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Abstract:
Stringent emission controls during the Asia Paddmonomic Cooperation Summit

(APEC; November 5-11, 2014) provide a valuable opputy to examine the impact
of such measures on the chemical properties of JaMd other air pollutants. Here,
we measured the water-soluble inorganic ions (W&t carbonaceous species in
PM.s NH; and NQ at multiple sites in Beijing between September Alodlember
2014. Relative to the pre-APEC period (September @otober 2014), significant
reductions in the average concentrations of W%{6or NQy, 68% for SG*, 78%
for NH,', and 29-71% for other species), elemental carli®, #3%) and organic
carbon (OC, 45%) in Ph were found during the APEC period. The contribngiof
secondary inorganic ions (SIA, including Q0 NOs, and NH") to PMys were
significantly lower during the APEC period (9-44%idicating a combination of
lower gaseous precursor emissions and a relatiak wecondary aerosol formation.
lon-balance calculations indicated that the RBMample in the pre-APEC period was
alkaline but was acidic during the APEC period. dfeely lower mean
concentrations of EC (145 m°), OC (10.5ug mi°), secondary organic carbon (SOC,
3.3pug m®), secondary organic aerosol (SOA, Bg®m*) and primary organic aerosol
(POA, 10.0ug m*) appeared during the APEC period. The averageertrations of
NH3; and NQ at all road sites were significantly reduced byaf® 60% during the
APEC period, which is consistent with clear redoasi in satellite Nglcolumns over
Beijing city in the same period. This finding sugtgethat reducing traffic emissions
could be a feasible method to control urbansNHllution. During the APEC period,
concentrations of Ph, PMyy, NO,, SG and CO from the Beijing city monitoring
network showed significant reductions at urban §R0) and rural (18-57%) sites,
whereas @ concentrations increased significantly (by 93% &aB8&o, respectively).
The control measures taken in the APEC period aunbatly decreased PM
pollution but can increase ground,@hich also merits attention.

Keywords. PM, s, Ammonia, Chemical components, Air pollution, Esis control
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1. Introduction

Over recent decades, Beijing, the capital of Chirees experienced severe air
pollution caused mainly by a growth in energy conption and associated
multipollutant emissions (Zhang et al.,, 2016a). @drticular concern is Pj
(particulate mattex 2.5 um in aerodynamic diameter) pollution, whics fadverse
influences on human health (Cohen et al., 2017;a@Gd Yim, 2016) and climate
change (Kaufman et al., 2002; Koren et al., 20140 @t al., 2016; 2017), as well as
the eco-environment (Li et al., 2017; Yue et a0]1?2). Increasing concern about haze
pollution has recently motivated studies focusing the sources and formation
mechanisms of P4 in China (Ma et al., 2018; Wang et al., 2018; Zhahal., 2018).
However, the sources and formation mechanismsmebdstheric PMs are less well
known and differ from region to region (Liu et &017a). Based on the analysis of
chemical components in B the latest results released from Beijing’s
Environmental Protection Bureau

(http://www.bjepb.gov.cn/bjhrb/xxgk/jazn/ijgsz/jjgajzz/xcjyc/xwfb/832588/index.ht

ml) showed that two-thirds of Beijing’s PM originated from local emissions, of
which the four major contributors were motor veb#cl45%), fugitive dust (16%),

industrial production (12%), and household emissi@d2%). The remaining emission
sources (15%) were derived from coal combustion)(8f@l agricultural and natural

sources (12%). Hence, detailed investigations efctiemical and physical properties
of PM, s promote an understanding of their sources anddtom processes (Huang
et al., 2014; Han et al., 2016).

Water-soluble inorganic ions (WSII) are the maieroiical components of PM.
Sulfate, nitrate, and ammonium (i.e., secondarygawic aerosol, abbreviated as SIA)
collectively account for approximately 29% of theMf:s mass in Beijing in
2012-2014 (Xu et al.,, 2016apuring the extremely severe and persistent haze
episodes in January 2013, the contribution of SIAM, s was approximately 37%
(Huang et al., 2014). Secondary inorganic aerosaterbated haze development as
reflected by their increased contributions durirgérepisodes (Sun et al., 2018Y.

contrast, during summer months WSII accounted f@% 6of the PMs mass in
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Beijing with highly acidic PMsobserved during haze pollution (Zhang et al., 2016b
In addition, carbonaceous aerosols are also immoiamponents of P4 and
comprise elemental carbon (EC) and organic carf).(EC is exclusively emitted
as primary aerosols from incomplete combustiorogsil fuels and biomass burning,
whereas OC is a complex mixture of primary direettyitted OC particles (POC) and
secondary OC (SOC) formed in the atmosphere viaotidation of gas-phase
precursors (e.g., volatile organic compounds, VOC€pmmon sources of
atmospheric POC and of SOC precursors include ukgtiexhaust, coal combustion,
cooking, biogenic emissions, and biomass burnirig¢hl, 2005; Zhao et al., 2013).
During the cold season in Beijing, fossil emissifmosn coal combustion contributed
33% of EC with the remainder from vehicle exhawshereas. In warm periods,
greater than 90% of fossil EC was associated wéthicke emissions (Zhang et al.,
2015a). In addition to fossil emission, non-fogsiission was also a very important
contributor of carbonaceous aerosol in urban Bgijvith the contributions from
biomass burning of 25% and 48% for EC and OC, wsmdy (Zhang et al., 2015b).
Therefore, investigation of the chemical componearit®M, s could provide useful
insights into the sources and chemical and physeadtion mechanisms leading to
the formation of haze in Beijing.

