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• NM-PM1 influenced by control and
weather condition in a coastal city was
studied.

• Emission control had significant effects
on reducing traffic related pollutants.

• Long-range transport from continent
enhanced sulfate contribution in control
episodes.

• Calm weather conduced to the accumu-
lation of nitrate and HOA even under
control.
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Chemical compositions of non-refractory submicron aerosol (NR-PM1) were measured via an Aerodyne Aerosol
Chemical Speciation Monitor at the coastal city Xiamen during the 2017 BRICS summit from August 10 to Sep-
tember 10. Mean hourly concentration of NR-PM1 was 13.55 ± 8.83 μg m−3 during the study period, decreasing
from 18.83 μg m−3 before-BRICS to 13.02 μg m−3 in BRCIS I and 8.42 μg m−3 in BRICS II. Positive matrix factor
analyses resolved four organic aerosols (OA): a hydrocarbon-like OA (HOA, 14.78%), a cooking-related OA
(COA, 28.21%), a biomass burning OA (BBOA, 18.00%), and an oxygenated OA (OOA, 39.22%). The contributions
of local pollutants like nitrate and HOA reduced, while the proportions of sulfate and OOA increased during the
control episodes. The diurnal patterns of NR-PM1 species and OA components in each episode were character-
ized. The results showed that BC, nitrate, COA, and HOA had peaks in the morning and evening, which became
less obvious under the emission control.Moreover, the diurnal variations of all species in Ep 3with emission con-
trol were much flatter due to the effect of transport. Backward trajectories analysis confirmed the long-range
transport of air masses from the continent, which resulted in the high proportions of sulfate (43.69%) and OOA
(50.28%) in Ep 3. Our study implies the significant effect of emission control on reducing primary pollutants,
but the formation of particles during the long-range transport need to be paid more attention when set the air
quality control strategies in coastal cities.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Atmospheric aerosols have profound influences on human health,
air quality, and the climate (Dockery et al., 1993; Poeschl, 2005). Submi-
cron particles (PM1, particles with a dynamic diameter less than 1 μm)
in the atmosphere have become a crucial air pollutant in the urban en-
vironment for its strong extinction effect and high proportion in fine
particles (Huang et al., 2010; Madronich and Flocke, 1999; Rivellini
et al., 2017; Sun et al., 2016). Submicron particles are composed of com-
plicatedmixture of various species, and the organic components occupy
a large fraction of submicron particles. Therefore, understanding of the
chemical characteristics and sources of organic components in submi-
cron particles are critical to enhance the efficiency of control strategies
and model performances (Sun et al., 2018; Ulbrich et al., 2009).

China has experienced different kinds and degrees of air pollution
events during the past decades. In recent years,many studies have qual-
ified the role of emission control measures in air quality improvement
in some megacities during the big events such as the 2014 Asia-Pacific
Economic Cooperation (APEC) meeting and the 2008 Olympics game.
Most studies focused on submicron particles were developed in the
Beijing-Tianjin-Hebei region, the Yangtze River Delta region, and the
Pearl River Delta region (Sun et al., 2018; Yong et al., 2017; Zhang
et al., 2015; Zhou et al., 2018), but the studies focused on the coastal cit-
ies in southeast Chinawere few. However, the pollution in coastal cities
still exists (Yan et al., 2015). Xiamen, as one of the typical coastal cities
in southeast China, has a sub-tropical climate. The influence of the spe-
cial meteorological condition like typhoon and the high RH in Xiamen
will result in different chemistry, sources, and formation mechanisms
of NR-PM1 from the inland cities in China. So far, the insight of the re-
sponse of aerosol chemistry to emission control, transport and meteo-
rology in coastal cities remains poorly understood. The international
event of 2017 BRICS summit was hold in Xiamen during September
3–5. In order to improve the air quality during the summit, the govern-
ment implemented a series of emission mitigation measures in Xiamen
and its surrounding area since August 18, 2017. The mitigation mea-
sures covered the traffic, construction, industrial, and power plants
emissions. Therefore, it is a precious opportunity to study the response
of aerosol chemistry to control measures in the coastal environment
and the result will help the government to designmore effective aerosol
control strategies in different regions.

In this study, the chemistry of submicron particles in the episodes,
which happened in different emission control periods, was character-
ized by a high-resolution Aerosol Chemical Speciation Monitor
(ACSM). The diurnal patterns and sources of organic aerosol were com-
pared among different episodes to reflect the response of submicron
particles chemistry to the emission controls of BRICS summit. The im-
pacts of meteorological condition and transport of air masses on the
characteristics of the PM1 were also investigated in different episodes.

