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Abstract. The megacity of Beijing has experienced frequent
severe fine particle pollution during the last decade. Al-
though the sources and formation mechanisms of aerosol
particles have been extensively investigated on the basis of
ground measurements, real-time characterization of aerosol
particle composition and sources above the urban canopy in
Beijing is rare. In this study, we conducted real-time mea-
surements of non-refractory submicron aerosol (NR-PM;)
composition at 260 m at the Beijing 325 m meteorological
tower (BMT) from 10 October to 12 November 2014, by us-
ing an aerosol chemical speciation monitor (ACSM) along
with synchronous measurements of size-resolved NR-PM;
composition near ground level using a high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS). The
NR-PM; composition above the urban canopy was domi-
nated by organics (46 %), followed by nitrate (27 %) and
sulfate (13%). The high contribution of nitrate and high
NO; /SO2~ mass ratios illustrates an important role of ni-
trate in particulate matter (PM) pollution during the study
period. The organic aerosol (OA) was mainly composed of
secondary OA (SOA), accounting for 61% on an average.
Different from that measured at the ground site, primary OA
(POA) correlated moderately with SOA, likely suggesting a
high contribution from regional transport above the urban

canopy. The Asia—Pacific Economic Cooperation (APEC)
summit with strict emission controls provides a unique op-
portunity to study the impacts of emission controls on aerosol
chemistry. All aerosol species were shown to have significant
decreases of 40-80 % during APEC from those measured be-
fore APEC, suggesting that emission controls over regional
scales substantially reduced PM levels. However, the bulk
aerosol composition was relatively similar before and during
APEC as a result of synergetic controls of aerosol precursors.
In addition to emission controls, the routine circulations of
mountain—-valley breezes were also found to play an impor-
tant role in alleviating PM levels and achieving the “APEC
blue” effect. The evolution of vertical differences between
260 m and the ground level was also investigated. Our results
show complex vertical differences during the formation and
evolution of severe haze episodes that are closely related to
aerosol sources and boundary-layer dynamics.

1 Introduction

Beijing (39°56’ N, 116°20’ E), the capital of China, is one of
the largest megacities in the world with more than 21 mil-
lion residents and 5.4 million vehicles in operation by the
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end of 2013 (Beijing Municipal Bureau of Statistics, 2014).
In the west, north, and northeast, the city is surrounded by
the Taihang and Yanshan mountains at approximately 1000—
1500 m above sea level. The fan-shaped topography in ad-
dition to the rapid urbanization has caused frequent severe
haze pollution episodes in Beijing. These conditions have
received a significant amount of attention from atmospheric
scientists, the government, and the general public (Sun et al.,
2006, 2012a, 2013b, 2014; Guo et al., 2014). For in-depth
elucidation of severe urban haze formation and particulate
matter (PM) characteristics, extensive studies have been con-
ducted in Beijing including real-time online measurements
and filter sampling with subsequent offline analyses (Sun et
al., 2006; Pope IlI. et al., 2009; Zhao et al., 2013). Aerosol
mass spectrometers (AMS), which are capable of determin-
ing size-resolved aerosol compositions with high sensitiv-
ity, have been widely deployed in Beijing and other cities
in China since 2006 (Huang, X.-F. et al., 2012; Zhang et al.,
2014; Li et al., 2015). Numerous conclusions and findings
have been obtained since then, which have greatly improved
our understanding of aerosol composition, formation mecha-
nisms, and evolution processes (Sun et al., 2010; Xiao et al.,
2011; Zhang et al., 2012, 2014; Hu et al., 2013; Huang et
al., 2013; Guo et al., 2014; Li et al., 2015). However, most
previous AMS studies include short-term measurements of
generally less than 2 months, because of the high cost and
maintenance of the instrument. The recently developed Aero-
dyne Aerosol Chemical Speciation Monitor (ACSM) (Ng
et al., 2011) has been used in some studies for examining
the chemical composition, sources, and processes of atmo-
spheric aerosols in China. The advantage of the ACSM is its
robustness for real-time long-term measurements of aerosol
particle composition with little attendance (Ng et al., 2011;
Sun et al., 2012a, 2013b, 2014; Budisulistiorini et al., 2014;
Jiang et al., 2015; Parworth et al., 2015; Petit et al., 2015).
The first ACSM measurements in Beijing highlighted the im-
portant role of nitrate in PM pollution in summer, which was
mainly attributed to the partitioning of nitric acid into lig-
uid ammonium nitrate particles (Sun et al., 2012a). The PM
pollution characteristics also dramatically differed between
summer and winter. Agricultural burning and photochemical
production play major roles in PM pollution in summer (Li et
al., 2010; Huang, K. et al., 2012; Sun et al., 2012a; Zhang et
al., 2015), whereas coal combustion is the dominant source
of PM in winter (Sun et al., 2013b). A more detailed anal-
ysis of a severe haze pollution episode that occurred in Jan-
uary 2013 suggested that stagnant meteorological conditions,
source emissions, secondary production, and regional trans-
port are four major factors driving the formation and evolu-
tion of haze pollution in Beijing during winter (Sun et al.,
2013b, 2014; Guo et al., 2014; Zhang et al., 2014).

Despite extensive efforts for the characterization of fine
particle pollution in Beijing, most studies are conducted at
ground sites, which are subject to significant influences of
local emission sources such as traffic, cooking, and biomass
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burning. In comparison, measurements obtained above the
urban canopy with much less influence of local source are
more representative for a large scale, which is of great im-
portance for characterizing regional transport. However, such
studies in Beijing are rare due to the absence of high plat-
forms. The Beijing 325 m meteorological tower (BMT) is a
unique platform for measuring aerosol and gaseous species
at various heights in Beijing megacity. Moreover, this plat-
form is beneficial for studying the interactions of the lower
boundary layer (<300 m) and air pollution, particularly dur-
ing autumn and winter when the nocturnal planetary bound-
ary height is often below 300m (Ting et al., 2008; Zhang
et al., 2013). Based on the BMT measurements, Sun et
al. (2009, 2013) reported that the SO, concentration reached
its maximal value at 50 m during heating periods, whereas
PM> 5 showed a “higher top and lower bottom” vertical pat-
tern due to the inversions of temperature (7') and relative hu-
midity (RH) during summer hazy days. Guinot et al. (2006)
and Meng et al. (2008) also determined that local concen-
tration peaks at 50 to 100m were likely related to the ur-
ban canopy. However, real-time characterization of aerosol
particle composition above the urban canopy has been per-
formed only once (Sun et al., 2015). The 2-week study found
substantially different aerosol compositions between ground
level and 260 m. In addition, the compositional differences
at the two heights were found to be strongly associated with
source emissions, the vertical mixing mechanism, and RH/T -
dependent secondary production. Because these measure-
ments only lasted 2 weeks, the aerosol characteristics and
sources above the urban canopy remain poorly understood.