Stringent emission controls to reduce levels ofpaitution have been proven to
temporally improve air quality during specific et®nn Beijing, such as the 2008
Beijing Olympic Games (Shen et al., 2011; Schleicke al., 2012), the 2014
Asia-Pacific Economy Cooperation (APEC) China SumfWang et al., 2016), and
the 2015 China Victory Day Parade (Xu et al., 20H9r example, for the 2014
APEC Summit, a series of stringent measures weferead in Beijing and the
surrounding regions in northern China from 3-12 &lmber to ensure good air quality
during the APEC summit in Beijing. The specific rae@s include the following: 1)
restrictions on the days when vehicle usage wasniged according to the
registration plate (odd or even number); 2) a oeekndelay in the start of the winter
heating season; 3) coal-fueled industries wereeswdgrl or had restricted operations;

4) construction sites were closed (Liu et al., 21®Dwing to such emission controls,
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concentrations of sulfur dioxide (S0 nitrogen oxides (N@, PMo (particulate
matter < 10 um), P and VOCs emissions decreased by 33.6-66.6% (BMEPB,
2014). During the APEC weeklong meeting, blue-s&ysiwith good air quality were
frequently observed in Beijing, which has beeneththe “APEC Blue” period.

To date, some studies have focused on chemical asitigm, size distribution,
oxidation properties, and precursors of submicrerosol (PM) before, during and
after the APEC summit (e.g., Chen et al., 2015; 8ual., 2016). A recent study
reported that the concentrations of PMand associated chemical components
decreased significantly at a rural site in Beijdhging the APEC period (Wang et al.,
2017). However, few previous studies have paichate to the chemical variations
and formation cause of PM during control and no control periods in the urban
Beijing environment. Although the traffic as a nragontributor of atmospheric NH
in Beijing was initially reported by lanniello et. §2010) and later by Chang et al.
(2016) and Xu et al. (2017), it remains unclear twee a reduction of on-road
vehicles can significantly lower atmospheric Nelvels over Beijing. This question is
worthy of exploration by synchronous analysis of Nténcentrations measured at
road sites and from space observations. Satelktgdtbservations have been recently
used to diagnose NHemission dynamics (Liu et al., 2017c).

From a policy perspective, it is desirable to sttigy effect that implementing
controls on pollutant emissions has on the chenpicgberties of PMs as well as its
gaseous precursors (e.g., NG, NO,), because this knowledge is necessary to
guide future pollution control strategies. Therefdahe objective of this research was
to evaluate the effectiveness of pollution contngasures on air quality improvement
in Beijing through measurements of WSII and carlsenoas compounds in B
from urban Beijing, NH and NQ concentrations from road sites of Beijing and the
daily mean concentrations of BM PM,, NO,, SGQ, CO and @ across Beijing
before and during the APEC period.

2. Materialsand methods
2.1. Sampling site and sample collection

The sampling site of airborne BNwas located on the roof of the Resource and



152  Environment building (~15 m above the ground) atstweampus of China
153  Agricultural University (CAU, 40.02° N, 116.28° B5 m a.s.l.) which is 16.8 km
154  northwest of Tiananmen Square in the city cerfeg. (1a). The site was located in a
155  region with educational, commercial, and resid¢m@tiaas in the local vicinity as well
156  as traffic sources. No large pollution sources @esent around the sampling sites.
157  Thus, our observation site can be considered reptaive of the urban environment.
158  Daily PM, 5 samples (from 8:00 am to 8:00 am next day) welleaced from 20 to 31
159  October (named the pre-APEC period, excluding 2lL.2thOctober due to instrument
160 failure) and from 3 to 12 November 2014 (named ARiEdod) on 90-mm quartz
161 fiber filters (Whatman QM/A, Maidstone, UK) using medium-volumie samplers
162  (TH-150C, Tianhong Instruments Co., Wuhan, Chiitae flow rate was set at 100 L
163 min™. All quartz filters were prebaked at 500°C for 4chremove residual carbon
164  species. The filters were wrapped in aluminum &ér sampling and stored at -20°C
165  before analysis to prevent the evaporation of welabmponents.

166 Gaseous Ngland NQ samples were collected from 24 to 28 Septembetp23
167 30 October, and 3 to 13 November 2014 (i.e., wittueation of 5-11 days) at eight
168  road sites, which were evenly distributed at thgesdof the fifth ring roadr{g. 1a).
169  NHssamples were collected using ALPHA passive sam(§leng et al., 2001) and
170 NO, samples were collected using Gradko diffusion sul@radko International
171  Limited, UK). The ALPHA sampler used a citric acid coated fili@rcapture NH,
172 while Gradko tubes used 20% triethanolamine/degxhizvater solution-coated
173  stainless steel wire mesh to capture,NBor the two types of samplers, detection
174 limits are 0.12ug NH; m® and 1.6ug NO, m™ (Puchalski et al., 2011). At all sites,
175  three ALPHA and three Gradko samplers were expaseter a PVC shelter at
176  approximately 1.5 m height above grourkig. S1 in the supplementary material
177  illustrates two road sites.

178 After sampling, all samples were returned to tHsotatory and stored at 4°C
179  prior to chemical analysis. At each site, thre&f(gravel) blank filters were prepared
180 to assess background contamination from the flaldddition, three laboratory blank

181 filters were stored in a clean desiccator at roemperature for assessing background
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Fig. 1. Maps showing the monitoring area (left Figure), mmmmg sites in urban
Beijing (red and blue points represent CAU site @mdad sites on the fifth ring road,
respectively) (a) and the surrounding regions e location of Tiananmen (red
five-pointed star) is also shown (a).
2.2. Analytical procedures

PM,s mass concentrations were analyzed gravimetriaadipg an electronic
microbalance (sensitivity: +1Qg, Sartorius, Gottingen, Germany). The blank and
sample filters were equilibrated at a temperatird0s25°C and relative humidity of
35-45% for 24 h before and after sampling. A 1&ceiof collected Pl samples
was put into a glass tube (60 mL) and was ultrasdlyi extracted with 10 mL
high-purity water (18.2 I®) for 30 min. The extracts were then filtered thglo.22
mm PTFE syringe filteto remove insoluble matters. Five cations ¢NHNa', K,
Mg?*, and C&") and four anions (S8, NOs, F, and Cl) in the filtrates were
determined using Dionex-600 and Dionex-2100 lono@Gtatograph (Dionex Inc.,
Sunnyvale, CA, USA), respectively, with detectiamits of 0.01-0.02 mg t for the
measured ions (Zhang et al., 2011; Tao et al., 2014
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A 0.5 cnf punch from each quartz fiber filter was analyzed drganic carbon
(OC) and elemental carbon (EC) using a Desert Resdastitute (DRI) Model 2001
Thermal/Optical Carbon Analyzer (Atmoslytic Inc.,al@basas, CA, USA) with
IMPROVE_A (Interagency Monitoring of Protected Vadu Environment)
thermal/optical reflectance (TOR) protocol (Chovakt 2007).