2. Experiments

2.1. Sampling site

The field observation was conducted in the Institute of Urban Envi-
ronment, Chinese Academy of Sciences (IUECAS) in Xiamen (118°03′
E, 24°36′N, 80 m a.s.l). The observation site is located in Xiamen, with
about 23 km northwest of the 2017 BRICS summit main event hall.
This site is surrounded by two main roads and without obvious indus-
trial sources. During the observation period, three zones were set up
with different emission control intensities (Fig. S1). According to the
distance from the main stadium of BRICS, the region surrounding Xia-
men was set as the core emission control zone (Xiamen city), the strict
emission control zone (Quanzhou and Zhangzhou cities), the general
emission control zone (the remaining area of Fujian province). The
neighboring provinces, like Zhejiang and Guangdong provinces were
also under some emission controls.
2.2. Instruments

The major compositions of non-refractory submicron aerosol (NR-
PM1), including Organics (Org), Nitrate (NO3), Sulfate (SO4), Ammo-
nium (NH4), and Chloride (Chl), were measured using an Aerodyne
ACSM from August 10 to September 10 in 2017. The detail of ACSM in-
strument operation can be found in previous studies (Ng et al., 2011;
Sun et al., 2012; Tiitta et al., 2014). The time resolution of ACSM was
about 15 min with a scan from m/z 10 to 150 amu (atomic mass unit)
at 200 ms amu−1 rate.

Hourly PM1 concentration was determined using a continuous par-
ticulate monitor (TEOM 1405-D, Thermo Co., USA) by themethod of ta-
pered element oscillatingmicrobalance. Carbon oxide (CO), ozone (O3),
sulfur dioxide (SO2), and nitrogen dioxide (NO2) were obtained by gas
analyzers (Thermo Fisher Scientific, Waltham, MA, USA). Black carbon
(BC) was determined with model AE-31 Aethalometer (Magee Co.,
USA). The concentration of BC was detected at seven wavelengths
(370, 470, 520, 590, 660, 880, and 950 nm) with a time resolution of
5 min, the BC concentration used in this studywas at 880 nm. Meteoro-
logical parameters, including temperature (T), relative humidity (RH),
pressures (P), winddirection (WD),wind speed (WS), and precipitation
(Precip) were obtained from the Automatic air station of Xiamen.

2.3. ACSM data analysis and positive matrix factorization

The data of mass concentration of NR-PM1 was analyzed with the
standard Wave Metrics Igor Pro based data analysis software (version
6.37). The data analysis protocols referred to the previous studies (Sun
et al., 2012). For instance, the collection efficiency (CE) for most species
was 0.5. Then positive matrix factorization (PMF) was applied to ex-
plore the factors contributing to organic aerosol (OA) with the Igor
Pro based PMF evaluation toolkit (PET) by analyzing the high-
resolution mass spectra (Paatero and Tapper, 2010; Ulbrich et al.,
2009). In this study, only values of m/z b 120 were used, while the
values of m/z N 120 were discarded for two reasons: the fraction of the
signals abovem/z N 120 in the total signal was minor; the uncertainties
ofm/z N 120 were larger. The larger uncertainties ofm/z N 120 were re-
sulted by the low ion TE and the naphthalene signals have significant in-
terferences on some high m/z's (Sun et al., 2012). The PMF solutions
were evaluated by comparing the factors' mass spectral profiles, time
series, and their correlation with some standard mass spectral profiles
to obtain the optimal solution. Finally, a solution with four factors at f
peak = 0 was determined as optimal in this study. Four distinct factors
included: a hydrocarbon-like OA (HOA), a cooking-related OA (COA),
a biomass burning OA (BBOA), and an oxygenated OA (OOA).

2.4. Backward trajectory analysis

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
developed by NOAA ARL was applied to evaluate the impacts of various
source regions and transport pathway of air masses on Xiamen during
different episodes (Draxler et al., 1997). 72 h backward trajectories
were calculated every hour at a height of 100 m at IUECAS. The meteo-
rological data with a resolution of 1° longitude × 1° latitude was ob-
tained from the NCEP/GDAS. Cluster analysis was further applied for
each episode using the total spatial variance (TSV) (Draxler et al., 2012).

3. Results and discussion

3.1. Overview of meteorology and submicron aerosol

Fig. 1 shows the time series of meteorology parameters (WD, WS,
RH, T, and Precip), NR-PM1 components (organics, nitrate, sulfate, am-
monium, and chloride), and BC for the entire campaign from August
10 to September 10, 2017. The average T was 28.7 °C during the
whole campaign varying from 22.9 to 34.8 °C, and the mean RH was