The 2014 Asia—Pacific Economic Cooperation (APEC)
summit was hosted in Beijing during 5-11 November 2014,
when strict emission control measures were implemented in
Beijing and surrounding regions to ensure good air quality.
During 3-12 November emission controls such as reducing
the number of vehicles in operation by approximately 50 %,
shutting down factories, stopping construction activities, and
enhancing the cleanliness of urban roads were gradually im-
plemented (http://www.gov.cn/xinwen/2014-11/14/content
2778635.htm, in Chinese). The neighboring provinces such
as Hebei, Tianjin, and Shandong implemented the same
emission controls during APEC (http://www.bjepb.gov.cn/
bjepb/324122/412670/index.html, in Chinese). As a result,
the PM levels in Beijing during the summit were significantly
reduced, leading to “APEC blue”, a phrase commonly used to
refer to the good air quality. However, the response of aerosol
chemistry to emission controls over a regional scale has not
been investigated. Measurements above the urban canopy are
ideal for evaluating the roles of emission controls in reducing
PM levels under the condition of minimizing the influences
of local point sources.

In this study, we conduct real-time measurements of non-
refractory submicron aerosol (NR-PM1) composition includ-
ing organics (Org), sulfate (SOi‘), nitrate (NO3), ammo-
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nium (NHI), and chloride (CI~) at 260 m at the BMT be-
fore and during APEC, 10 October—2 November and 3-
12 November 2014, respectively, by using an ACSM. The
aerosol composition, diurnal variation, and sources above
the urban canopy are investigated in detail. The responses of
aerosol composition, particle acidity, and sources of organic
aerosol (OA) to emission controls are elucidated by com-
paring the changes before and during APEC, and the roles
of meteorological conditions in PM reduction during APEC
are discussed. In addition, the vertical differences of aerosol
composition and its interactions with boundary-layer dynam-
ics are also examined.

2 Experimental methods
2.1 Sampling site and measurements

All of the measurements in this study were conducted at the
same site as that reported by Sun et al. (2013b), which is an
urban site at the Institute of Atmospheric Physics, Chinese
Academy of Sciences, between North 3rd and 4th Ring Road
from 10 October to 12 November 2014. The ACSM and gas
measurement instruments were mounted inside a container
at 260 m on the BMT. The ACSM sampling setup used in
this study is similar to that described by Sun et al. (2012a).
Briefly, aerosol particles were first sampled into the container
with a PM3 5 cyclone to remove coarse particles larger than
2.5um. After passing through a diffusion silica-gel dryer,
aerosol particles were sampled into the ACSM at a flow rate
of ~0.1Lmin"L. The ACSM was operated by alternating
ambient air and filtered air with a mass spectrometer at a
scanning rate of 500 msamu~! from m /z 10 to 150. The data
were saved every two cycles, leading to a time resolution of
approximately 5min. The detailed principles of the ACSM
can be found elsewhere (Ng et al., 2011; Sun et al., 2012a).
An Aerodyne high-resolution time-of-flight AMS (HR-ToF-
AMS) was simultaneously deployed near ground level at the
same location to measure the size-resolved NR-PM; aerosol
composition. Details of the sampling and operation proce-
dures of the HR-ToF-AMS are given in Xu et al. (2015).

Meteorological variables including wind speed (WS),
wind direction (WD), RH, and T at 15 heights of 8, 15, 32,
47, 65, 100, 120, 140, 160, 180, 200, 280, and 320 m were
obtained from the BMT. In addition, a Doppler wind lidar
(Windcube 200, Leosphere, Orsay, France) was deployed at
the same location to obtain the wind profiles from 100 to
5000 m with a spatial resolution of 50 m and a time resolu-
tion of 10 min. All of the data in this study are reported in
Beijing Standard Time (BST), which is equal to Coordinated
Universal Time (UTC) plus 8 h.

