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Am'Cl_e history: To investigate the impact of the Western Pacific subtropical high (WPSH) on the air pollution episode of Xiamen,
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WPSH center locations to diagnose the air pollution. Visibility declined below 10 km twice while fine particulate
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Formation processes
Influencing mechanisms

Light extinction quality in Southeast China.

(NH4)>S04, NH4NO3 and OM were the priority factors to the reduction of atmospheric visibility. These findings
provided new insights of air pollution episode diagnosis and indicative function of WPSH impacts on local air

© 2019 Elsevier B.V. All rights reserved.© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric pollution is one of the most severe environmental
problems of China in the past few decades. The effects of atmospheric
pollution caused by fine particulate matters (PM,s) contained low vis-
ibility, unbalanced earth-atmosphere radiative budget, global climate
changing and alerting human health (Watson, 2002; Ramanatha et al.,
2001; Pope, 2000). The associated pollutants are emitted from anthro-
pogenic and natural sources, then possibly secondary formed with
chemical and photo-chemical reactions, but pollution is basically domi-
nated by specific synoptic situations. Numerous studies have revealed
the relationships between air pollution episodes and synoptic situations
(Kalkstein and Corrigan, 1986; Greene et al., 1999; Zhang et al., 2015).
Long regional transport of PM, 5 by invoking the relatively stagnant air
mass was the major source of severe air pollutions (Li et al., 2015).
High concentrations of pollutants were found in stable air mass or
under strong anticyclone control, whereas low concentrations occurred
in moist, unstable air masses (Davis and Kalkstein, 1990).

Western Pacific subtropical high (WPSH) which influenced China di-
rectly is one of the warm high cells locating on Pacific (Tao and Chen,
1987; Ding, 1994). WPSH is evident as a semi-permanent, subtropical
anticyclone high pressure system extending from the surface to the
middle troposphere over the western North Pacific (Tao and Xu, 1962;
Zhou et al., 2009). Zhao and Wang (2017) found that a stronger WPSH
leads to a decrease of surface ozone over South China but an increase
over North China and vice versa. He et al. (2012) found the abnormal
behavior of the WPSH with a sudden northward movement had a direct
impact on aerosol distribution characteristics.

Seasonal movement of WPSH cell between 10° and 40° north lati-
tude leads to a series of variations of surface meteorology and atmo-
spheric environment. Generally speaking, local air quality was better
when the city was totally under control of WPSH. In fact, one small
step move of WPSH might result in weather variations in one city, fur-
ther caused air quality change. Hence, continuous shifts eastward and
westward can possibly result in fluctuation of air quality. Atmospheric
photo-oxidizing capability with high concentration of O, depended on
gaseous precursors and pre-existing aerosol, as well as high tempera-
ture and relative humidity which were common meteorological condi-
tions accompanying with WPSH. Previous studies have proved
oxidation processes and oxidizing capacity with different chemical sig-
natures of regional air masses from different origins (Li et al., 2018).
However, oxidation during WPSH such specific synoptic situation was
lack of investigation. Furthermore, previous studies have illuminated
the relationship between WPSH and air quality in long term, but the di-
rect impact of WPSH on air pollution episode in short term still
remained unknown. In this paper, a subtropical city in the southeast
China, Xiamen (118.06°E, 24.61°N) was selected appropriately to
study the role of WPSH in determining the air pollution episode. This
city is influenced by WPSH >9 months every year and the transition to
winter season was from September to November generally. In the tran-
sition to winter of 2017, a representative air pollution episode was cap-
tured from September 17th to 23rd. The objectives of this paper are to
(1) explore the linkage between WPSH and this air pollution episode;
(2) elucidate the impact of the atmospheric oxidation on influencing
mechanisms of this air pollution episode; (3) probe into the contribu-
tion of chemical species of PM, 5 to visibility reduction.

2. Material and methods
2.1. Synoptic data

The National Center for Environmental Prediction (NCEP) Final Op-
erational Global Analysis data (FNL) are on 1-degree by 1-degree grids
prepared operationally every 6 h. The FNLs are from the Global Data As-
similation System and made with the same model which NCEP uses in
the Global Forecast System (GFS) (https://rda.ucar.edu/datasets/
ds083.2/). The weather charts of surface layer, 850 hPa and 500 hPa
were conducted in using Grid Analysis and Display System (GrADS)
with the specific programmed script files.