Fig. 1. Time series of (a) wind direction (WD) and wind speed (WS); (b) relative humidity (RH), temperature (T), and precipitation (Precip); (c) mass concentration of PM1 and NR-PM1,
(d-e) mass concentration and fraction of chemical components in NR-PM1.
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77.6% with a range from 51.0 to 99.0%. Two obvious rainfalls happened
during the whole observation period, one in the early morning of Au-
gust 23 and the other in the evening of September 3. As shown in
Fig. 1c, mass concentrations of NR-PM1 measured by the ACSM agreed
well with that of PM1 measured by TEOM (R2 = 0.89, slope = 0.98).
Mean hourly concentration of NR-PM1 was 13.55 ± 8.83 μg m−3, vary-
ing from1.88 to 63.12 μgm−3. Such a significant variationmight be con-
tributed by emission control andmeteorological conditions (Liang et al.,
2017; Sun et al., 2013). Organics and sulfate were the two most abun-
dant species in NR-PM1 with average proportions of 42.17% and
36.42%, followed by ammonium (11.59%), nitrate (7.90%), and chloride
(0.66%) (Fig. 1e). The superiority of organics and sulfate is in accord
with the previous studies in Xiamen and other cities in China (Cao
et al., 2017; Sun et al., 2016; Zhou et al., 2018). In order to examine
the impacts of emissions control on the compositions of NR-PM1, four
periods were divided from the whole observation period according to
emissions control program: before-BRICS (August 10–17), BRICS I (Au-
gust 18–30), BRICS II (August 31–September 5), and after-BRICS (Sep-
tember 6–10). Before-BRICS represents the normal state without
emission control.Mitigationmeasures to ensure the air qualitywere im-
plemented in BRICS I and BRICS II. The mitigation was strengthened in
BRICS II from the aspect of the reduction intensities of construction, traf-
fic, industrial, and power plants emission. The amounts of emission re-
duction of SO2, NOX, CO, and PM in Xiamen increased from 19 to 41%
in BRICS I to more than 40% in BRICS II (Table S1). Mean concentrations
of NR-PM1 during BRCIS I (13.02 μg m−3) are of the same order of mag-
nitude of those before-BRICS (18.83 μg m−3) and after-BRICS
(14.80 μg m−3), but the value during BRICS II (8.42 μg m−3) had signif-
icantly reduced. The lowest concentration of NR-PM1 in BRICS II reflects
the obvious effect of the emission control program. The significant
effects of emission control on reducing the pollution of NR-PM1 was
also observed in other big events with emission control, like the 2015
China Victory Day parade, the APEC conference, and the 2016 G20 sum-
mit (Zhao et al., 2017; Li et al., 2018; Xu et al., 2015).

3.2. Chemical characteristics in different episodes

To further evaluate the evolution and sources of NR-PM1 under dif-
ferent control conditions, five typical episodes were picked. Episode 1
(Ep 1, August 10–15) happened in before-BRICS and with sustainable
growth of NR-PM1, which represented the typical evolution of NR-
PM1 without control measures. Episode 2 (Ep 2, August 24–26) oc-
curred in BRICS I, which represented the evolution of NR-PM1 under
the control measures. Episode 3 (Ep 3, August 31–September 2) was
with lower concentration of NR-PM1 and happened under strict emis-
sion control. Episode 4 (Ep 4, September 4–5) was not only under the
influence of emissionmitigationmeasures but also influenced by the se-
vere tropical stormMawar. Episode 5 (Ep 5, September 6–8) happened
after BRICS waswith few peaks of NR-PM1, which could reflect the evo-
lution of NR-PM1 when the emission control ended.

3.2.1. Chemical compositions of NR-PM1

As presented in Table 1, mean mass concentrations of NR-PM1

showed comparable levels between Ep 1 and Ep 5 (18.34 μgm−3 versus
17.54 μg m−3), which were higher than Ep 2 (10.98 μg m−3), Ep 3
(9.18 μg m−3), and Ep 4 (7.83 μg m−3). In Ep 1, the dominant wind
came from the southwest with a comparably low WS (mean value:
2.68 m s−1, Fig. 1 and Table 1). Gaseous pollutants like SO2, CO, and
NO2 (Fig. S2 and Table S1)were also higher in Ep 1. Hence, the evolution
of NR-PM1 in Ep 1 can be explained by the higher emission of pollutants



Table 1
Average values of meteorological parameters, mass concentrations of NR-PM1 species, OA
factors in the five episodes.

Episode 1 Episode 2 Episode 3 Episode 4 Episode 5

Meteorological parameters
T (°C) 29.5 28.4 28.7 26.9 28.6
RH (%) 77.4 83.4 62.4 89.7 83.3
WS (m s−1) 2.63 2.46 4.34 2.09 2.15

PM1 species (μg m−3)
NR-PM1 18.34 10.98 9.18 7.83 17.54
Organics 8.69 4.55 3.72 2.71 6.59
Sulfate 5.85 3.92 3.91 3.19 5.70
Nitrate 1.49 0.98 0.34 0.70 2.62
Ammonium 2.11 1.45 1.18 1.18 2.48
Chloride 0.20 0.08 0.03 0.06 0.14
BC (μg m−3) 2.24 1.12 0.87 0.77 1.64

OA (μg m−3)
HOA 1.56 0.59 0.31 0.27 0.74
BBOA 1.86 0.78 0.63 0.36 1.05
COA 2.07 1.39 0.89 0.87 1.89
OOA 3.14 1.74 1.90 1.17 2.84
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and the unfavorable diffusion weather condition. Ep 2 was character-
ized by prevailing southeast windswithmeanWS of 2.46m s−1 and ex-
perienced calm weather condition like Ep 1. Gaseous pollutants
(Table S2) in Ep 2 had different degrees of decrease comparing to Ep 1
due to the implement of emission mitigation measures. During August
24–25, the hourly concentration of NR-PM1 showed a quick increase
from 3.62 μg m−3 to 36.08 μg m−3 within only 35 h. Both Ep 3 and Ep
4 had lowermean concentrations of NR-PM1, which reflects the high ef-
ficiency of strict emission control of BRICS II. It's worth mentioning that
the weather condition was totally different between Ep 3 and Ep 4. The
WD in Ep 3 was northeast and the higherWS (mean value: 4.34m s−1)
presented a favorable diffusion condition. The prevailing wind in Ep 4
was the southwest wind and the mean WS was the lowest
(2.09 m s−1) among all episodes. As for Ep 5, the NR-PM1 picked up
quickly as a result of the stop of emission control and the calm weather
condition (mean WS: 2.11 m s−1).