2.2 Data analysis

The ACSM data were analyzed for the mass concentration
and chemical composition of NR-PMj species including or-
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ganics, sulfate, nitrate, ammonium, and chloride by using
ACSM standard data analysis software (v. 1.5.3.0). Detailed
analytical procedures have been reported by Ng et al. (2011)
and Sun et al. (2012a). Similar to that of previous studies
in Beijing (Sun et al., 2011, 2012a, 2013b, 2014), an em-
pirical and constant collection efficiency (CE) of 0.5 was
applied during the entire campaign to compensate for the
particle loss due mainly to particle bounce at the vaporizer
(Matthew et al., 2008). The CE of 0.5 is rational for this
study because aerosol particles were dried, and the mass
fraction of ammonium nitrate was overall below the thresh-
old value (40 %) that affects CE (Middlebrook et al., 2012).
The average ratio of measured NHZr (NHj{meas) Versus pre-
dicted NH; (Nijred) was 0.56, suggesting that the aerosol
particles were acidic. Although the particle acidity would
have a slightly higher CE than 0.5 (~ 0.59) if the equation
CEary =max (0.45, 1.0-0.73 x (NH; .. /NH; . )) recom-
mended by Middlebrook et al. (2012) were used, no effect on
CE is present if using the parameterization reported by Quinn
et al. (2006). For consistency with our previous studies and
with the HR-ToF-AMS measurements at the ground site, we
maintained CE =0.5 in this study. The default relative ion-
ization efficiency (RIE) values were 1.4 for organics, 1.1 for
nitrate, 1.2 for sulfate, and 1.3 for chloride, except ammo-
nium (6.5) which was determined from pure ammonium ni-
trate particles. Note that the ACSM measurements were com-
pared with those of HR-AMS at the same location before the
campaign. All submicron aerosol species measured by the
ACSM were highly correlated with those by the HR-AMS
(r?>0.97). Although the total NR-PM; mass measured by
the ACSM agreed well with that by HR-AMS (2 = 0.99,
slope = 0.99), the regression slopes of ACSM against HR-
AMS varied from 0.61 to 1.24 for different aerosol species.
Because ACSM was found to have a larger uncertainty in the
quantification of submicron aerosol species, particularly in
the determination of relative ionization efficiency, the mass
concentrations of aerosol species measured by the ACSM at
260 m were further corrected using the regression slopes of
ACSM/HR-AMS obtained from the intercomparison study.
Positive matrix factorization (PMF) with the PMF2.exe al-
gorithm (Paatero and Tapper, 1994) was performed on the
ACSM OA mass spectra to resolve potential OA components
with different sources and processes. Only m/zs <125 were
included in the PMF analysis due to the large interferences of
naphthalene signals on several larger m/zs (e.g., m/z 127-
129) (Sun et al., 2012a, 2013b, 2014). The PMF results were
then evaluated using an Igor Pro-based PMF Evaluation Tool
(PET, v. 2.06) (Ulbrich et al., 2009) following procedures de-
tailed by Zhang et al. (2011). After careful evaluation of the
mass spectra and time series of OA factors, a 2-factor so-
lution, i.e., an oxygenated OA (OOA) and a hydrocarbon-
like OA (HOA) with fpeak = 0.4, was chosen. More detailed
PMF diagnostics are presented in Figs. S1, S2, and Table S1
in the Supplement. While the 3-factor solution resolved an
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Figure 1. Evolution of vertical profiles of (a) wind speed (WS) and
(b) wind direction (WD) from the measurements of the Doppler
wind lidar. The time series of NR-PM; (i.e., Org + so§—+ NO; +
NHj{—f— CI7) is shown as the black line in (a). The shaded area
refers to the APEC period (same for following figures).

unrealistic factor with unexpectedly high m/z 12 and m/z
15, the 2-factor solution at fpeak =0 showed much higher
m/z 44 in the HOA spectrum, which is generally a charac-
teristic of OOA (Fig. S3).

2.3 Air mass trajectory analyses

The 3-day (72h) back trajectories were calculated ev-
ery hour at 500 m height using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT, NOAA) 4.9
model (Draxler and Hess, 1997; Li et al., 2015). The trajec-
tories were then grouped into four clusters before and during
APEC using the algorithm of cluster analysis. The clustering
of trajectories is based on the total spatial variance (TSV)
method (Draxler et al., 2012). This method minimizes the
inter-cluster differences among trajectories while maximiz-
ing the inter-cluster differences, which has been widely used
in previous studies (Sun et al., 2014; Zhang et al., 2014; Li et
al., 2015).

3 Results and discussion
3.1 General description
3.1.1 Submicron aerosol and meteorology

The NR-PM; mass concentration varied significantly from
0.7 to 254 ugm—3, with an average of 53.5ugm=3. As in-
dicated in Fig. 1, the variations of NR-PM1 were strongly
associated with WD and WS. The formation of severe haze
episodes was generally initiated by a WD change from
northerly to southerly and a decrease of WS to less than
5ms~1 below 1 km. The southern air flow and low WS were
then dominant most of the time during the evolution of the
haze episode; subsequently, the air masses changed from the
south to the north/northwest, leading to a rapid decrease of
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PM level in a few hours. Haze episodes with such life cy-
cle driven by meteorological conditions have also been ob-
served many times in Beijing (Jia et al., 2008; Sun et al.,
2013b, 2014; Guo et al., 2014). Note that a mountain—valley
breeze lasting approximately half a day was frequently ob-
served throughout the study, which reduced the daytime PM
levels to a certain degree. As shown in Fig. 1, most of the
cleaning processes were similar, all driven by the switch of
air masses from south/southwest to north/northwest associ-
ated with high WS across the entire vertical layer (>5ms™1).
However, the cleaning process that occurred on 20-21 Oc-
tober was different. As the WD changed from the south
to the northwest/northeast, the NR-PM; concentration re-
mained high. This phenomenon can be explained by the low
WS (<4ms~1) below 500 m and the high RH (Figs. 2, S4).
The NR-PM3 began to decrease at ~ 20:00 as WD shifted
to the south associated with a decrease in RH. This result
indicates that a cleaner and drier air mass was located to the
south of Beijing during this stage. Such a cleaning process by
southern air flow is not common and is generally weaker than
that by northern/northwestern flow. This observation is sup-
ported by the higher NR-PM; concentration of ~ 20 ugm—3
on 21 October compared to during other cleaning periods at
~<5ugm3. The average mass concentration of NR-PM;
during APEC was 24.1 ugm~—23, which is significantly lower
than the 65.1ugm~2 recorded before APEC, indicating a
large reduction of PM during APEC. In addition, the south-
ern air mass occurred less frequently and had a shorter dura-
tion during APEC. These results manifest that meteorology,
in addition to emission controls, might have played an im-
portant role in reducing PM levels during APEC.

The NR-PM; species showed similar and dramatic varia-
tions to the total NR-PMy mass (Fig. 2). In particular, three
haze episodes before APEC (Epl, Ep2, and Ep3 in Fig. 2d)
and two episodes during the summit (APEC1 and APEC2 in
Fig. 2d) were observed in this study. The three episodes be-
fore APEC were all characterized by high RH at 48-70 %
and low WS at 2.3-3.4ms~1, elucidating the important roles
of stagnant meteorological conditions in severe haze forma-
tion. In comparison, the RH in the two episodes during APEC
was lower at 34-38 %, and the WS was comparably higher at
3.1-3.8ms~! (Table 1). These results suggest that the me-
teorological conditions during APEC appeared to be more
favorable for the dispersion of pollutants. Indeed, clear ac-
cumulation processes of aerosol species were observed for
three episodes before APEC, yet they were much weaker
during the summit. However, the two episodes during APEC
showed obvious temperature inversions, which inhibited the
vertical convection of pollutants. The meteorological condi-
tions during haze episodes differed substantially from those
during clean periods, which were characterized by high WS
at>5ms~! and low RH at <20 %.