The NH; filters, extracted with 10 mL high-purity watereme determined using
a continuous-flow analyzer (Seal AA3, Germany). N@, samples were extracted
with a solution containing sulfanilamide g, and N-1-Naphthylethylene-diamine,
and measured using a colorimetric method by abisorpt a wavelength of 542 nm.

The field (travel) and laboratory blanks were ectied and analyzed using the
same methods as the exposed samples. All repastexbctrations of Nk} NO,, and
PM,5s and its associated chemical components were ¢edéar the blanks.

2.3. Estimation of secondary organic aerosol concentrations

Organic carbon can be divided into SOC and POC. @€ content in Phk
was estimated by determining POC concentrationgu&@ as a tracer and then
subtracting the POC from the measured total OC.primeary organic aerosol (POA)
concentration was calculated as the product of B@dCthe ratio of OMo OC in the

POA (OMOCGCerop). The equations for these calculations are shasviollows (Xu et

al., 2015):
POC = EC x (OC/EG)mary (1)
SOC=0C-POC 2)
POA= POCx (OM/OGop) (3)

where (OC/EGyimary is the estimated primary carbon ratio, the mininmato of
OC/EC was taken as representative of (OCjE&) (Pant et al., 2015; Dai et al.,
2018), and OC above that ratio was taken to be $BCeported by previous studies
(Xu et al., 2014; Zhang et al., 2014), the @\ ratio for fresh urban organics in
northern China was between 1.2 and 1.6. Sincestpected that oxidation of organic
aerosols can occur during transpave used the ratio of 1.4 for the OM/QKa,
consistent with the study of Dai et al. (2018). Heeondary organic carbon (SOA)
was calculated by multiplying SOC by a coefficientL.8 (Philip et al., 2014).
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24. Data of major air pollutants, satellite NH; columns, and meteorological
parameters

Comparison of the major air pollutants between pine-APEC and APEC
periods were evaluated at a city level in Beijiige 24 h average concentrations of
PM,s, PMio, NO,, SQ, CO and @ measured at 35 sites across Beijing (17 urban and
18 rural sites,Fig. 1b) were downloaded from Beijing Municipal Environnb&in

Monitoring Center (http://www.bjmemc.com.cn/). FdtHs, we used the new

IASI_NH3; columns product (downloaded from the Atmosphepec®oscopy Group

at Université Libre De Bruxelles, http://www.ulb.be/cpm/atmosphere.htndf the

Artificial Neural Network for IASI ANNI-NH3-v2.1R-I(Van Damme et al. 2017),
which is based on ERA-Interim ECMWF meteorologicgdut data. The IASI_NE
observations have an elliptical footprint which emsa variable area between 12 and
12 km up to 20 by 39 km depending on the sateliggving angle. We then processed
the data into a 0.29atitude x 0.25 longitude gridded map by averaging the daily
values with observations points within the grid ceer the specific time periods (Liu
et al., 2017c). Daily meteorological data, inclugiwind direction, wind speed, air
temperature, relative humidity and atmospheric sures during the pre-APEC and
APEC periods were observed using an automatic mwdtgpcal observation
instrument (Milos520, Vaisala, Finland).
2.5. Back trajectories

Backward trajectories arriving at Beijing were edéted using the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLDITHom NOAA 4.9 model

(http://www.arl.noaa.gov/ready/open/hysplit4.htifie trajectories were run for a

72h time period and initialized from a 500 m height6 h intervals (00:00, 06:00,
12:00 and 18:00 UTC) each day. The trajectoriesevetgissified into several types
using cluster analysis based on the total spatiahrce (TSV) method (Draxler et al.,
2012).
2.6. Satistical analysis

The two independent samples t tests were emplogegxamine temporal

differences between study phases for investigasehes, including concentrations



260 of NHzand NQ at road sites, Pp4 and its chemical components at the CAU site, and
261 open-accessed pollutants (i.e. RMPMy, NO,, SO, CO and Q). All statistical
262 analyses were conducted using SPSS11.5 (SPSS Gheago, IL, USA), and
263  significance was set gt < 0.05. The concentrations of all measured variapkes
264  sampling period at the sampling sites are preseagede mean + standard deviation.
265 3. Resultsand discussion

266  3.1. Characteristics of PM,sand other pollutants

267 Daily PM, 5 concentrations at the CAU site ranged from 45.@%d.5ug m>
268 during the entire sampling period, with a mean gati126.7 + 69.5g m* (Fig. 2).
269 The average concentration of RMiuring the APEC period (90.1 + 388 m°) was
270 45% lower p<0.05) than the mean during the pre-APEC perio8.@L& 75.8ug mi°).
271 Emission control measures and meteorology altedin@tenodulate Pls during the
272 APEC period with the latter dominating the absolgduction of PMs (Gao et al.,
273  2017; Liu et al., 2017bA similar study (Xu et al., 2017) revealed that gamed with
274  the effect of meteorological conditions, the enussicontrol measures played a
275 dominant role in PMls mitigation during the Parade Blue period in Bejji\verage
276  PM_, s concentration during the APEC period was approtgal0% lower than the
277 average of 10Qug m> observed during an autumn episode of 2011 in egize
278 River Delta (Hua et al., 2015) but approximately®Mhigher than the averages
279  reported during the Olympic and Parade Blue perig4s1l and 37.2ug m°,
280 respectively) in urban areas of Beijing (Shen et2011; Xu et al., 2017). Compared
281  with the Olympic and Parade Blue periods when falla meteorological conditions
282  (e.g., more precipitation and higher mixing layeight) resulted in lowering PM
283  concentrations occurred (Xu et al., 2017), the ARE@mIt was held in the middle of
284  November with unfavorable meteorological conditigasy., no precipitation, stable
285  atmospheric pressure, and relatively low wind sp&egl 3), which to some extent
286 led to relatively higher Plk concentrations.

