boundary conditions
were constructed from the analysis of the National Centers for Environmental Prediction Global
Forecast System.

The configuration of the EnSRF settings followed previous studies (Peng et al., 2017; Schwartz et al., 2012;
Whitaker & Hamill, 2002). There were 50 ensemble members. The horizontal covariance localization radius
was set as 607.5 km, and the posterior (after assimilation) multiplicative inflation factor was set as 1.2 for
all the concentration analysis. Four-day forecasting of the 50-member ensembles was performed from
0000 UTC on 1 August to 2300 UTC on 4 August 2015 to initialize and spin up the ensemble forecasts.
The ensemble members were generated by adding Gaussian random noise with a zero mean and static
background error covariances (Torn et al., 2006). The chemical initial conditions were set to 0, representing
clean conditions, as described by Liu et al. (2011). The chemical boundary conditions were idealized profiles
embedded within the WRF-Chemmodel. The emissions for each member were created by adding zero mean
random noises to the anthropogenic emissions, as reported by Schwartz et al. (2014). Also, the variances were
set to 10% of the prior anthropogenic emissions. These perturbed emissions were used only during the spin-
up period of the ensemble forecast.

The assimilation experiment was conducted from 0000 UTC on 5 August 2015 to 0000 UTC on 10 September
2015. The assimilation cycle interval was 1 hr. The first 50 ensemble chemical fields were drawn from the spin-
up ensemble forecast valid at 0000 UTC on 5 August 2015. In the subsequent assimilation cycles, the initial
conditions for the chemical variables of each member were drawn from the updated chemical fields of the
previous cycle. The aerosol lateral boundary conditions of each member were idealized profiles embedded
within theWRF-Chemmodel. As for themeteorological ensemble fields, the lateral boundary conditions were
prepared in advance. The initial conditions of each member of the meteorological fields were drawn from the
forecast meteorological fields of the previous cycle before re-centering with the Global Forecast System ana-
lysis because we did not carry out meteorological analysis.

Using the prior anthropogenic emissions as the source input, a control experiment (CTRL) was conducted to
simulate the variation of PM2.5 concentrations from 0000 UTC on 5 August 2015 to 0000 UTC on 10
September 2015. To further evaluate the impact of emissions assimilation and the emissions regulations of
different intensity and strategy on the simulated PM2.5 concentrations, another three sensitivity simulations
were also performed during the same period. All the settings for these sensitivity experiments were the same,
except for their emissions inputs. The emissions inputs for the three sensitivity experiments were derived
from the assimilated emissions during the preregulations period (6–19 August 2015, SENS01), during the
regular-regulations period (20–27 August 2015, SENS02), and during the stringent-regulations period (1–3
September 2015, SENS03), respectively.
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3. Numerical Results
3.1. Validation of the Emissions Data Assimilation System

The modeled meteorological conditions play an important role in the
constraint of emissions; larger wind errors are usually assumed to affect
the simulation of pollutant transport and thus influence the accuracy of
the derived emissions. Beijing locates to the southwest of Yanshan
Mountain, to the east of Taihang Mountain. And there are large heavy
industrial regions to the south of Beijing. As a result, high PM2.5 concen-
trations in Beijing always correspond to the southerly wind, while low
PM2.5 concentrations in Beijing usually correspond to the northerly
wind because of the specific terrain and the distribution of polluted
industries (Gao et al., 2011). Therefore, the accurate simulation of wind
direction is also very important in the emission data assimilation within
this region. To quantitatively evaluate the accuracy of the simulated
meteorological conditions, the simulated grid surface winds are inter-
polated on the 74 SYNOP (surface synoptic observations) sites within
the model domain and are compared with the surface wind observa-
tions. Figure 2 shows the mean of the absolute errors of the surface
wind speed and direction every 6 hr, as well as their standard devia-
tions. The mean absolute errors during the whole simulation period
are 1.25 m/s and 52.78° for surface wind speed and direction, respec-
tively. The magnitudes of surface wind speed error are quite similar
to the analysis error of the high-resolution regional mesoscale forecast
system (Wei et al., 2010). The magnitudes of surface wind direction

error are between 1/2 and 2/3 quarter, which are insufficient to change the direction of the prevailing wind.
It should be noted that there are considerable absolute wind direction errors (close to 90°) at several indivi-
dual times, which might cause uncertainties in the emission assimilation. However, the wind forecast errors
were generally within an acceptable range during the whole simulation period.