The NR-PM; was dominated by organics, accounting for
on average 46 % of the total mass, followed by nitrate at
27 %, sulfate at 13%, ammonium at 9%, and chloride at
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Table 1. Summary of average meteorological variables for different periods and the mass differences of aerosol species between the ground

site and 260 m (i.e., ground — 260 m).

Before APEC During APEC

Entire Epl Ep2  Ep3 Entire APEC1 APEC2
Meteorological variables
RH (%) 471 484 69.7 56.7 29.8 342 385
T (°C) 13.3 167 125 109 9.0 115 8.1
WS (m ) 4.0 34 2.3 2.3 4.9 3.8 31
Mass differences (ug m_3)
Org 0.7 0.3 45 52 9.6 14.6 13.6
s0%~ 34 30 88 13 13 16 1.9
Noﬁ__ 4.3 45 109 0.8 0.7 1.0 1.0
NH, 3.9 4.2 9.0 2.3 16 2.9 2.3
Cl— -01 00 -04 -02 1.0 1.7 15
NR-PM1 121 120 328 -11 141 21.8 20.2

5%. The nitrate contribution ranged from 27 to 28 % dur-
ing the three episodes before APEC and from 29 to 31% in
the two episodes during APEC, which is significantly higher
than the sulfate contribution of 10-15 and 8-11 %, respec-
tively (Fig. 6). Although the dominance of organics in PM;
was consistent with that in previous studies in Beijing (Sun et
al., 2012a, 2013b, 2014; Guo et al., 2014; Zhang et al., 2014),
the nitrate contribution in this study was approximately twice
that of sulfate and significantly higher than previously re-
ported values of 16 % in 2011 (Sun et al., 2013b) and 13-
14% in 2013 (Sun et al., 2014; Zhang et al., 2014). The mass
ratio of NO3 /SOi‘ can be used to indicate the relative im-

www.atmos-chem-phys.net/15/12879/2015/

portance of mobile and stationary sources (Arimoto et al.,
1996). Therefore, higher NO3 /SOLZ[ in this study likely in-
dicates the predominance of mobile sources rather than sta-
tionary sources. Because of the continuous increase of NO,
emissions associated with a decrease in SO, (Wang et al.,
2013), nitrate is expected to play a more important role in PM
pollution in the future. Our results highlight that NO, emis-
sion control should be a priority in mitigating air pollution,
particularly in non-heating seasons with low SO, precursors.

Figure 3 further shows the time series of NO; /SO3~
mass ratio and sulfur oxidation ratio (SOR) calculated as
the molar fraction of sulfate in total sulfur (i.e., sulfate and

Atmos. Chem. Phys., 15, 12879-12895, 2015
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Figure 3. Time series of (a) sulfur oxidation ratio (SOR), (b) ratio of NOS_/SOE_, and (c) NR-PM;. The SOR and NO3 /SOﬁ_ were

color-coded by RH.

SO) (Sun et al., 2014). The NOg/SOi_ was ubiquitously
greater than 1 during five haze episodes, indicating the im-
portance of nitrate in the formation of severe haze pollution.
Interestingly, we observed a rapid increase in NO3 / SO?{
during the formation stage of a pollution episode, followed
by a decrease in NO3 /80121_ during the subsequent evo-
lution stage. The variations of NO;/SOE‘ illustrates that
two different formation mechanisms might drive the forma-
tion and evolution of haze episodes. During the early stage of
haze formation, the RH was relatively low and the formation
rate of sulfate was correspondingly low, which is supported
by the low SOR values. Consequently, the nitrate formation
played a dominant role during this stage. The sof; con-
centration remained consistently low when the nitrate began
to increase (Fig. 2d). As the RH continued to increase, the
SOR showed a corresponding increase, indicating that more
SO, was oxidized to form sulfate, most likely via aqueous-
phase processing (Zhang and Tie, 2011; Sun et al., 2013a).
The SO?[ concentration then showed a substantial increase,
and the NO3 / sof; ratio decreased as a result. For example,
during Ep2, the hourly NO3 /SOi_ increased from ~ 1.1 to
4.0 during the formation stage and then decreased to ~ 1.8
during the evolution stage. These results indicate that sof;
played an enhanced role in PM pollution during the evo-
lution stage of haze episodes with high RH. Moreover, the
NO; / soﬁ— ratios during clean periods (~ 0.3) were much
lower than those during haze episodes. One explanation is
that the nitrate in clean air masses from the north/northwest
is significantly lower than that of sulfate.

Atmos. Chem. Phys., 15, 12879-12895, 2015

3.1.2 Sources and composition of OA

Two OA factors, HOA and OOA, were identified in this
study. The HOA spectrum was similar to those determined at
other urban sites (Huang, K. etal., 2012; Sun et al., 2012a, b),
which is characterized by prominent hydrocarbon ion peaks
of m/z 27, 29, 41, 43, 55, and 57 (Fig. 4a). The HOA spec-
trum showed a higher m/z 55/57 ratio compared with that
of exhaust aerosols from diesel trucks and gasoline vehicles
(Mohr et al., 2009), yet it had characteristics similar to those
resolved in urban Beijing (Sun et al., 2010, 2012a). The high
m/z 55/57 ratio and the two visible peaks at meal times in
diurnal variations (Fig. 4b) indicate the impact of local cook-
ing activities (Sun et al., 2011, 2012a, 2013b). However, the
two HOA peaks were much smaller than those observed at
the ground site (Xu et al., 2015), indicating a significantly
smaller impact of local cooking emissions on OA at 260 m.
Moreover, the HOA spectrum showed a considerable m/z
60 peak, a marker m/z for biomass burning (Aiken et al.,
2009; Huang et al., 2011; Zhang et al., 2015). The fraction
of m/z 60 was 0.9 %, which is much higher than ~0.3% in
the absence of biomass burning. All these results suggest that
HOA was a primary OA factor combined with traffic, cook-
ing, and biomass burning emissions. Limited by the ACSM
spectra and PMF analysis, we were not able to separate the
different primary OA factors in this study. HOA correlated
well with chloride (2 = 0.61) and moderately well with sec-
ondary inorganic species (-2 = 0.42-0.65), indicating that a
major fraction of HOA shared similar sources to secondary
species at 260 m, which likely came from regional transport.
HOA on average contributed 39 % of total organics, which
is less than the 57 % observed at the ground site during the
same study period (Xu et al., 2015). This result indicates a
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smaller impact of primary sources above the urban canopy.
The diurnal cycle of HOA was relatively flat, with two vis-
ible peaks occurring at noon and night. The HOA contribu-
tion to OA was relatively constant throughout the day, rang-
ing from 36 to 43 %. This result further supports the theory
that HOA above the urban canopy came dominantly from re-
gional transport and was well mixed with regional secondary
OA (SOA). Indeed, the correlation of HOA with OOA in this
study was quite high (2 = 0.76), supporting that HOA and
OOA might have some common sources (e.g., regional trans-
port) at 260 m.