287 It should be noted that the meteorological parareetealyzed in this study were
288  obtained from near surface measurements, which bastain limitations. It is too

289 hard to determine the haze formation mechanismowitltonsidering the vertical



290 stratification, such as the planetary boundaryddi8L) and temperature inversion
291 (TI). For example, the PBL is inherently associateth air pollution as the bulk of
292 aerosols reside in the PBL, and the strong intemastor feedbacks between aerosols
293 and the PBL (Yu et al., 2002). These interacticas greatly exacerbate air pollution,
294  even if emission rates remain unchanged. Surfacendig (by all types of aerosols)
295 and upper-PBL warming (by absorbing aerosols) k&pilize the PBL and weaken
296 turbulence mixing, resulting in a decrease in tlwrgary-layer height, which
297  subsequently favors the accumulation of air pofitdan a shallower PBL (Ding et al.,
298  2016; Petaja et al., 2016). In addition, the alsamppf solar radiation by aerosols can
299 induce a TI at the top of the PBL which is oftefated to severe pollution episodes
300 (Li et al.,, 2017). Generally, high concentratiorfsaerosols and gaseous pollutants
301 (e.g., SQand NQ) occurred in the atmosphere in the presence &f a T

302 Although stringent emission control measures wereforeed, PM5s
303 concentration reached 18346 nmi® on 4 November. The main explanation for this
304 observation is that the air masses from westerty swuthwesterly directions (i.e.,
305 aerosol pollution source region) of Beijing ledhigh concentrations of PM and its

306 gaseous precursors (MHNO, and SQ) (Fig. S2).
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Fig. 3. Temporal variations in daily wind direction (WDjind speed (WS), air
temperature (T), relative humidity (RH) and atmasguh pressure (P) during the
pre-APEC and APEC periods in Beijing.

Daily average concentrations of the six major galtis (PM s, PV, NO,, SO,
CO and Q) in Beijing were averaged for 17 urban sites aBdutal sitesKig. 1), as
shown inFig. 4a and b. Concentrations of P, PMyo, NO,, SGand CO at all sites
showed highly significantp&0.01) decreases (by 20-60% and 18-57%, respegtivel
during the APEC period compared with the pre-APE@Gqu, demonstrating a strong
beneficial effect of emission control measures. By, the mean £concentrations
were significantly higher in the APEC period thanthe pre-APEC period. This
phenomenon could be explained by the fact thatawer concentrations of primary
pollutants (i.e., NGENO+NGQ,) during the APEC period led to a lower efficienady
O3z destructions as the major destruction mechanisn©fas the oxidation of nitric
oxide (NO) to form NQ@ (Paschalidou and Kassomenos, 2004). In additicapl
decrease of Pl can slow down the sink of hydroperoxy radicals #ngs speeded

up G; production, resulting in high atmospherigg@ncentrations (Li et al., 2019).
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between the pre-APEC and APEC periods for 17 uditas (a) and 18 rural sites (b)
in Beijing. The error bars are the standard demntiof means. Negative and positive
values on the bar represent decreases and inci@apescentage), respectivetyand

* the mean significance at the 0.05 and 0.01 préibakevels for the difference in
mean concentrations of each pollutant between teeAPEC and APEC periods,

respectively, at rural or urban sites.

The NH; concentrations at the eight road sites were 12.%;315.1-30.5, and
6.1-19.4 ng m° for 24-28 September, 23-30 October, and 3-13 Ndem
respectively Fig. 5A, panel a). Correspondingly, the NOconcentrations were
89.0-139.2, 93.7-123.0, and 31.8-5a@m?, respectivelyFig. 5B, panel a). Across
all the sites, average concentrations ofsMiHd NQ during the APEC period (11.7
4.1 and 45.2 + 8.ug m>, respectively) were 48% and 60% lowe<@.01),
respectively, than the corresponding means duhagte-APEC period=ig. 5A and
B, panel b). The measured Ngtoncentrations for 23-30 October were 2.3 times th

ambient mean value of 9)& m*® measured during a similar period at the urban site
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in Beijing (Chang et al., 2016). These results destrated that traffic is a significant
source of NHconcentrations in urban Beijing. From satellite eations Fig. 6a),
the IASI_NH; columns were comparable between the two subpefioels 24-28
September and 23-30 October) within the pre-APE@ogeover Beijing city, and
both were clearly higher than the values obserwgthd the APEC period (i.e., 3-13
November). The difference in IASI_Nidolumns during different time periods was
-2.43x16 molec cnit between 3-13 November and 24-28 September, anfxBA
molec cn? between 3-13 November and 23-30 Octolbég.(6b). Our results suggest
that reducing traffic vehicle numbers could lowsr@ent NH; concentration at a city
level. In addition, reducing urban Nldmission could be an effective method for
reducing the formation of secondary inorganic BMollution in Beijing (Xu et al.,

2017).
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averaged from those in the periods of 24-28 Septertd 23-30 October 2014. The
error bars are the standard deviations of means.abterisks on bars indicate

significant difference gb < 0.01.
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Fig. 6. Average IASI_NHcolumns over Beijing city and its surrounding ardasng
the periods of 24-28 September 2014, 23-30 Oct?be4, and 3-13 November 2014

(a), and the difference of IASI_Nldolumns between the three time periods (b).

3.2. Water-soluble inorganicions in PM;s

Time series and the averages of daily WSII conegiotrs in PM s are presented
in Fig. 2 and Table 1. The average concentrations of total water-solitdeganic
ions (TWSII) ranged from 6.5 to1718 m°, with a significant (§<0.05) reduction
(70%) in the mean observed during the APEC permdpared with the pre-APEC
period (25.62 + 20.25 vs. 85.07 + 56.18 m>). SQ%, NOs, and NH" are the
predominant ions in Ppk and collectively accounted for 71-96% (average B8%

TWSII and for 9-70% (34%) of PMmass concentrationfrig. 2). The concentrations
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of SO, NOs, and NH* during the APEC period were in the ranges of D&1

1.2-36.7, and 0.4-8.i)g m°, respectively Fig. 2); the means of which were all

significantly <0.05) lower (by 68%, 69% and 78%, respectivel@ntithose in the

pre-APEC periodT{able 1). By contrast, the daily concentrations of othensi (i.e.,

cd”, K*, Na', Mg** and F) during the APEC period were overall within thega of

0.01-4.12ug m* (Fig. 2) and showed significant reductions (29-71%), ekéepCI
(Table 1).