Organics and sulfate comprised themajor fraction of NR-PM1 among
all episodes with average percentages of 35–48% and 33–44%, respec-
tively (Fig. 2). Averagemass concentration (8.69 μgm−3) and contribu-
tion (47.80%) of organics were highest in Ep 1. Comparing to Ep 1, the
mean fraction of organics decreased in episodes under control (Ep 2,
Ep 3, and Ep 4), and rebounded in Ep 5. This variation of organics contri-
bution to NR-PM1 was in consistent with the intensity of the emission
Fig. 2. Average mass fraction of NR-PM1 spec
reduction, which highlighted the effect of the mitigation measures on
reduction of organics, such as the traffic and cooking released organics.
As depicted in Fig. 2, contribution of sulfate in NR-PM1 increased from
Ep 1 (32.08%) to Ep 2 (39.04%), Ep 3 (43.68%), and Ep 4 (41.3%), then de-
creased to 34.73% in Ep 5. Sulfate is a well-known secondary pollutant,
formed during the photo-oxidation of directly emitted sulfur dioxide
(SO2) species. HighWS coming from the northeast direction in Ep 3 im-
plied a long-range transport of air masses from the northeast continent.
The formation of sulfate during the transport might be responsible for
the high contribution of sulfate in Ep 3.

Average mass concentration of nitrate was higher in Ep 5
(2.62 μg m−3) followed by Ep 1 (1.49 μg m−3), Ep 2 (0.98 μg m−3), Ep
4 (0.70 μg m−3), and Ep 3 (0.34 μg m−3). Rather low concentration of
nitrate in Ep 3 was probably due to the strict emission control for traffic
and the friendly diffusion condition. Differently from sulfate, the contri-
bution of nitrate increased largely in Ep 4 (mean value: 7.06%) compar-
ing to Ep 3 (3.59%). The different performance between sulfate and
nitrate in Ep 3 and Ep 4 demonstrates the different evolution patterns
of them. Unlike Ep 3, the WS in Ep 4 was the lowest and the RH was
high (mean value: 89.37%). The unfavorable meteorological condition
in Ep 4 would help the accumulation of local emission pollutants.
From Fig. S2, the concentration of NO2 significantly increased in the
few days before Ep 4, which can explain some of the increase of nitrate
in Ep 4. Specifically, the average concentration of nitrate in Ep 5 was
more than twice of those in episodes with emission control. Simulta-
neously, the percentage nitrate (mean value: 12.97%) occupied in NR-
PM1 also reached its highest value in Ep 5. The highest loading of nitrate
was in consistentwith higherNO2 in Ep 5 and reflects the significant im-
portance of traffic emission on NR-PM1 evolution after the summit.

Like sulfate and nitrate, mass concentration of ammonium showed a
decreasing trend from Ep 1 to Ep 4, and then increased in Ep 5. Ammo-
niumusually can combinewith sulfate and nitrate in the atmosphere, so
it is explicable that the higher proportion of ammonium increased from
Ep 1 to Ep 3 like sulfate and the increase contribution in Ep 4 like nitrate.
Chloride accounted for less than 2.50% in NR-PM1. The concentration
and contribution of Chloride were in the order of Ep 1 N Ep 5 N Ep
2 N Ep 4 N Ep 3. It is reported that the primary pollutant BC had high pro-
portion in fine particles in Xiamen (Deng et al., 2020). The mean con-
centrations of BC were in ascending order of Ep 1, Ep 5, Ep 2, Ep 3, and
Ep 4, which was well consistent with the extent of emission control.

3.2.2. Diurnal pattern of NR-PM1 species
The diurnal variations of NR-PM1 species and BC during different ep-

isodes are presented in Fig. 3. Numerous factors, such as photochemical
production, gas-particle partitioning, local primary emissions, and
ies and OA species in the five episodes.



Fig. 3. Diurnal variations of NR-PM1 species during the five episodes.

5Y. Zhang et al. / Science of the Total Environment 741 (2020) 140470
disperse condition can influence the diurnal pattern of NR-PM1 species
(Huang et al., 2012; Zhang et al., 2017). As a primary pollutant, BC
showed double peaks in all episodes in the morning and evening. The
diurnal pattern of BC in our study was similar with Hangzhou (Li
et al., 2018), Shanghai (Huang et al., 2012), and Beijing (Huang et al.,
2010). The lower concentration of BC in the afternoon to a certain extent
can be attributed to the dilution effect of the higher planetary boundary
layer (PBL) (Hu et al., 2017). The diurnal variation of BCwasmore obvi-
ous in Ep 1 andEp 5,which reflects the influence of local emission on BC.
In Ep 1, Ep 2, and Ep 5, three peaks in the diurnal pattern of organics
were found in the breakfast time, lunch time, and dinner time, which
proves the influence of cooking emission on the organics in Xiamen. Be-
yond the influence of cooking, the peaks of organics might also be con-
tributed by traffic emission (HOA) and photochemical formation
process (OOA) (Zhang et al., 2017). As for Ep 2 and Ep 4, the concentra-
tion of organics was obviously higher in the day time, which was likely
due to the photochemical processing. The result could be supported by
the quickly increase of O3 in the daytime during Ep 2 and Ep 4 (Fig. S2).
Whereas, the diurnal pattern of organics in Ep 3 was totally different
from those in other periods. The long-range transport promoted by
Fig. 4. Time series of SOR, NOR
highWS and the strict emission controlmight influence the diurnal var-
iation of organics in Ep 3.