2.2. Ground-based observation

The observation site is located on the rooftop of a twenty-floor build-
ing with 80 m high above ground level at Institute of Urban Environ-
ment, Chinese Academy of Sciences (118.06°E, 24.61°N). Thus, the
local traffic emission is considered negligible. There is no major indus-
trial source nearby and the nearest major industrial zone was about
10 km southwestward to the observation site.

Online hourly mass concentrations of particulate matters (PMjo,
PM, 5 and PM;) were measured by using a tapered element oscillating
microbalance (TEOM1405, Thermo Scientific Corp., MA, US). The tape
was replaced when the load was >90% or over 1 month. Trace NO,,
SO, and O3 gases were obtained with a resolution of 1 h by applying on-
line analyzers (Thermo Instruments, TEI 42i, 43i and 49i, respectively).
Air flow of the instruments was adjusted once a month. Before and
after the monitoring periods, check was made with standard gases to
ensure the reliability of each instrument performance. Ambient meteo-
rological parameters including temperature (T), relative humidity (RH),
wind speed (WS) and wind direction (WD) were obtained by an ultra-
sonic atmospherium (150WX, Airmar, the USA).

Vertical observation of light extinctions at 532 nm wavelengths and
mixing layer process were retrieved from a high repetition rate lidar.
Note that the mixing layer height was semi-quantified with extinction
gradient method. Visibility was measured by a Belfort Model 6000 visi-
bility sensor (Belfort Instrument Corp., MD, US). An integrated nephe-
lometer at 3 wavelengths was used to obtain scattering coefficients
(bscat) (in using 525 nm wavelength) with internal relative humidity
below 60%. The light chamber of nephelometer was cleaned in three
months. Aethalometer at 7 wavelengths provided absorption coefficient
(baps) (in using 520 nm wavelength) and black carbon (BC) concentra-
tion of ambient PM, 5 (in using 880 nm wavelength). Aethalometer
fiber tape was reloaded when the tape was <10%. In this paper, BC
was equated with EC in discussion. Scattering and absorption coeffi-
cients were both averaged to one-hour resolution. PM, 5 absorption co-
efficients were calculated based on the measured light attenuation
(Zhuang et al., 2015).

PM, 5 water-soluble inorganic ions (WSIIs) including SO3~, NO53,
NHZ and other ions were measured by Monitor for AeRosol and Gases
in Ambient Air (MARGA) with one-hour resolution. For tracking
changes in retention time and detector response for each sampling,
the MARGA was continuously controlled by an internal calibration
method using bromide for the anion chromatograph and lithium for
the cation chromatograph over the whole observation period. The
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internal calibration can ensure ion species to be identified and their cor-
responding concentrations to be measured successfully. Details on the
MARGA are given elsewhere (Trebs et al., 2004). Organic matters
(OM) were calculated from an aerosol chemical speciation monitor
(ACSM) (Sun et al., 2015). All the real time monitoring measurements
are summarized in Table S1.

2.3. Methodology

In this paper, three methods of extinction coefficients were
employed to inquire the visibility variation. Retrieved extinction coeffi-
cient (bext, ret) Was inversely correlated with visibility (V) according to
the Koschmieder equation (Koschmieder, 1924) followed:

3.912

b ext,ret — T (1)

Measured extinction coefficient (bext, mea) and single scattering al-
bedo (SSA) were calculated by ba,ps and bscae with the following equa-
tions:

b ext.mea = Dscat + Daps (2)

SSA — M 3)

ext,mea

where b, and b,ps denoted scattering and absorption coefficients
mentioned in Section 2.2. Wavelengths at about 520 nm (green light)
could respond properly to the atmospheric visibility.

To investigate the contributions of PM, 5 chemical components to
light scattering and absorption, a revised formula developed by the orig-
inal IMPROVE method is applied. Details of the revised IMPROVE for-
mula can be found in Pitchford et al. (2007). Reconstructed extinction
coefficients (bext, rec) in this paper also took NO, gas absorption into
consideration, with the combination of directly measured bps.

To further refine the impact of WPSH position on the aerosol pollu-
tion in Xiamen, 24 h back trajectories from the sampling site were calcu-
lated using the NOAA HYSPLIT model. Different trajectories indicated
different position of WPSH. The back trajectories were calculated each
hour per day at starting times from 00:00 to 23:00 (LCT). Cluster analy-
sis was then implemented to obtain trajectory clusters and average
values of the light extinction coefficients with each cluster were
calculated.