It is important and necessary to assess the ensemble spread for an ensemble-based data assimilation system.
The time series of the ensemble spread of the scaling factors for PM2.5 were calculated by averaging the
values of each grid within the domain at 1-hr intervals (Figure 3). The ensemble spread of the scaling factor
for PM2.5 was stably distributed around 0.5 during the 1-month simulation, which indicates that the uncer-
tainties of the ensemble emissions were about 50%. Since the emissions of SO2, NO, and NH3 were derived
from PM2.5 observations in the current data assimilation system, there were relatively larger uncertainties
in their inversions (figures not shown). In future work, the specific observations of SO2, NO, and NH3 will
be used to improve the estimation of their emissions. The grid-scale ensemble spreads in Beijing and the
south Beijing-Tianjin-Hebei (BTH) are around 0.5 (Figure S1 in the supporting information). Although there
are slightly larger ensemble spreads in the southern boundary, they decayed with the integration and were
assumed to have little impact on the emission estimation in Beijing and the BTH region.

As introduced earlier, the CTRL experiment used the prior anthropo-
genic emissions as the source input, while the emissions inputs of the
SESN01 experiment were derived from the assimilated emissions dur-
ing the preregulations period (6–19 August 2015). Therefore, compari-
son between the CTRL and SENS01 experiments could illustrate the
improvement in the simulation of PM2.5 concentrations through emis-
sions data assimilation. Figure 4 shows the observed PM2.5 concentra-
tions alongside the simulated PM2.5 concentrations in the CTRL and
SENS01 experiments, in the south BTH region and in Beijing, separately.
After emissions data assimilation, the simulated PM2.5 concentrations
in the SENS01 experiment were closer to the observational values than
those in the CTRL experiment. Moreover, both experiments were able
to represent the variation of PM2.5 concentrations, and the overall

Figure 2. Evolution of the mean and standard deviations of surface wind errors
every 6 hr verified against the 74 surface synoptic observations sites within
the model domain from 0000 UTC (Beijing standard time) on 6 August to 0000
UTC on 8 September: (a) wind speed errors, units: m/s; (b) wind direction errors,
units: degree.

Figure 3. Time series of the domain-averaged ensemble spread for the scaling
factors of PM2.5, SO2, NO, and NH3 from 0000 BST on 6 August to 0000 BST on
8 September.
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errors were small and acceptable. Interestingly, the largest mismatch
appeared on 19 August, which may be attributable to the large simu-
lated wind errors on that day (Figure 2).

To sum up, the derived emissions during the whole simulation were
reasonable, except that there may have been notable uncertainties at
individual times due to the large meteorological errors.

3.2. Emissions Estimation

Figure 5a shows the daily average prior anthropogenic emissions
based on equally allocating the 2006 emissions inventory in August
2016 (Zhang et al., 2009), and Figure 5b presents the updated mean
emissions after assimilation and before the regulations (0000 BST on
6 August to 2300 BST on 12 August). Similarly, Figures 5c and 5d show
the assimilated mean emissions during the regular-regulations period
(0000 BST on 20 August to 2300 BST on 30 August) and stringent-
regulations period (0000 BST on 1 August to 2300 BST on 2
September), respectively. Furthermore, the differences between the
updated emissions during these stages and the prior anthropogenic
emissions are depicted in Figures 5e–5g, respectively. There were sev-
eral major emissions sources in south Beijing, Tianjin, south and east
Hebei province, central Shanxi province, and Shandong province,
which are all major industrial or high-density urban areas (Figures 5a

and 5b). Before the regulations, the emissions in north China were generally reduced after assimilation, espe-
cially in several major source areas (Figure 5e). The emissions decreased remarkably with an increase in the
intensity of the regulations. During the regular-regulations period, the emissions reduction was mainly
located in Beijing, Tianjin, and several large cities of Hebei, Shanxi, and Shandong provinces. However, the
most remarkable emissions reductions occurred during the stringent-regulations period, with the emissions
reduction extending to the whole southern part of Hebei province and the west of Shandong province.
Furthermore, the amplitude of emissions reduction within all the regulated regions was largest during the
stringent-regulations period (Figure 5g).