Table 1. Comparison of mean (standard deviation) concéoms (1g m°) of PM, s

and associated water-soluble inorganic ions betweasn and rural sites in Beijing.

Urban site Rural site

in Beijing (this study) in Beijing®

Entire Before During Reduction Entire Before During Reduction

(N=20) (N=10) (N=10) (%) (N=24) (N=12) (N=12)(%)
Py 12067 16324 010 4o 793 155 309 6
NO3 (2287'?167) ?235.7;2) (1132'%:7) 69" 149 233 66 72
SO” (111i.3§5) (117 4.1(;)6) E(Sé%c?s) 68 9.8 142 43 70
NH4" 1?1?12) 1(712?19) ?2'5_3579) 78" 7.9 128 28 78
ca’ ?6?5’0) (1;’:3) ?65.3512) 62" 1.1 1.3 05 62
K* (11'_3078) 2&3288) (()6(.3:5) 71" 1.0 1.2 0.6 50
F ((300(?2) ((300072) ((30052) 29 n.a. n.a. na. n.a.
cr LT IB 4 1a 14 07w
Na' ?6?3) ?(58.3236) ?;’282) 54" 0.2 0.2 0.2
Mg** (()(')_1190) (()6.2;4) (()(')_1142) 40 0.2 0.2 01 50
oC (12'4?92) (148526) (1;:196) 45" 13.7 182 69 62
EC (16?;2) (26&.3252) (1;:7) 43" 3.7 5.2 1.7 67
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N: number; n.a. denotes that the data was notadlail

®Data from Wang et al. (2017)

* and** mean significance at the 0.05 and 0.01 probabéwgls for the difference in
mean concentrations of BRMand associated components between the pre-APEC and

APEC Blue periods, respectively.

Compared with the rural site in the Huairou disto€ Beijing (Table 1), the
average concentrations of RMand NQ' in the present study were overall 41-126%
higher during the pre-APEC and APEC periods, wreamparable concentration
levels were observed for remaining WSII. In additithe concentrations of PMand
individual WSII species showed similar reductions magnitude. The WSII
concentrations in Pl in Beijing during the APEC period were generatiyer than
those measured in all eight provincial capitalesitiexcept the N Oconcentration
(19-163% higher than those observed in Shenzheangtlu, Lanzhou, Guangzhou
and Wuhan cities)T@able 2). However, regarding SIA, NOconcentrations during the
APEC period were higher than those observed atirdlhin sites around the world,
whereas the concentrations of SCand NH* were generally at slightly higher or

comparable levelsT@ble 3).
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Table 2. Comparison of the concentrations (mean = SD)atewsoluble inorganic ions in Beijing with othdlies in China.

Beijing ' Xi'an, Shanghai, Shenzhen, Chengdu, Lanzhou, Guangzhou Wuhan Zhengzhou
PM,s APEC period Jan-Feb, Sep-Nov, Nov-Dec, Jan-Dec, Jan-Dec, Autumn,
This study 201G 2012 20092016 2014-2016 Dec.2018 ) 2013 2014
N 10 56 16 61 210 31 169 52 14
NOs 13.4+12.7 229+174 15.0+18.2 8.3+23 51+£6.5 7.2+4.1 5747 11.3 17.9
SO% 5.49 +3.05 30.6 £23.9 12.919.3 20.3+4.2 11.7+8.1 11.8+4.2 9.3%49 16.8 19.6
NH," 3.87 +2.59 12.3+10.8 6.66.2 99+21 56+5.3 6.7+34 42+4.2 9.7 9.2
cd® 0.51+0.52 14+1.1 n.a. 34124 1.2+0.7 22+0.9 n.a. 0.5 n.a.
K* 0.62 £ 0.65 3.6+5.6 0.9 £0.9 1.8+0.9 11+09 1.2+0.5 n.a. 1.1 n.a.
F 0.05+0.02 0.4+0.3 n.a. n.a. 21+36 05+0.2 n.a. n.a. n.a.
cr 1.13+1.17 9.6 +6.7 1.6 £1.5 26+0.9 0.3+0.8 52+26 n.a. 1.2 n.a.
Na" 0.38+0.22 1.8+1.0 n.a. 49+14 1.2+0.6 0.8+0.2 n.a. 0.2 n.a.
Mg* 0.14+0.12 0.4+0.6 n.a. 0.3+0.1 0.6+0.1 04+0.1 n.a. 0.1 n.a.
oC 10.5+£5.49 37.5+239 7.0x84 n.a. n.a. 354+13.9 149+75 n.a. 20.0
EC 1.45+0.97 147+123 1.0+0.8 n.a. n.a. 13.845.4 28+1.2 n.a. 5.2

N: number?Data from Xu et al. (2016bjData from Ming et al. (2017§Data from Dai et al. (2013YDPata from Song et al. (2018Pata from
Tan et al. (2017)Data from Chen et al. (2016Data from Huang et al. (2018ata from Jiang et al. (2017).



431 Table 3. Comparison of the concentrations of water-solunbeganic ions in Beijing

432  with other cities worldwide.

Concentrationy(g m>)

Location Period
NO; SO NH,”OC EC

Beijing, Chind 3-12 Nov. 2014 134 55 3.9 105 15
Inchen, Kore Sep-Nov, 2009 35 49 33 79 20
Barcelona, Spaf Feb-Dec, 2011 1.0 28 10 3.0 1.2
Marseille, France Jul 2011-Jul 2012 1.7 22 15 6.2 1.8
Genoa, ltal§ Mar-Sep, 2011 05 36 14 27 14
Venice, Italy Jan-Dec, 2011 54 34 23 na. na

Thessaloniki, Greete Jun 2011-May 2012 24 39 21 6.6 1.3
Kosetic, Czech Repubfic Feb 2009-Apr 2010 2.2 2.9 15 4.1 0.6

Katowice, Poland Sep-Nov, 2010 25 42 20 33 25
Gdansk, Polang Sep-Nov, 2010 19 19 08 22 17
Diabla Gora, Polarfd Sep-Nov, 2010 15 20 07 14 0.9
Cuernavaca, México May-Jun,2012 04 36 1.7 na. na
Delhi, Indid Dec 2011-Nov 2012 8.9 19.1 5.8 335 6.9
Kathmandu Valley, NepalAug-Sep, 2014 01 3.7 23 n.a. na.