The mass spectrum of OOA resembles that identified in
2012 in summer in Beijing (Sun et al., 2012a) in addition to
the spectra resolved at other urban sites (Ulbrich et al., 2009),
in that it is characterized by a prominent m /z 44 peak (mainly
Coj). OOA dominated the OA composition throughout the
day, ranging from 57 to 64 %. The average OOA contribution
to OA was 61 %, which is close to that previously reported in
Beijing (Huang et al., 2010; Sun et al., 2012a, 2013b). The
diurnal cycle of OOA was relatively flat, yet a gradual in-
crease during the day was also observed despite the rising
planetary boundary layer, suggesting daytime photochemi-
cal processing. OOA is often considered as a good surrogate
of SOA (Zhang et al., 2005; Jimenez et al., 2009; Ng et al.,
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2011). In this study, OOA correlated well with secondary in-
organic species such as NO3 and SO?[ (r2 = 0.72-0.90),
which is consistent with previous conclusions that OOA is a
secondary species in nature (Zhang et al., 2005; Sun et al.,
2012a).

3.2 Response of aerosol chemistry to emission controls
3.2.1 Aerosol composition

Figure 5 shows the variations of aerosol composition as a
function of NR-PM; mass loading before and during APEC.
The organics contribution showed a notable decrease from
62 to 32% as the NR-PM; mass concentration increased
from < 10 to > 200 g m—2 before APEC. In contrast, the sul-
fate contribution showed a corresponding increase from 8 to
22 %. Except for low values at NR-PM; <10 ugm~3, nitrate
and ammonium constituted relatively constant fractions of
NR-PM; across different NR-PM; loadings and varied at
21-31 and 8-12 %, respectively. These results highlighted
the enhanced roles of secondary inorganic species in severe
PM pollution before APEC. This observation is further sup-
ported by a comparison of average chemical composition be-
tween three pollution episodes and a clean event (Fig. 6). The
secondary inorganic aerosol (SIA; SO§_+ NOZ + NHj{)
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Figure 5. Submicron aerosol composition as a function of NR-PM¢
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on average contributed 46-51 % of the total NR-PM1 mass
during the three episodes before APEC, which is signifi-
cantly higher than the 40 % reported during the clean event
(Fig. 6). The NR-PM1 mass-loading-dependent aerosol com-
position showed different behavior during APEC. As shown
in Fig. 5b, all aerosol species had relatively constant contri-
butions to NR-PM; at 10-100 ugm~—3. The contribution of
organics ranged from 43 to 58 %, which is higher overall
than before APEC. This result indicates an enhanced role of
organics during APEC, particularly during severe PM pollu-
tion periods. Similarly, nitrate contributed the largest fraction
of NR-PMj, varying from 23 to 32 %. Figure 5 also shows a
very broad range of NR-PM; mass concentration with the
maximum concentration over 200 ugm~2 before APEC. In
contrast, the range of NR-PM1 was much narrower during
APEC, suggesting a significantly lower amount of severe
haze pollution during APEC. Indeed, 93 % of the time dur-
ing APEC, the NR-PM; level was lower than 60 pugm—2,
whereas 49 % of the time before APEC, it exceeded such a
concentration level. These results indicate that the air pollu-
tion was substantially more severe before APEC. The aver-
age mass concentration of NR-PMy was 24.1 ugm—2 during
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APEC, which is 63% lower than the 65.1 ugm~2 recorded
before APEC (Fig. 6). This result demonstrates a significant
reduction of PM during APEC due to emission controls and
better weather conditions, including higher WS and lower
RH. However, the bulk NR-PM1 composition was rather sim-
ilar before and during APEC, both of which were dominated
by organics, 46 % versus 47 %, followed by nitrate at 27 %
versus 29 %, and sulfate at 14 % versus 10 % (Fig. 6). The
lower sulfate contribution during APEC might be due to the
lower RH associated with lower liquid water content, lead-
ing to less production of sulfate. These results highlight that
the emission controls during APEC did not significantly af-
fect the regional aerosol bulk composition, although the mass
concentrations of precursors and aerosol species were re-
duced substantially. One possible explanation is the syner-
getic control of various precursors such as SO», NO,, and
volatile organic compounds (VOCs) over a regional scale
during APEC. Our results clearly imply that synergetic con-
trols of the emissions of precursors over a regional scale are
efficient for mitigating air pollution in north China.

3.2.2 Diurnal variations

The diurnal variations of meteorological variables, NR-PM1
species, and OA components before and during APEC are
presented in Fig. 7. The diurnal cycles of meteorological
conditions were overall similar before and during APEC
except for lower temperatures and RH during APEC. The
WS during APEC was consistently higher than that be-
fore APEC, particularly in the morning (04:00-12:00) and
evening (18:00-22:00). Although the WD during APEC
came dominantly from the northwest at night and shifted to
the south during the day, it came mainly from the south be-
fore APEC (Fig. 2c).