The diurnal variations of nitrate were similar in Ep 1 and Ep 5 with
two peaks in morning and evening, respectively, which reflects the in-
fluence of traffic in the episodes without emission control. The lower
concentration of nitrate in the afternoon might be associated with the
good vertical diffusion condition brought by the development of PBL.
Flat diurnal variation of nitrate in Ep 3 highlights the obvious effect of
emission mitigation of the summit. In addition, the beneficial diffusion
condition and the long-range transport also could contribute to the
flat diurnal variation of nitrate in Ep 3. The diurnal variation of nitrate
in Ep 4 and Ep 2 also had visual peaks in the morning and evening,
reflecting the influence of local emission on nitrate under calmweather
condition even during the emission control period. Like nitrate, chloride
also presented higher concentrations in the early morning and lower in
the afternoon inmost episodes except Ep 3, which can be contributed to
the boundary layer variation and their volatility (Huang et al., 2012; Sun
et al., 2016). In recent years, many studies had revealed that chloride in
aerosol of coastal cities can reactwith N2O5 transform to ClNO2 at night-
time, which can also explain some of the low concentration of chloride
, and the ratio of NO3/SO4.



Fig. 5.Mass spectra of four OA factors (left panel), time series of OA factors and other tracers (right panel).
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in nighttime (Osthoff et al., 2008; Saiz-Lopez and von Glasow, 2012;
Wang et al., 2016).

Comparing to nitrate, the diurnal variation of sulfate was differ-
ent. Two obvious peaks of sulfate were observed in the morning
and afternoon for Ep 1 and Ep 5. As for the episodes under control,
Fig. 6. Diurnal variations of OA comp
higher concentration of sulfate in the daytime than nighttime indi-
cates its formation via photochemical pathways. However, the diur-
nal pattern of sulfate in Ep 3 was flat like other species. The diurnal
profile of ammonium was the combined result of (NH4)2SO4 and
NH4NO3. It is worth to mention that, unlike other periods, Ep 2 and
onents during the five episodes.
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Ep 4 had high concentration of secondary inorganic aerosols (SIA, in-
cluding sulfate, nitrate, and ammonium) at noon time. The result im-
plies the enhanced secondary formation via photochemical process
under the calm weather condition, which dominantly influenced
the diurnal variation of sulfate in Ep 2 and Ep 4. In sum, the diurnal
variations of all species were flatter in Ep 3, which could be associ-
ated with the reduction of emission and the effect of air masses
transport.

3.3. Secondary inorganic aerosols formation

Secondary inorganic aerosols accounted for 21.69–81.23% of total
NR-PM1, with a mean proportion of 57.09%. The ratio of NO3/SO4 are
usually used to evaluate the contributions of mobile and stationary
sources. As presented in Fig. 4, the NO3/SO4 ratio was extremely low
in Ep 3 (0.09) but higher in Ep 4 (0.21), indicating the increase contribu-
tion of local emission especially the mobile sources in Ep 4. The ratio of
NO3/SO4 was the highest in Ep 5 (0.43). A substantially increase of NO3/
SO4 ratio after the summit suggests the raised importance of mobile
sources when emission control lifted.

Secondary reaction under the local atmosphere and the transport
from other areas are usually treated as the major contributors to SIA.
In order to learn more about the secondary formation of sulfate and ni-
trate, we calculated the sulfur oxidation ratio (SOR) and the nitrogen
oxidation ratio (NOR). The calculation equations are as follows:

SOR ¼
SO2−

4

h i

SO2−
4

h i
þ SO2½ �

; ð1Þ

NOR ¼ NO−
3

� �

NO−
3

� �þ NO2½ �; ð2Þ

where [x] points to themolar concentration of x. Time series of SOR and
NOR are given in Fig. 4. Mean value of NOR in thewhole observation pe-
riodwas 0.04±0.04,whichwas lower than the values observed inNan-
jing (0.12 and 0.21) (Wu et al., 2018) and Hangzhou (0.05–0.15) (Ji
et al., 2018). Mean NORwas highest in Ep 5 (0.08), while it was compa-
rable in Ep 1 (0.05), Ep 2 (0.04), Ep 3 (0.03) and Ep 4 (0.04). The highest
concentration of NO2 (22.69 μg m−3, Table S2) and the calmweather in
Ep 5 can promote the oxidation of NO2 and further resulted in high ni-
trate concentration (2.62 μgm−3, Table 1). The comparable NOR among
the Ep 1–4 implies that the concentration of NO2 was the key factor
influencing the formation of nitrate. Thus, for the episodes with calm
weather (Ep 1, Ep 2, and Ep 4), the variation of nitrate concentration
was well consistent with that of NO2 concentration. SOR values varied
with amean value of 0.54± 0.15 in our observation period, and the dif-
ference among the five episodes was less (0.54–0.63). The SOR was
higher in Xiamen than Beijing (b 0.3) (Sun et al., 2013), Hangzhou
(b0.6) (Ji et al., 2018),which highlights a high atmospheric oxidative ca-
pacity during the observation period in Xiamen. Sulfate ismore oxidized
and aged species, and can be formedby oxidation of SO2 in local or in the
path of long-range transport. Differently from NOR, SOR was higher in
Ep 3 (0.59) than Ep 4 (0.54) and the proportion of sulfate in Ep 3 was
also a bit higher than Ep 4. The northeast wind with high WS in Ep 3
might indicate to the existence of the long-range transport of air masses
from the continent, which will result in more input of sulfate. The influ-
ence of long-range transport on sulfate would be discussed in detail in
section 3.5. Ep 4 happened closely after the Ep 3, the calm weather
would slow down the diffusion efficiency of sulfate and resulted in the
comparable contribution of sulfate in Ep 4. The reduced contribution
of nitrate was also found during the emission control period of
2016 G20 summit and the 2015 China Victory Day parade. However,
the increase contribution of sulfate was recorded in the control period
of 2016 G20 summit, but the 2015 China Victory Day parade (Zhao
et al., 2017; Li et al., 2018).
3.4. OA compositions and sources

In this study, fourOA factorswere identified by PMF analysis, includ-
ing three primary OA factors (HOA, BBOA, COA), and one secondary OA
factor (OOA). The mass spectra and time series of these four factors are
shown in Fig. 5.

HOA usually comes from the primary traffic emissions linked with
diesel and gasoline exhaust (Claudia et al., 2009). The mass spectrum
of HOA is typically dominated by the CnH2n−1

+ ion series (m/z 27, 41,
55, 69, 83, 97) and CnH2n+1

+ ion series (m/z 29, 43, 57, 71, 99). The
HOA mass spectrum is consistent with the previous studies conducted
in urban areas (Claudia et al., 2009; Sun et al., 2016; Zhou et al., 2018).
Higher concentrations of HOA were found in Ep 1 and Ep 5 than Ep
2–4 (Table 1). Contribution of HOA in Ep 1 (18.36%) was the highest,
while the contributions ranged from 8.37% to 14.89% in other episodes
(Fig. 1). The higher loading of HOA in Ep 1 conformed to the condition
for no emission control on traffic in Ep 1. HOA correlated well with
the tracer of combustion BC (R2=0.71) throughout thewhole observa-
tion period, reflecting the important source of traffic emission to HOA
(Fig. 5). The correlation between HOA and BC was stronger in Ep 1
and Ep 5 (R2 = 0.69 and 0.78) than in Ep 2–4 (R2 = 0.62–0.63),
which could be explained by the intense traffic emissions during Ep 1
and Ep 5. Previous studies had found that the regional transport could
contribute to BC (Sun et al., 2014; Xu et al., 2014; Xu et al., 2015).
Thus, the ratio of HOA/BC can reflect the relative importance of
regional/long-range transport and local emission. The average HOA/BC
was higher in Ep 1 (0.69), Ep 2 (0.52), and Ep 5 (0.43), while the ratios
were only 0.34 and 0.35 in Ep 3 and Ep 4. The lowest ratio of HOA/BC in
Ep 3 and Ep 4 was resulted from the increased contribution of regional/
long-range transport of BC and the reduction of local emissions.

As depicted in Fig. 6, the diurnal pattern of HOAwas resembledwith
BC and shared some similarity with nitrate either. In Ep 1 and Ep 5, the
HOA diurnal cycles were similar, which had higher concentration since
the late afternoon until themorning of the next day, and then decreased
to its lowest concentration in the noontime. Besides PBL variation, the
decrease of HOA in the day timemight be attributed to the photochem-
ical oxidation of HOA into oxidized secondary organic aerosol (SOA) (Li
et al., 2018). Themorning and evening peaks of theHOA diurnal pattern
in Ep 1 and Ep 5 reflect the important influence of the traffic emission
when no mitigation measure was implemented. It was obvious that
the diurnal variation of HOA in episodes (Ep 2 to Ep 4) happened with
the control of traffic emission was flatter. Although the traffic emission
control in Ep 3 and Ep 4were similar, themorning and evening peaks of
HOAwasmore noticeable in Ep 4,whichmight be due to the suppressed
diffusion of local emission pollutants in Ep 4.