3. Results and discussion
3.1. Synoptic situation with air pollution

As a deep high pressure system, the WPSH is conventionally de-
scribed by circulation patterns at 500 hPa with a characteristic isoline
of 5880 gpm (geopotential meter) (Ding, 1994; Wang et al., 2006).
This closed isoline encircles a large region over the western Pacific. A
central isoline of 5920 gpm represented WPSH control center where
there is stable circumstance and downdraft. WPSH shifted north or
south along with seasonal alterations, while short term activities oc-
curred from time to time. Usually, WPSH moves northward accompa-
nied with westward shift and analogously southward with eastward
movement. Short term activities occurred during transitions more
often and could take a couple of days. Downdraft intensified gradually
when the ridge stretched westward into inner land of East Asia, along
with possible slight change of local air quality. Downdraft inside the
WPSH brought sunny day and in fact, it also compressed mixing layer
and/or aggravated air pollution consequently.

Fig. 1 demonstrated synoptic situations at 500hpa at the point time
of each day from September 18th to 23rd. At the western sides of the
WPSH, 500 hPa winds change directions from southeasterly to

southwesterly during transition to winter. Pressure level at 500hpa
was weak in 18th and WPSH center was blocked by Typhoon rear.
WPSH ridge southward moved below 25 north latitude and fluctuated
back and forth since the Sep 19. From 20th, WPSH started to strengthen
gradually and shift northward. In 21st and 22nd, WPSH further west-
ward shifted and basically dominated southeast China again. Mid-
latitude westerlies were on the north side of the WPSH where the posi-
tion of cold front was. Southerly flow in the west of the WPSH would
bring adequate rainfall to dissipate air pollution. Lower surface pressure
and warm high at the middle and lower layers in troposphere provided
proper circulation background to pollution episode. On the surface layer
(Fig.S1), the WPSH shifts more towards east and drives the low-level jet
that transports a large amount of water vapor into East Asia (Lu, 2002).
On the basis of WPSH position, the episode was divided to four stages
subjectively: stage 1 was from the beginning to 2 am in 19th since the
WPSH merged; stage 2 was from 3 am in 19th to 1 am in 21st when
the WPSH began to eastward move slowly and fluctuated; stage 3 was
from 2 am in 21st to 2 pm in 22nd when the WPSH moved westward;
stage 4 was from 3 pm in 22nd to 0 am in 24th when the WPSH center
controlled the southeastern coast.

Some of the significant parameters in four stages are listed in Table 1
and all of the data were averaged to represent the characteristics of four
stages. Mixing layer process is a key factor in air quality to determine
turbulence mixing, vertical diffusion, convective transport, cloud/aero-
sol entrainment and atmospheric pollutant deposition. Interactions be-
tween air pollution and mixing layer were identified in previous
studies: low mixing layer structure and process suppressed air pollut-
ants dispersion while air pollution promoted the formation of mixing
layer (Sun et al., 2015; Petdjd et al., 2016). Mixing layer height (MLH)
is one of the fundamental variables which influences many tropospheric
processes critical to air pollution, such as aerosol distributions and haze
formation (Seibert et al., 2000; Stevens, 2002; Lin et al., 2008; Konor
et al., 2009). In Fig. 2, MLH was higher in stage 1 and 4 than that in
stage 2 and 3. The MLH obviously declined in stage 1, then fluctuated
in stage 2 and stayed below 1 km in stage 3, finally rose in stage 4.

Visibility is a good indicator for air quality and has been measured in
numerous studies. The trend of visibility was similar to MLH in four
stages which could confirm response of MLH to this air pollution epi-
sode. Visibility decreased to 10 km around in stage 3 while mixing
layer height descended below 1 km. Temperature reached the top
value as 28.91 °C while RH appeared an increasing order from stage 1
to stage 4. High temperature and RH revealed that WPSH governed Xia-
men city. WS were lower in stage 2 and stage 3 when the WPSH fluctu-
ated than that in stage 1 and stage 4. South and east wind were the
predominated but WD varied from time to time (Fig. S2). In general,
WPSH activity directly influenced the surface layer parameters which
demonstrated different trend, and the covariations indicated a
synoptic-scale impact (Roger and Andrew, 2002).