The total NR-PM1 showed pronounced diurnal variation
with two peaks in the early afternoon (12:00-14:00) and late
evening (20:00-22:00) that were dominantly influenced by
organics. By checking the diurnal cycles of the OA factors,
we concluded that the two peaks occurring at meal times
are mainly attributed to primary emissions such as cooking-
related activities and traffic emissions (Allan et al., 2010; Sun
et al., 2011, 2012a). Compared with the diurnal cycles of
OA previously observed at the ground site in Beijing (Sun
et al., 2012a), the two peaks of organics were considerably
smaller. This result indicates that local source emissions can
be vertically mixed above the urban canopy but at substan-
tially reduced concentrations. Our results also demonstrate
that sampling above the urban canopy is less influenced by
local source emissions and can be more representative over a
regional scale.

SIA and OOA showed similar diurnal patterns before and
during APEC, all of which were characterized by gradual in-
creases during the day. These results indicate that their di-
urnal cycles were driven by similar formation mechanisms
before and during APEC, such as photochemical process-
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ing and daytime vertical mixing. Higher concentrations of
secondary species were also observed at night, which might
have been associated with a more shallow boundary-layer
height (Sun et al., 2012a). It should be noted that all sec-
ondary species showed relatively constant background con-
centrations, indicating that a major fraction was likely from
regional transport. SIA and OOA during APEC showed
substantial reductions (45-74 %) throughout the day com-
pared with those before APEC, indicating that regional emis-
sion controls played a significant role in reducing secondary
species during APEC, although the lower RH and higher WS
were also important. Moreover, a higher reduction percent-
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age was observed between 04:00 and 12:00, when higher
mountain—valley breezes occurring routinely during APEC
cleaned the air pollutants more efficiently.

The diurnal cycles of chloride showed some differences
before and during APEC. Although it was relatively flat dur-
ing APEC, chloride showed a clear decrease in the afternoon
before APEC, likely due to the evaporative loss and dilution
effects associated with higher T and the elevated boundary
layer (Sun et al., 2012a). The diurnal cycle of HOA showed a
lower overall concentration during the day except for a pro-
nounced noon peak before and during APEC. Considering
that the peak time corresponds to lunchtime, we concluded
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that it was attributed mainly to local cooking sources. In ad-
dition, a more significant reduction in the evening peak of
HOA was observed during APEC. One explanation is that
controls of heavy-duty vehicles (HDV) and heavy-duty diesel
trucks (HDDT) decreased the HOA emissions at night during
APEC.

3.2.3 Meteorological effects

Meteorological parameters contribute the largest uncertain-
ties to the evaluation of the effects of emission controls on
PM reduction. Here we compared the variations of aerosol
species as a function of RH and WS before and during APEC
(Fig. 8). At low RH levels (<40 %), all aerosol species ap-
peared to increase linearly as a function of RH in both pe-
riods at similar rates of increase. Moreover, the mass con-
centrations of aerosol species were slightly lower during
APEC than before the summit, indicating small reductions
in aerosol species during APEC. By checking the air mass
trajectories (Fig. S5), we determined that the low RH pe-
riods were mainly associated with the air masses from the
north/northwest where fewer emission controls were imple-
mented during APEC. This finding explains the small re-
ductions in aerosol species (~22%) during APEC under
the same RH conditions. However, the variations in aerosol
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species showed substantially different behaviors as a func-
tion of RH at high RH levels (>40%) before and during
APEC. Whereas most aerosol species continued to linearly
increase as a function of RH before APEC, they remained
relatively constant and even showed decreases during APEC.
As a result, significant reductions in aerosol species at high
RH levels were observed during APEC. The air masses dur-
ing high RH periods were found to be dominantly from the
south/southeast where strict emission controls were imple-
mented such as in Hebei, Tianjin, and Shandong provinces.
These results clearly indicate that emission controls played a
major role in PM reduction during APEC and that the control
effects tended to be more efficient under higher RH periods.
The primary HOA and chloride showed decreases when the
RH was > 60 %, indicating that humidity has a significantly
lower impact on primary aerosols than secondary compo-
nents at high RH levels.

The mass concentrations of aerosol species showed a
strong dependence on WS before and during APEC. For ex-
ample, the total NR-PM; mass was decreased by ~ 80%
from ~ 100 to <20 ugm—2 as WS increased to 7ms~1 be-
fore APEC. These results indicate that wind is efficient in
cleaning air pollutants in Beijing, which is consistent with
previous conclusions (Han et al., 2009; Sun et al., 2013b). In
comparison, the decreasing rates of aerosol species as a func-
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Figure 9. Wind rose plots (a) before APEC and (b) during APEC.

tion of WS were lower during APEC. As a result, aerosol
species showed the largest concentration differences before
and during APEC in periods with low WS. As indicated by
the wind increase plots in Fig. 9, low and high WS lev-
els were mainly associated with southern/southeastern and
northern/northwestern winds, respectively. These results fur-
ther indicate that larger reductions of aerosol species oc-
curred in Beijing when air masses were from the south.

3.2.4 Back trajectory analysis

Figure 10 presents the average chemical composition of
NR-PMj, corresponding to four clusters before and during
APEC, determined from the cluster analysis of back trajecto-
ries (Draxler and Hess, 1997). The air masses before APEC
were predominantly from the south/southeast at 54 % of the
time (C1 in Fig. 10a), and the aerosol loading was the highest
(96.7 ug m—2) among the clusters. Comparatively, the north-
westerly clusters (C3 and C4 in Fig. 10a) presented sig-
nificantly lower aerosol loadings at 8.3 and 3.5pugm=3, re-
spectively, with fewer frequencies of 14 and 11 %, respec-
tively. Such large differences in aerosol loadings between
the northerly and southerly air masses are consistent with
the spatial distributions of anthropogenic emissions such as
SO2, NO,, and BC (Zhang et al., 2007; Lu et al., 2011). Al-
though the areas to the north/northwest of Beijing are rel-
atively clean with low emissions of anthropogenic primary
pollutants, the south/southeast regions are characterized by
substantially higher emissions. In addition, 21 % of the air
masses originated from the west and showed moderately high
NR-PM; mass at 55.4 ug m—3. It should be noted that the air
masses from the south were often stagnant, as indicated by
their shorter trajectories that played an important role in fa-
cilitating the accumulation of pollutants. The aerosol com-
position varied significantly among four clusters, reflecting
the variety in chemical characteristics of aerosol particles
from different source regions. The aerosol particle composi-
tion from the southeastern and western clusters (C1 and C2)
were dominated by nitrate at 27 and 30 % and by OOA at 26
and 32 %, respectively, with considerable contribution from
sulfate at 14 and 10 %, respectively. These results elucidate
the dominant roles of nitrate and OOA in severe PM pollu-
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Figure 10. The average NR-PM1 composition for each cluster
(a) before and (b) during APEC. The numbers on the pie charts
refer to the average total NR-PM4 mass for each cluster. In addi-
tion, the number of trajectories and corresponding percentages of
the total trajectories are also shown in the legends.