433 °This study; APEC period: 3-12 Nov. 20PBata from Choi et al. (2012jData from
434 Salameh et al. (2015)Data from Schwarz et al. (2016Rata from Rogulakozlowska
435 et al. (2014)/Data from Saldarriaga-Norefia et al. (202¥Data from Dumka et al.
436 (2017);"Data from Shakya et al. (2017).

437
438 The mass ratio of NJSO;> can be used as an indicator of the relative

439  importance of mobile versus stationary sources itfogen and sulfur in the
440 atmosphere with high ratios indicating the predamgce of mobile sources over
441  stationary sources (Dai et al., 2018). In Beijitigg emission ratios of NC&o SQ
442  from gasoline and diesel vehicles are 10:1 andr&dpectively, whereas those from
443 coal combustion are less than 1.0 (Han et al., ROl average ratio of NOSO,*
444  was 2.5 during the entire sampling period and &2 Bwer in the APEC period (2.2)
445  than in the pre-APEC period (2.8}i¢. 7), indicating a dominant contribution from
446  mobile vehicles rather than from coal-fueled indaest Factors influencing the
447  NO5/SO# ratio include both the relative contributions ofinpary SGQ and NQ
448 emissions as well as the chemical reactions detémmiformation of secondary

449  inorganic aerosol.
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To examine the degree of the secondary conversoon NG, to NO;™ and from

SO, to SQ?, the nitrogen oxidation ratio (NORARNOs/(nNNOs™ + nNO,)) and the
sulfur oxidation ratio (SOR=NSO,*/(nNSQ* + nSO,)) (n refers to the molar
concentration) were calculated using daily conegiuns of NQ and SG* measured
at the CAU site and the MEP-reported concentratafndO, and SQ at the Wanliu
monitoring station. The two sites are separatecomly 7 km and therefore share
similar pollution climates (Xu et al.,, 2017). Theglrer values of SOR and NOR
indicate that more gaseous species would be oxidizesecondary aerosol in air. It
has been reported that SOR was less than 0.1@iprtmary source emissions and
was greater than 0.10 when sulfate was producedughr the photochemical
oxidation of SQ (Wang et al., 2005). The average NOR and SOR guha entire
measurement campaign were 0.17 and 0.32, respgcfivey. 7), suggesting that
higher secondary formation occurred for sulfatentli@r nitrate. Lower values of
NOR and SOR were observed during the APEC peridi2(@nd 0.16, respectively)
compared with those in the pre-APEC period (0.28 @r89, respectively), which
clearly indicates that the secondary transformatias relatively weaker in the APEC
period. These results together with lower ratiosl®/SO,> in the APEC period also
suggest the predominance of stationary pollutanirces over mobile sources,
reflecting the impact of vehicle restrictions ore thitrate concentration. Overall,
lower concentrations of SIA in the APEC period wetgibuted to a combination of

reduced emissions and lower oxidation rates of &@ NQ.

6.0
-~ = NO,/SO/
454 —@— Cations/Anions
' —A—NOR | ,
8 —vSOR N,
d— /
S i
g 30
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B T T A A A A I
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Fig. 7. Daily average N@/SQ4*, cations/anions, sulfur oxidation ratio (SOR) and

nitrogen oxidation ratio.
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The gas-phase oxidation of @ sulfate by OH radical is a strong function of
temperature, whereas heterogeneous oxidation gfiSQositively correlated with
relative humidity (Sun et al., 2006). During thetien sampling period, relative
humidity was found to be positively correlated whiiOR and SOR (botip<0.001,
r=0.88 and 0.59, respectively). A significant psitcorrelation (r=0.47p<0.05) was
found between NOR and temperature, whereas a ntedé@oat not significant)
positive correlation (r=0.43>0.05) was found between SOR and temperaiiabl ¢
S1). The results above suggested a major oxidatiochamesm of NQ@ to NG5, and
SO, to SQ? is the aqueous phase oxidation of,%@tead of the gas-phase oxidation
(Jiang and Xia, 2017). In addition, both NOR andRSg€howed strong positive and
highly significant (bothp<0.001) correlations with NFI (Table S1), indicating that
(NH.),SO, and NHNO; are the main chemical forms of $Cand NQ'.

SO%, NOy, and NH' primarily form from chemical reactions NH5 with acid
gases (e.g., 0, and HNQ) (Seinfeld and Pandis, 2006). biHshowed strong and
significant correlations with N§ and SGQ* (both p<0.001 and r=0.97)Téable 4),
which is consistent with the results obtained fribi analysis of correlations among
SOR, NOR, and NK. Ammonia in aerosols in Beijing is preferentiafigutralized by
H,SO, to form (NH,).SO, and/or NHHSQ,, and the remaining components can react
with HNOs to form NH,NOs (Sun et al., 2006). A strong and significant catien
between S@ and NQ was observed (r=0.94<0.001), suggesting that the fine
particulate N@ was formed via heterogeneous reactions of gl NH on fully
neutralized fine particulate S8 which is abundantly present in urban areas
(lanniello et al., 2011).