The mass spectra of COA showed higher ratios of m/z 41/43 = 0.94
and m/z 55/57 = 4.09 than those of HOA (0.26 and 0.69), which were
also reported in previous studies of ACSM and AMS (He et al., 2010;
Lanz et al., 2010; Sun et al., 2016). COA had a high contribution of
28.21% to total OA during the whole observation period. The high con-
tribution of COA was also characterized in other cities (Rivellini et al.,
2017; Sun et al., 2011). Mean concentrations of COA were similar in
Ep 1 and Ep 5, which were 23–57% higher than the values in the epi-
sodes happened under control (Ep 2–4). The government had shut
down the restaurants without range hoods and forbade the open-air
cooking activities like barbecues. On the other hand, all catering indus-
tries had been requested to use clean energy during the periods of BRICS
I and BRICS II. Hence, this large reduction of COA in the episodes under
the mitigation measures reflects the impact of the restriction on
cooking. The diurnal cycle of COA showed three peaks in the breakfast,
lunch, and dinner time, which was consistent with the cooking activi-
ties. However, there were still some differences among the episodes.
Comparing to Ep 1, the peak of COA at lunch time was still obvious at
noontime in Ep 2, Ep 3, and Ep 4, while the peaks in the breakfast and
dinner or midnight snack time were small. This result was owed to
the strict forbidden on the open-air cooking activities in the morning



Fig. 7. 72 h-backward trajectories analyses for five episodes.
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and evening. Both Ep 2 and Ep 4 were under unfavorable diffusion
weather condition, but the more rigorous emission control in Ep 4
weakened the diurnal variation of COA.

BBOA spectrum showed relatively high loading in m/z 60 and 73
compared to other factors, and the correlation of BBOA with m/z 60
was strong (R2=0.86) (Fig. 5). Previous studies also found pronounced
peaks at m/z 60 and 73 in spectrum of BBOA (Cubison et al., 2011; Xu
et al., 2015). As shown in Table 1, mass concentrations of BBOA were
higher in Ep 1 (1.86 μg m−3) and Ep 5 (1.05 μg m−3), while the values
decreased obviously in the episodes with emission controls (Ep 2:
0.78 μg m−3, Ep 3: 0.63 μg m−3, Ep 4: 0.36 μg m−3). This result could
be associated with the effect of the control about the biomass burning
like straw burning. Contribution of BBOA to OA was the highest in Ep
1 (21.17%), followed by Ep 3 (17.46%), Ep 2 (15.53%), Ep 5 (15.20%),
and Ep 4 (14.11%). Specifically, BBOAhad higher concentration and con-
tribution to OA in Ep 3 than Ep 4. The result suggests that thewind com-
ing from the northeast directionwith higherWS in Ep 3 could transport
more BBOA to Xiamen.

According to the degree of ageing, SOA can be divided into less oxi-
dized SOA (LO-OOA) and more oxidized SOA (MO-OOA). However, in
this study, we failed to separate them and only one oxygenated OA
(OOA) was found. The mass spectrum of OOA in this study was charac-
terized by the prominent peaks at m/z 44 (25.13% of total OOA signal),
which was consistent with the previous studies in other cities (Crippa
et al., 2013; Zhang et al., 2015). What's more, the high ratio of m/z 44
in themass spectrum indicates that SOAwas highly oxidized in Xiamen.
Mean concentrations of OOAwere higher in Ep 1 (3.14 μgm−3) and Ep 5
(2.84 μg m−3) than the episodes (Ep 2: 1.74 μg m−3, Ep 3: 1.90 μg m−3,
Ep 4: 1.17 μg m−3) happened with emission control. The reduction of
OOA from Ep 1 to Ep 2 and Ep 4manifests the effect of emission mitiga-
tion measures from the regional scale. However, the contribution of
OOA was the highest in Ep 3 (50.28%). As mentioned above, the trans-
port of air masses came from the northeast continent in Ep 3 and OOA
could come from the transport pathway. The diurnal pattern of OOA
presented a higher level during the period of 12:00–16:00 among all ep-
isodes except Ep 3 (Fig. 6), indicating the contribution of photochemical
processes to the formation of OOA. The different diurnal pattern of OOA
in Ep 3might be attributed to the impact of regional transport. As shown
in Fig. 5, time series of OOA and sulfate presented high similarity. The
correlation between OOA and sulfate were stronger in Ep 2 and Ep 4
(R2 = 0.88 and 0.61), following by Ep 1, Ep 5 and Ep 3 (R2 = 0.45,
0.38, and 0.35). Previous studies analyzed the correlation between
OOA and OX (O3 + NO2) to see the influence of photochemical process
on the formation of OOA (Li et al., 2018). Table S4 presents the relative
coefficient of OX, OOA, and sulfate in each episode. The correlation of OX

with OOAwere stronger than sulfate in all episodes,which suggests that
OOA was more influenced by the photochemical process than sulfate.
The speculation was supported by the diurnal pattern of OOA and sul-
fate under the normal state. OOA had a peak at noon, while sulfate
had obvious peaks in the morning and afternoon (Fig. 6). The lowest
correlation between OOA and sulfate in Ep 3 was likely associated
with the transport of air masses. The episodes other than Ep 3 were all
characterized by calm weather condition. The correlation between
OOA and sulfate was closer in Ep 2 and Ep 4 than in Ep 1 and Ep 5,
which might be attributed to the reduction of emission sources of
precursors.