tion before APEC, which differs significantly from previous
studies that reported that sulfate was generally more preva-
lent than nitrate (Huang et al., 2014; Sun et al., 2014). These
results also highlight very different pollution characteristics
during the late fall season compared to winter. In compar-
ison, the nitrate contributions were significantly lower, at
17 and 8%, in the two northwestern clusters (C3 and C4),
associated with an enhanced contribution of sulfate at 19
and 21 %, respectively. Moreover, the cleanest cluster (C4)
showed a dominant contribution of organics at 64 %, indicat-
ing the important role of organics during clean periods (Sun
et al., 2010, 2013b).

The air masses during APEC showed changes, particu-
larly the increases in frequency of two northwestern clusters
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Figure 11. Comparisons of time series of total NR-PM; mass and NR-PM species between 260 m and ground level.

(C1 and C4), which was 40% of the time compared with
25% before APEC (Fig. 10b). These two clusters showed
similar bulk aerosol compositions to those before APEC yet
with reductions of the total NR-PM; mass loading at nearly
40-50%. The air masses during APEC were dominated by
cluster 3 (C3 in Fig. 10b). Although C3 originated from the
north of Beijing, it circulated around the south of Beijing in-
cluding Baoding, a polluted city in the Hebei province, be-
fore arriving at the sampling site. As a result, C3 presented
the highest aerosol mass loading, at 44.0 ujgm—2, composed
primarily of nitrate and OOA at 30 and 29 %, respectively.
Moreover, cluster 2 (C2 in Fig. 10b), originating from the
northwest, showed a similar aerosol composition, yet had a
~ 50 % decrease in total mass compared to C3. One expla-
nation is that air masses in C2 passed through western Bei-
jing, which is relatively clean compared to the southeastern
regions. As shown in Fig. 10, similar clusters before and dur-
ing APEC showed ubiquitous reductions in NR-PM1 mass
during APEC, indicating that emission controls played an
important role in PM reduction. Moreover, the decreases in
frequency of southern/southeastern air masses during APEC
also helped to alleviate the PM level for the entire period,
thus achieving the “APEC blue” effect. Emission controls in
surrounding regions south of Beijing should be taken as a
priority for the mitigation of air pollution in Beijing.

Atmos. Chem. Phys., 15, 12879-12895, 2015

3.3 Vertical differences: insights into emission controls
and boundary-layer dynamics

Figure 11 shows a comparison of the time series of NR-PMy
species between 260 m and the ground level for the entire
study. All submicron species showed overall similar varia-
tions at the two different heights, indicating their relatively
similar sources and evolution processes. However, large ver-
tical differences in aerosol composition were also frequently
observed, illustrating complex vertical gradients of aerosol
species caused by multiple factors such as local emissions,
regional transport, and boundary-layer dynamics. The aver-
age compositional differences before and during APEC are
shown in Fig. 12. Although the concentration difference in
NR-PM; was similar before and during APEC, at 12.1 and
14.1ug m—3, respectively, the composition differed signifi-
cantly. SIA dominated the compositional difference before
APEC, together accounting for 95% of the total NR-PM;
mass. In comparison, organics and chloride showed minor
vertical differences (<5%). These results indicate different
sources and formation mechanisms between SIA and organic
aerosol. During APEC, the compositional difference was
dominated by organics, accounting for 68 % on average, and
the contribution of SIA was largely reduced to 25 %. These
results suggest that emission controls over regional scales af-
fect the composition differences between ground level and
the urban canopy. As discussed in Sect. 3.2 and by Xu et
al. (2015), secondary species including SIA and SOA showed
significant reductions at both ground level and 260 m dur-
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Figure 12. Average chemical composition of the difference between
ground level and 260 m (a) before APEC and (b) during APEC. The
“1%” in the box indicates a lower concentration of chloride at the
ground site compared to at 260 m.

ing APEC as a result of emission controls. Although primary
OA showed similar reductions as those of SOA above the
urban canopy, the changes remained small near ground level.
Thus, the largest organic difference during APEC was mainly
caused by local primary source emissions.

The vertical differences in aerosol composition also var-
ied largely among different haze episodes. As indicated in
Fig. 11 and Table 1, Ep3 presented the smallest vertical dif-
ferences for all aerosol species, indicating a well-mixed layer
below 260 m. The WS was consistently low at <2.5ms™1
across the different heights, and the WD was predominantly
from the south during Ep3. Moreover, the vertical profiles
of extinction showed an evident reduction in pollution from
~2km to the ground on 28 October, leading to the forma-
tion of Ep3 (Fig. S6). Such boundary-layer dynamics would
produce a well-mixed layer in the lower atmosphere, leading
to minor chemical differences between the ground level and
260 m.

Comparatively, the vertical evolution of Ep2 differed sig-
nificantly (Fig. 13a). The mass concentrations of all aerosol
species between the ground level and 260 m were similar dur-
ing the formation stage of Ep2, from 23 October to 09:00
24 October. However, although aerosol species near ground
level showed large increases after 09:00 on 24 October, they
remained relatively constant at 260 m, leading to the largest
vertical concentration gradients among five episodes. The av-
erage NR-PM; at 260 m was 143.4ugm~23, which is 38 %
lower than that at the ground site. By checking the verti-
cal profiles of meteorological variables, we observed a clear
temperature inversion between 120 and 160 m that formed
during 00:00-09:00 on 24 October. Such a temperature in-
version formed a stable layer below ~200m and inhibited
the vertical mixing of air pollutants between the ground and
260 m. In addition, the stagnant meteorological conditions as
indicated by low WS and high RH further facilitated the ac-
cumulation of ground pollution. It should be noted that the
aqueous-phase processing, most likely fog processing under
the high RH conditions (often >90 %) during this stage, also
played an important role in the increase of SIA, particularly
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Figure 13. Evolution of vertical profiles of meteorological vari-
ables (WD, WS, RH, and T') and NR-PM; concentration at 260 m
and at the ground site during two pollution episodes (a) Ep2 and
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were from the measurements of the Doppler wind lidar, and those
of RH and T were from the tower measurements. The white areas
in the figure indicate that the data were not available.

sulfate. This finding is also supported by the significant in-
crease of SOR during this stage (Fig. 3).