Mg** mainly comes from mineral dust such as carbonatenals (Wang et al.,
2005), as illustrated by the good correlation betwdg and C4" (r=0.68,p<0.001)
(Table 4). The measured concentrations of 4lgnd C4&" throughout the sampling
period (0.19 + 0.10, and 0.93 + 0.@ m°, respectively) were lower than those
reported in Xi'an, Shenzhen, Chengdu, and Lanzhbescbut were close to those
observed in Wuhan cityT@bles 1 and 2). Significant reductions in the concentrations
of Mg* and C&'(40% and 62%, respectively) in the APEC perideb{e 1) reflect
an effective control on road and construction destissions. Traffic restriction
reduced turbulent re-suspension of road dust, tirguh a relatively lower Mg and

C&* concentrations.
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Table 4. Correlation coefficients (Pearson’ between the water-soluble inorganic

ions, organic carbon (OC), and elemental carbon.(EC

NO; SO2 NH,” c&" K* F CI' Na Mg* OC EC

NOs  1.00
SO 0.94° 1.00

NH,* 0.97° 0.97° 1.00

cad® 041 030 0.36 1.00

K* 086 0.84 086 0.69 1.00

= 0.25 0.19 0.27 0.65 0.42 1.00

ClI 047 0.34 0.38 0.65 0.65 0.17 1.00

Na" 0.80° 0.69° 0.78" 0.58" 0.84" 0.200.75 1.00
Mg® 0.43 0.34 0.42 0.68 0.66 0.290.64 0.71" 1.00

OC 0.87° 0.75° 0.80 0.74" 0.92" 0.410.65 0.83° 0.59 1.00
EC 056 0.36 0.45 0.91° 0.82° 0.50 0.78" 0.67° 0.62" 0.86 1.0C

* and** denote significance at the 0.05 and 0.01 proligldvels, respectively.

K™ is considered to be an acceptable indicator ofnh&s burning in Beijing
(Wang et al., 2005). During our sampling period, eeasider that biomass burning
did not have a significant influence orl iKoncentrations, given that the monitoring
was conducted after the harvest of summer maizenyna October) in the vicinity
of Beijing and thus open stalk burning had leskierice. This notion is also reflected
by fire maps (data available from
https://firms.modaps.eosdis.nasa.gov/download/englap) for Beijing and the
surrounding regions; the number of fire points wesmparable for the pre-APEC and
APEC periods (327 versus 33Hi¢. S3a, b). The low average Kconcentrations
(0.62 + 0.65ug m®) during the APEC Blue period implied a minor cimition of
biomass burning to PM. In addition, the 72-h air mass backward trajeesoending
in Beijing (Fig. S3c, d) showed an absence of transport of air masses thiersouth
of Beijing (in which heavy industry and intensivgrigulture were located) in both the
pre-APEC and APEC period&iven this finding, the significant reductions in” K
concentrations in the APEC period are most likelybe due to control of coal
combustion because’Kn PM,s can originate from coal burning in the Jing-Jin-Ji
megacities (Wang, 2013). In addition, the prevgilair masses during our sampling
periods were from the northwest; thus, sea saltiges did not contribute

significantly to measured ion concentrations (eNg', ClI, Mg®") (Xu et al., 2016a).
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The CI and N& concentrations showed a significantly positiverefation (r=0.75,
p<0.001) Table 4), suggesting a common origin of both ions. The mE#/Na’
molar ratios were 1.55 and 1.78 in the pre-APECAREC periods, respectively, and
were higher than the mean ratio (1.17) of seaw@iesing et al., 2013). These results
indicate the dominance of non-sea salt sourceshafh the most likely contributor of
CI" is coal burning activities (Wang et al., 2005).isTinding could subsequently
explain lower Clconcentrations in the APEC period due to reduagdibg activities
for that time period. During combustion, vaporipatiof volatile elements, including
Na’, can occur from the surface of coal particles ((k&a1993). Furthermore, Ghas
significantly and positively correlated with*KC&*, and Md* (Table 4), indicating
the presence of chloride salts such as, KClI, ga@id MgC}, other than NaCl at low
ambient temperature (lanniello et al., 2011). InjiBg, KCI may also be released
from coal combustion, and CaGnd MgC} could be formed through heterogeneous
reactions of the dust carbonate with HCI emittexinfrcoal combustion (Zhang et al.,
2013).

The ion balance is widely used as an indicatohefécidity of the aerosols using
the equivalent ratios of the total cations to tbltanions in PMs(Zhang et al.,
2011). The cation and anion equivalents were caiedlas follow:

Cation equivalents = Nf¥18 + C&%20 + K'/39 + Md¢f'/12 + Nd/23  (4)
Anion equivalents = OB5.5 + SQ*/48 + NQ/62 + F/19 (5)

The equivalent ratios of cations/anions (C/A) dgrihe entire monitoring period
averaged 1.01 + 0.3FiQ. 7). The C/A ratio was higher than 1.0 during the AREC
Blue period (1.13) but less than 1.0 during the BFBue period (0.89), indicating
the alkaline and acidic features of PAdamples, respectively. The higher C/A ratios
during the pre-APEC period may be the result ofhbrglevels of carbonate and
bicarbonate (Clarke and Karani, 1992).

The mean concentrations of WSII in PMn the Beijing atmosphere during the
summer and autumn seasons between 2008 and 201¥h@me inFig. $4. The
concentrations of WSII in Pp during the APEC period were generally lower
compared with those measured in similar period0©0 and 2012-2013. This finding
could be ascribed to implementation of emission trbnmeasures. Although
comparable pollution control measures were enfotgthg the 2008 Olympics, the
2014 APEC Summit, and the 2015 Victory Day Paréue \WSII concentrations (e.g.,
NOs, NH;") were higher in the APEC period than the other éwents, reflecting the
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negative effects of unfavorable meteorological ¢omas as mentioned earlier (also
see Xu et al., 2016a). For instance, in autumntivelst low temperature in

combination with stable meteorological conditions.g( low wind speed and
atmospheric pressure) (Fig. 3) limit horizontal amdtical dispersion of atmospheric

pollutants, and further elevated levels of RMnd chemical components.