3.5. Effects of regional transport on different episodes

Fig. 7 presents the cluster analysis of backward trajectories in Xia-
men, and two clusters were obtained for each episode. Ep 1 was domi-
nated by the air masses (C1: 38.89% and C2: 61.11%) coming from the
southwest of Xiamen. The air masses passed above the sea surface,
through the Guangdong province and the southeast of Fujian province.
Previous studies had revealed that local emissions and long-range
transportwere the twomajor reasons for the accumulation of air pollut-
ants in coastal regions (Cao et al., 2017; Tsai et al., 2010). C1 and C2 in Ep
1 had long transport pathway on the sea surface, whichmight not bring



Fig. 8. Mass concentrations (a) of NR-PM1 and OA components in different clusters; percentages of NR-PM1 species (b) and OA species (c) in different clusters.
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much pollutants to Xiamen. Therefore, the high loading of nitrate, HOA,
and BBOA associating with C1 and C2 in Ep 1 were probably caused by
local emissions (Fig. 8).

The air masses coming to Xiamen in Ep 2 could be divided into two
groups, one (C3: 48.61%) was with a long transport pathway from the
sea surface of the southwest direction, another (C4: 51.39%) was com-
ing from the Taiwan Province and with a short transport pathway.
Half of the airmasses transported in a short distance confirms the calm
weather in Ep 2 as mentioned above. Mass concentrations of NR-PM1

and nitrate in C4 were almost twice of C3 (Fig. 8), which suggests the
impact of local emission and accumulation on NR-PM1 in Ep 2.

Ep 3 was dominated by the long-range transport of air masses from
the Northeast China (C6, 80.56%), which confirmed above speculation
about air masses transport in Ep 3. The remaining of air masses in Ep
3 were originated from the Yangtze River Delta region. Clusters coming
from the northeast with longer transport pathway tended to contribute
more sulfate and OOA. Specifically, there were the highest contribution
of sulfate (49.49%) in C5 andOOA (52.88%) in C6 among all clusters. Ad-
ditionally, the contribution of BBOA inOAwas higher in C5 than in other
clusters. The air masses of Ep 4 (C7: 54.25% and C8: 45.75%) were all
coming from the sea surface of the southwest of Xiamen. Although the
restriction of emission in Ep 4 was in common with Ep 3, nitrate
contribution was larger in C7 and C8 (6.80% and 9.67%) than in C5 and
C6 (3.53% and 3.60%). The transport directions of air masses can explain
most of the different contributions of the NR-PM1 species in Ep 3 and
Ep 4.

One short cluster (C9: 66.79%) originated from the Taiwan strait and
one longer cluster (C10: 33.3%) came from the sea surface of southwest
with a transport path above the south of Fujian province were found in
Ep 5. High occurrence of short-range transport confirmed the calm
weather in Ep 5. It was obvious that the mass concentration of NR-
PM1were higher in C9 and C10. Additionally, C10 had highest contribu-
tion of HOA (15.24% in OA) and nitrate (14.26% in NR-PM1). Since the
transport of airmasses over the sea surface of the South China Sea did
not bring much pollutants, the local emissions were probably responsi-
ble for the growth of NR-PM1 when emission control ended.

On the whole, the air masses in Ep 1, Ep 2, Ep 4, and Ep 5 generally
transported over sea surface from the southwest direction, the NR-
PM1 of the above episodes were characterized by increase contribution
of HOA and nitrate, which was largely due to the local emission and
calm weather condition. In contrast, the air masses in Ep 3 transported
from the northeast continents, which resulted in the high contributions
of OOA and sulfate to NR-PM1. The study of Li et al. (2018) had found
that the regional transport increased the contribution of SIA even strict
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emission control was implemented in Hangzhou, which is consistent
with our result. Therefore, it is necessary to put attention on the trans-
port of pollutants,whichwill help to ensure a better effect of implemen-
tation of emission mitigation.
4. Conclusions

In situ observation of NR-PM1 was conducted by a high-resolution
ACSM from August 10 to September 10, which was covered the 2017
BRICS summit in Xiamen. Mean hourly concentration of NR-PM1 re-
duced from 18.83 μg m−3 before-BRICS to 13.02 μg m−3 in BRICS I and
8.42 μg m−3 in BRICS II. Contributions of local pollutants like nitrate
and HOA reduced from 7.56% and 18.36% in Ep 1 to 3.59–7.38% and
8.37–14.89% in Ep 2–4, respectively. Additionally, the peaks of BC, ni-
trate, COA, and HOA in the morning and evening became less obvious
under the emission control. The results indicated the significant effects
of control measures, like for traffic and for open-air cooking, on the re-
duction of primary pollutants.

The higher SOR and lower NOR was observed in Xiamen as com-
pared to other cities in China. The comparable NOR among the Ep 1–4
implied that the concentration of NO2 was the key factor influencing
the formation of nitrate. The difference of SOR among the episodes
was also small. The increased contribution of sulfate in Ep 3 (43.68%)
was associated with the transport of air masses promoted by high WS.
OOA presented a higher level at noon under the calm weather, indicat-
ing the contribution of photochemical process to the formation of OOA.
Although the concentration of NR-PM1 largely decreased in Ep 3 under
the strict emission control, the transport of airmasses from the north-
east continents would result in the high proportions of OOA, BBOA,
and sulfate in NR-PM1. Thus, the emissions and the formation of parti-
cles during the transport need to be paid more attention when set the
air quality control strategies in coastal cities.
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