The evolution of the severe Ep2 was terminated at ap-
proximately 00:00 on 26 October when the WD changed
from south to northwest. Although the mass concentrations
of aerosol species at 260 m began to show rapid decreases
at that time, the concentration at the ground site decreased
significantly after 4h. The different cleaning processes be-
tween 260 m and the ground level are closely linked to the
vertical profiles of meteorological variables. As indicated in
Fig. 13a, a strong temperature inversion below 320 m was
observed during the cleaning period, which resulted in a sig-
nificantly higher WS and lower RH at 260 m than those at
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ground level. Indeed, both WS and RH showed clear shears
during the cleaning period, suggesting a gradual interaction
between the northern air mass and boundary pollution from
top to bottom. Such an interacting mechanism resulted in
a time lag of approximately 4 h in cleaning the pollutants
at ground level compared to that at 260 m. Similar interac-
tions between boundary-layer dynamics and aerosol pollu-
tion were also observed on 1, 5, and 11 November.

The evolution of vertical differences during APEC dif-
fered from those in three episodes before APEC. As shown
in Fig. 13b, frequent mountain—-valley breezes were observed
during 8-11 November (APEC2). The northwest mountain—
valley breeze began routinely at approximately midnight
and dissipated at approximately noon. The NR-PM; aerosol
species showed direct responses to the mountain-valley
breeze, which was characterized by similar routine diurnal
cycles. All aerosol species began to decrease at midnight be-
cause the cleaning effects of mountain-valley breeze reached
minimum concentrations at noon, then increased continu-
ously when the WD changed to south. The mountain—valley
breeze also caused a unique diurnal cycle of vertical dif-
ferences. As shown in Fig. 13b, aerosol species were well
mixed within the lower boundary layer between 12:00 and
16:00, and the concentrations between 260 m and the ground
level were similar. However, the differences in concentra-
tion began to increase when the boundary-layer height de-
creased after sunset at ~ 18:00, and the differences were
maximum at midnight when the NR-PM1 mass approached
100ugm=3. A detailed investigation of the evolution of
aerosol species showed that such vertical differences in NR-
PM; were caused mainly by organics from local primary
sources (Xu et al., 2015; Fig. 11). These results indicate that
local source emissions played a more important role in PM
pollution near ground level during APEC. The concentration
differences in NR-PM; began to decrease with the occur-
rence of the mountain—valley breeze and reached a minimum
at noon. Our results revealed the important role of mountain—
valley breeze in affecting the boundary-layer structure and
reducing the daytime PM levels during APEC. It was esti-
mated that the mountain—valley breeze caused a reduction
in NR-PM; concentration of approximately 50 ug m~2 at the
ground site during the day on 10-11 November (Fig. 13b).
Therefore, our results illustrated that the achievement of
“APEC blue” was also due partly to meteorological effects,
particularly the mountain—valley breeze, in addition to emis-
sion controls.

4 Conclusions

We have presented a detailed characterization of aerosol par-
ticle composition and sources above the urban canopy in
Beijing from 10 October to 12 November 2014. This study
is unique because it examines strict emission controls im-
plemented during the 2014 APEC summit and synchronous

Atmos. Chem. Phys., 15, 12879-12895, 2015

C. Chen et al.: Characteristics and sources of submicron aerosols above the urban canopy

real-time measurements of aerosol particle composition at
260 m and near ground level obtained by two aerosol mass
spectrometers. The NR-PM1 composition above the urban
canopy was dominated by organics at 46 %, followed by ni-
trate at 27 %, and sulfate at 13 %. The high contribution of ni-
trate and high NO3 /SOZ‘ mass ratios illustrates the impor-
tant role of nitrate in PM pollution during the study period.
This result has significant implications, namely, that NO,
emission controls should be prioritized for the mitigation of
air pollution in Beijing, particularly in non-heating seasons
with low SO, precursors. The OA above the urban canopy
was dominated by OOA at 61 % and included HOA at 39 %.
Different from that at the ground site, HOA correlated mod-
erately with OOA above the urban canopy, indicating similar
sources, likely through regional transport.

With the implementation of emission controls, the mass
concentrations of aerosol species were shown to have de-
creased significantly by 40-80% during APEC, whereas
the bulk aerosol composition was relatively similar before
and during APEC. Organics were dominant before and dur-
ing the summit, at 46 % versus 47 %, respectively, fol-
lowed by nitrate at 27 % versus 29 %, and sulfate at 14 %
versus 10%, respectively. Our results suggest that syner-
getic controls of various precursors such as SO,, NO,,
and VOCs over a regional scale would not significantly af-
fect regional aerosol bulk composition, although the mass
concentrations would be reduced substantially. By linking
aerosol compositions and sources to meteorological condi-
tions, we determined that meteorological parameters, partic-
ularly mountain-valley breezes, played an important role in
suppressing PM growth and hence reducing PM levels dur-
ing APEC. Our results elucidated that the good air quality in
Beijing during APEC was the combined result of emission
controls and meteorological effects, with the former playing
the dominant role. We further investigated the vertical evolu-
tion of aerosol particle composition by comparing the aerosol
chemistry between the ground level and 260 m. We observed
very complex vertical differences during the formation and
evolution of severe haze episodes which were closely re-
lated to aerosol sources (local versus regional) and boundary-
layer dynamics. Although a stable 7 inversion layer be-
tween 120 and 160 m associated with stagnant meteorology
caused higher concentrations of aerosol species at the ground
site, the interaction of boundary-layer dynamics and aerosol
chemistry during the cleaning processes resulted in a lag time
of approximately 4 h in cleaning pollutants near ground level
compared to processes that occurr above the urban canopy.
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