3.3. Characteristics of carbonaceous aerosol

The concentrations of OC and EC during the samgargpaign averaged 13.9 +
6.5 and 1.9 + 0.9g m°, which are equal to 13 + 5 and 2 + 1% of the,Bhass
concentration, respectivel¥i@. 8). The results were comparable with those observed
during a similar sampling period at a rural siteBeijing (Table 1). In comparison
with other capital cities in China, the OC and E@haentrations during the APEC
period were lower than the values obtained in Xi'&anzhou, Guangzhou and
Zhengzhou but higher than those observed in Shar{d@hhle 2). In addition, the
concentration of OC in Beijing was higher than thiaserved in other regions globally
(with the exception of being approximately 3-folvier than in India) Table 3). In
contrast, the concentration of EC was comparabReijing to other cities worldwide
(except India). The average concentration of tcaidbon (TC, the sum of OC and EC)
during the APEC period significantly decreased B$7compared with those in the
pre-APEC period with reductions of 45% and 43% @€ and EC, respectively
(Table 1). Previous studies reported that carbonaceousalsron Beijing primarily
originated from fossil fuel combustion from trafficoal combustion in power plants
and industries (He et al., 2001) and from domelg&ating and biomass burning
(Zhang et al., 2015b). Thus, the emission contredsares taken during the APEC
Blue period, including prohibition of biomass burgj suspension of industrial
production, and reduction of the number of on-readicles, jointly contributed to

lower TC concentrations.
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Fig. 8. Concentrations of carbonaceous compounds and © @0 in PM s.

The OC and EC concentrations were found to be igelitand significantly
correlated (r=0.86p<0.001) throughout the sampling perioBalfle 4), indicating
some common origins, such as traffic emission aad combustion. The OC/EC ratio
is widely used to diagnose sources of carbonacaeussols and for estimation of
SOC (Zhao et al., 2013). For example, the OC/E® rfabm biomass burning is
particularly high within the range of 2.6-5.7 (Sabmet al., 2008); however,
fossil-fuel emissions tend to have low OC/EC ratiogt are generally less than 1.0
(Handler et al., 2008). As shownking. 8, the OC/EC mass ratios fell within the range
of 5-12, with means of 7.5 and 8.0 in the pre-AP&@ APEC periods, respectively.
Given the minimal influence of biomass burning (tn@med in Section 3.2), an
explanation for higher OC/EC values in this stuslyhiat a stable atmosphere and low
temperatures (Fig. 3) can facilitate the accumaatof air pollutants and create
conditions for the condensation or adsorption datie organic compounds and thus
elevated OC levels.

An OC/EC ratio of greater than 2.0 indicates thespnce of SOC (Choi et al.,
2012). Based on the EC-tracer method and the mmin@QC/EC ratio of 4.93
observed in this study, the estimated SOC condésnravas 4.6 + 3.4ug m>
(1.3-14.2 pg m*) (Fig. 8), accounting for 33% of OC and 4% of RMmass
concentration, respectively. This finding indicateat SOC contributed a significant
fraction of OC in PM; during the entire sampling period. A nonsignificeeduction

(on average 49%) in the SOC concentration was wbddan the APEC Blue period
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(6.5 + 4.5ug m®) compared with the pre-APEC period (3.3 + L@ m°). Our
estimated SOC concentration (46 m*) was close to the mean value of 4@ m?
observed during the APEC period in rural BeijingafWy et al., 2017). However, the
number of samples in this study is relatively lmait and the minimum of OC/EC was
likely not the real OC/EC of primary emissions. Fetample, Dan et al. (2004)
measured the OC/EC ratios in Rdand calculated a minimum OC/EC ratio of 0.9 for
the 2001-2003 period in Beijing. A similar minimu@C/EC ratio of 1.5 was
observed in Ppduring autumn in Beijing (Duan et al., 2005). Givat it is not
easy to determine the primary OC/EC ratios compreiiely because they are source
dependent and influenced by meteorological conasti@ more accurate estimate of
SOC during the APEC period is recommended in funiak.

The average POA concentrations were significargtiuced by 42% during the
APEC period compared with the pre-APEC period (108.7 versus 17.3 = 1.5g
m3), whereas a nonsignificant reduction of 49% wasnéb for the average SOA
concentration between these two periods (5.9 +v2rSus 11.7 = 8.1Hg. 8). The
SOC and SOA in air are affected by meteorologicahditions with higher
temperature promoting their formation. The formataf SOC is limited when the
temperature is below 15°C (Strader et al., 1998 dverage temperature was 13.6 +
1.8°C during the pre-APEC period and 9.7 = 2.5°@rduthe APEC periodHig. 3).
Thus, the photochemical reactions resulting in sdaoy pollution were not active;
SOC and SOA reductions were mainly due to reducastt@rparticle conversion
resulting from decreased emissions of semi-volaiild volatile organic compounds.
Similarly, the reduction of POA can be ascribegtionary emission control as POA is
emitted primarily from combustion processes (Waingl.e 2017).



651 4. Conclusions

652 We systematically quantified the impacts of strimgeollution control measures
653 on PM s and its chemical components together withsNNO, and other major air
654  pollutants before and during the APEC period injiBgi Overall, the average
655 concentrations of water-soluble ions and carbonzespecies of P showed
656  statistically significant reductions (29-78%) dwithe APEC period compared with
657 the pre-APEC period. SIA (34%) and OC (13%) weeertiain contributors to PM.
658 Lower concentrations of SIA in the APEC period waseribed to effective emission
659 control and lower oxidation rates of S@nd NQ. PM,s was alkaline in the
660 pre-APEC period but acidic in the APEC period. A/@C ratio exceeding 2.0
661 indicated that SOA was present during the entingpdiag campaign.

662 Average NH concentrations across all road sites significaddgreased in the
663 APEC period due to vehicle restrictions. Additidpalhe satellite NHcolumns over
664  Beijing demonstrated lower NHoncentration in the same period. Reducing traffic
665 NHs; emissions could therefore be an effective appréachitigate atmospheric NH
666 and secondary NH salt in PM s in Beijing.

667 Emission control measures taken in the APEC pesigdificantly decreased
668  PM, s pollution and other major pollutant (RMNO,, SG,, and CO) concentrations at
669 a city level but significantly increased ground €@ncentrations. Future emission
670  control measures should balance the trade-off tAdb s and Q pollution.
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Concentrations of PM, s and components reduced significantly during the APEC

period.

Major components in PM,s and other pollutants were comparable with other

cities.

Vehicle restrictions could lower atmospheric NH3 concentration over Beijing.

Emission control
concentrations.

measures  significantly

increased ground-level O3
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