Figures 6a and 6b present the evolution of the assimilated zonally averaged daily emissions and their differ-
ences from the prior anthropogenic emissions, respectively, in the south BTH region (box in Figure 1) from 6
August to 8 September. The averaged emissions and differences between mean emissions and prior emis-
sions showed remarkable differences during the preregulations, regular-regulations, stringent-regulations,
and postregulations periods (Figures 6a and 6b). During the preregulations period, there were high emission
levels over the whole region. As the regular regulations came into force, emissions over Beijing and its
immediate surrounding area consistently reduced. Over time, the area of emissions reduction extended over
38°N to the whole BTH region. The largest amplitude of emissions reduction occurred throughout the whole
stringent-regulations period. The emissions reduction even lasted after regulations were lifted; however, the
coverage and amplitude of emissions reduction reduced. Figures 6a and 6b show clearly the expansion of the
emissions reduction area, as well as the enhancement of the emissions reduction magnitude, as the regula-
tions were enhanced step by step.

The relationship between changes in emissions and the PM2.5 concentration is complicated because of the
nonlinear chemical and physical processes involved in the formation of secondary PM2.5, as well as other
factors, such as the meteorological conditions. However, low emissions are vital for good air quality. The
time series of the observed mean PM2.5 concentration in Beijing and the surrounding region are shown
in Figures 6c and 6d, respectively. Generally, the variation in the observed PM2.5 concentration coincided
with the variation in emissions reduction. Figures 6c and 6d clearly present a higher PM2.5 concentration
before the regulations were implemented, a much lower PM2.5 concentration during the whole regulations
period, and even a PM2.5 concentration increase immediately after the regulations were halted.
Furthermore, the lowest PM2.5 concentrations within both the local and surrounding regions were reported
when the stringent regulations were in force; the average PM2.5 concentrations in Beijing even fell
below 10 μg/m3.

Figure 4. Time series of the hourly PM2.5 concentrations during the simulation
period prior to the regulations being implemented (0000 BST on 12 August to
0000 BST on 20 August), in (a) the south Beijing-Tianjin-Hebei region and
(b) Beijing, obtained from observations (OBS) and the control (CTRL) and SENS01
experiments.
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Figure 5. Spatial distribution of (a) the prior unspeciated primary sources of PM2.5 (μg·m
�2·s�1) and (b–d) the time-averaged ensemblemean analysis of PM2.5 emis-

sions at the lowest model level averaged over all hours during (b) 6–19 August 2015, (c) 20–31 August 2015, and (d) 1–3 September 2015. (e–g) Time-averaged
differences between the ensemble mean analysis and the prior values at the lowest model level averaged over all hours during (e) 6–19 August 2015, (f) 20–31
August 2015, and (g) 1–3 September 2015.

10.1002/2017JD027631Journal of Geophysical Research: Atmospheres

CHU ET AL. 4128



Figures 7a and 7b present the time series of the hourly and daily mean
prior to anthropogenic emissions and the updated emissions in the
south BTH region marked in Figure 1, respectively. With the enhance-
ment of the regulations, the emissions decreased both in daytime
and at nighttime, with the largest decline occurring in daytime since
most emissions occur during the day. The daily mean value of the prior
unspeciated primary sources of PM2.5 was 21.35 μg·m

�2·s�1. The mean
values of the assimilated emissions were 19.67, 16.98, 10.81, and
13.98 μg·m�2·s�1 (about 92%, 79.6%, 50.7%, and 65.5% of the prior
anthropogenic emissions) for the days during the preregulations,
regular-regulations, stringent-regulations, and postregulations periods,
respectively. The corresponding standard deviations were 1.66, 1.37,
3.12, and 1.17 μg·m�2·s�1, respectively.

3.3. Sensitivity Experiments

The above analysis shows that emissions data assimilation based on
the EnSRF approach provides a reasonable estimation of the actual
emissions during different stages of a period with emissions regula-
tions. In this next section, the impact of different emissions inputs on
the simulation of PM2.5 concentrations is discussed. The impact of the
emissions regulations during the different stages was further evaluated
with a series of sensitivity simulations that were forced by the updated
mean emissions before the regulations and during the regular- and
stringent-regulations periods, respectively. The sensitivity experiments
were designed to make idealized predictions under the conditions of
no emissions regulations, regular regulations, or stringent regulations,
throughout the whole simulation.

Figures 8a and 8b show the evolution of the area-averaged PM2.5 con-
centrations in the CTRL and three sensitivity experiments in the south
BTH region and Beijing, respectively. The variations of PM2.5 concentra-
tions in the four experiments generally coincided with each other and
featured remarkable diurnal cycles. However, the magnitudes of the
simulated PM2.5 concentrations showed large differences in the four
experiments. During the whole simulation, the CTRL experiment, in
which no regulations were implemented, showed the highest PM2.5

concentrations, whereas experiment SENS02—with the most intense
regulations—showed the lowest PM2.5 concentrations. It should be
noted that the PM2.5 concentrations decreased substantially on 1
September regardless of whether the emissions regulations were
implemented, indicating that meteorological conditions might have
played an important role in pollutant transport during this period. As

an evidence, Kang et al. (2016) showed that the prevailing wind direction in BTH was northern wind due
to the existence of a northeast cold vortex from 1 September on, which was beneficial for the low
PM2.5 concentrations.

The responses of the simulated PM2.5 concentrations to different emissions inputs can be further illustrated
by the averaged diurnal variations of the simulated PM2.5 concentrations during the whole simulation per-
iod in the south BTH region and in Beijing (Figure 9). In the scenario of stringent regulations, the PM2.5 con-
centrations, both in the daytime and at nighttime, were much smaller than those in the other scenarios. It
should also be noted that the differences among the four experiments were largest in the middle of the
night and smallest in the afternoon. Since the height of the nocturnal stable boundary layer is generally
about 10% of that of the daytime convective boundary layer, emissions are less dispersive at nighttime.
Therefore, the simulated PM2.5 concentrations in the daytime showed smaller difference than those
at nighttime.

Figure 6. Evolution of the longitudinally averaged (a) ensemble mean analysis
of PM2.5 emissions (μg·m�2·s�1) and (b) differences between the ensemble
mean analysis and the prior values (μg·m�2·s�1) over the south Beijing-Tianjin-
Hebei (BTH) region marked in Figure 1. (c, d) Time series of the observed mean
PM2.5 concentration (μg/m3) in (c) the south BTH region and (d) Beijing from
0000 BST on 6 August to 0000 BST on 8 September. Shaded backgrounds
indicate the distribution of observations, where the top edge represents the
90th percentile and the bottom edge the 10th percentile.
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The spatial distribution of the simulated PM2.5 concentrations in all four
experiments is illustrated in Figure 10. In the scenario that no control
measures were implemented, a high PM2.5 concentration belt emerged
from Beijing and Tianjin and spread to southern Hebei province and
western Shandong province (Figures 10a and 10b). Compared with
the CTRL experiment, themagnitudes of the PM2.5 concentrations were
moderately reduced after emissions assimilation (SENS01), especially
within the high-pollution belt. The difference between the CTRL and
SENS01 experiments was consistent with the modifications of the prior
emissions through emissions assimilation (Figures 5a, 5b, and 5e). The
PM2.5 concentrations in the simulated high-PM2.5 concentration belt
reduced substantially in the simulation under the scenario of regular
regulations (Figure 10c), and if the stringent regulations were imple-
mented during the whole period the PM2.5 concentration reduced
even more, with the belt also narrowing considerably—especially in
Beijing and Tianjin (Figure 10a). The sensitivity experiments under the
different scenarios further highlighted the valuable role played by
emissions regulations at different intensities in reducing PM2.5

concentrations. More intense emissions regulation will lead to better
air quality.

4. Summary and Discussion

In order to guarantee good air quality for the 15th International Association of Athletics Federations World
Championships (22–30 August) and the China Victory Day parade (3 September) in Beijing, comprehensive
emissions regulations at different intensity levels were implemented by the government for about half a
month. As a result, the air quality of Beijing remained good for 15 consecutive days during this period, and
the PM2.5 concentrations of the adjacent provinces were also largely reduced. Emissions data assimilation
based on EnSRF was conducted to estimate the actual emissions during this period. Sensitivity simulations
forced with the updated emissions before the regulations, during the regular- and stringent-regulations per-
iods, and after the regulations were halted were used to further evaluate the impact of the regulations under
different strategy and intensity scenarios on the air quality. The main conclusions are as follows:

1. The emissions data assimilation system based on EnSRF was able to
estimate reasonably the variations of the anthropogenic emissions
before, during, and after implementation of the emissions regula-
tions. The emissions regulations greatly reduced the anthropogenic
emissions; not only did the emissions reduction area expand, but
the emissions reduction magnitude also decreased considerably
with the step-by-step enhancement of the regulations. The updated
emissions were about 80% and 50% of the prior anthropogenic
emissions during the regular- and stringent-regulations periods,
respectively. The benefits of the regulations lasted for several days
after the end of the regulations period.

2. The variations of PM2.5 concentrations in Beijing and the surround-
ing region were consistent with those of the emissions. The PM2.5

concentrations consistently decreased during the regulations per-
iod, and the lowest PM2.5 concentrations occurred during the
stringent-regulations period.

3. Sensitivity experiments further highlighted the valuable impacts of
different strategies for emissions regulations.

In addition to emission controls, meteorological conditions sometimes
can also play a significant role in producing low aerosol concentrations
during the Beijing Olympic Games (Gao et al., 2011; Xing et al., 2011). In

Figure 7. (a) Hourly and (b) daily area-averaged time series of the prior unspe-
ciated primary sources of PM2.5 (μg·m

�2·s�1; black) and the analyzed unspe-
ciated primary PM2.5 emissions (red) in the south Beijing-Tianjin-Hebei region
from 0000 BST on 6 August to 0000 BST on 8 September.

Figure 8. Time series of the hourly pollutant concentrations averaged (a) over
the south Beijing-Tianjin-Hebei region and (b) over Beijing obtained from the
control (CTRL) and three sensitivity experiments from 0000 BST on 6 August to
0000 BST on 8 September.
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this study, the PM2.5 concentrations decreased substantially from 1 September regardless of what kind of
emissions regulations were implemented or not, which was ascribed to the proper meteorological
conditions (Kang et al., 2016; Xue et al., 2017). However, a persistent reduction in PM2.5 surface
concentrations will depend on a consistent reduction in anthropogenic emissions.

Except for themeteorological conditions, the prior emission inventory is another important issue related to the
accuracy of the emission estimation. Fan et al. (2018) noted that the aerosol loadings in China are often under-
estimated in global climate models; one reason is the uncertainties in the emission inventory, which is closely
related to the atmospheric loadings of primary aerosols. Furthermore, fast-paced economy and environmental

Figure 9. Averaged diurnal variations of the simulated PM2.5 concentrations in the four experiments during the whole
simulation period in (a) the south Beijing-Tianjin-Hebei region and (b) Beijing. Times are in Beijing standard time.

Figure 10. Spatial distribution of the PM2.5 mass (μg/m3) of the (a) control, (b) SEN01, (c) SEN02, and (d) SEN03 experi-
ments at the lowest model level averaged over all hours from 0000 BST on 20 August to 0000 BST on 3 September.
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policy will also lead to unforeseen emission changes (Li, Liu, et al., 2017). There are many bottom-up anthro-
pogenic emission inventories (Li, McLinden, et al., 2017), such as Intercontinental Chemical Transport
Experiment-Phase B (Zhang et al., 2009), Transport and Chemical Evolution over the Pacific (Streets et al.,
2003), Regional Emission Inventory in Asia Version 1.1 (Ohara et al., 2007), Multi-resolution Emission
Inventory for China (Lei et al., 2011; Li et al., 2014), and so on. Large differences exist among the current
bottom-up anthropogenic emission inventories, due to the treatment in changes of activity rates and emission
factors with China’s rapid economic development and application of air pollution control technologies (Yang
et al., 2013; Li, Liu, et al., 2017). In this study, the INTEX-B inventory was used as the prior emission with our
previous work consistent. However, it is scientifically interesting to evaluate the value and effect of different
emission inventories in the emission assimilation procedures. Besides the above factors, the uncertainties in
the emission assimilation may also arise in other aspects, such as model parameterized physics, spatial and
vertical resolution, and vertical mixing and chemical processes, which need further investigation.
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