Vertical distribution of aerosol could reveal the generation, evolu-
tion, dissipation and pathway of particulate matter pollution. Fig. 3 de-
picts vertical distribution (from 100 to 3000 m) of aerosol bey; during
this period. The bey range was from 0 to 500 Mm~', which could
cover extinction coefficient scale in lower layer. It could also recognize
surface layer pollution from high altitude status. Extinction contribution
came from surface since the period that could possibly artificially classi-
fied this episode as a weak transport pollution subsequently pluses cu-
mulative growth (subjectively). Air pollution was dominated by vertical
mixing process from bottom to top since late 17th, Sep. Stagnant atmo-
sphere ensued with lower WS in surface layer which accelerated the ac-
cumulation of pollutants. Residual layer was an indicator of surface
layer particles dissipation. Note that residual layers appeared twice
when were from the midday of 19th to 20th and 23rd to the end, as
well as the improved air quality. Air pollutants accumulated in 1 km
around basically in the lower layer. Time series of vertical extinction dis-
tributed synchronously with surface layer pollutants which are
displayed in Fig. S3.
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Table 1
Synoptic situation and meteorological parameters in four stages.
Parameters Stage 1 Stage 2 Stage 3 Stage 4
WPSH Merged and Eastern shifted Western Western
activity eastern shifted with shifted with shifted and
slowly fluctuation fluctuation control
Visibility/km ~ 19.37 4 430 15.57 £ 291 1095 4+222 1824 +430
Mixing layer 1.43 £ 0.60 1.13 £ 0.30 0.86 + 0.14 1.05 + 0.39
height/km
T/°C 28.02 + 1.22 27.82 4+ 1.25 28.88 £ 099 2891 + 1.11
RH/% 7441 £6.33 75.59 £ 5.71 8130 £ 589 82.63+5.78
WS/m-s™! 1.19 + 0.44 0.97 £+ 0.43 0.96 4 0.35 1.13 £ 042

3.2. Atmospheric oxidation

Atmospheric oxidation reactions will intensify in the proper circum-
stance with high temperature and intense atmospheric radiation under
the control of WPSH. In order to acquire more insights of the impact of
oxidation on air pollution episode, atmospheric oxidation O3, NO, and
Oy (05 + NO,) were illustrated in Fig. 4. High concentrations of Os, ac-
companied by an ultra-low level of NO, were observed during the epi-
sode, especially in the midday.

Note that O3 maintained high value around 100 ug-m~> in the night
of 17th, which was the consequence of the weak transport from the
merge of WPSH. Low concentration of O3 and high level of NO, revealed
the rather weak photochemical activities, which could result in insuffi-
cient production of oxidants (OH and H,0, radicals) for gas-phase oxi-
dation (Hua et al., 2008). In stage 2 and 3, the concentrations of O; were
extremely low in the nights while the Oy still remained high level. Diur-
nal O3 varied more obviously than that of NO, and concentrations of O3
and NO, were close at night in stage 2 and 3. In general, O governed at-
mospheric oxidative reaction in daytime while O5 along with NO, dom-
inated oxidation at night. The regulation reflected the daily fluctuation
of WPSH to some extent. WPSH ridge moved westward into continent
in daytime and retreated eastward into ocean at night. High tempera-
ture in middays impelled the formation of O, and Os, which was also
clearly depicted in Fig. 4. Maximum temperature in each day was corre-
sponding to the highest concentration of Oy entirely in stage 2 and 3.

1139

These results could reveal the high rate of photo-chemical reaction
rate which was within 1 h.

3.3. Chemical components and influencing mechanism

3.3.1. Overview of PM, s and chemical components

Fig. 5 illustrates the variation of PM, 5 and the determined chemical
components of WSIIs and OM during this episode. Compared to Fig. 4,
hourly O3 and PM; 5 concentrations showed similar trends which
reached the peak values simultaneously during this episode, especially
from 19th to 22nd, Sep. This finding was distinct from many studies
suggesting that PM and Os; were at high levels alternatively (Wang
etal,, 2019). Concentration of O variation in four stages was beyond ex-
pectation which was supposed to reveal the similar trend of PM; s, how-
ever, the mean values of O; decreased from stage 1 to stage 4. As the
major components of PM, s, the trends of WSIIs and OM were similar
to PM, 5. Sulfate (SO37), Nitrate (NO3) of cations and Ammonium
(NHZ) of anions (SNA) were the dominated ions in total WSIIs. The
ions balance of cations and anions is depicted in Fig. S4. The R? equaled
to 1.0 indicated that the components were identified. The peak values of
SNA were up to 50.82 ug/m? at 3 o'clock in 22nd when a suspected un-
derlying local emission occurred. The local event was probably caused
by industrial zone southwestwards to the observation sites in the mid-
night when the wind direction turned southward, which also caused
peak values of SO, and CO (Fig. S3). Slightly differences of chemical
components proportions between four stages were clearly depicted. Or-
ganic matters stayed higher proportion of 41.9% in stage 1 than that in
stage 2 to stage 4. SNA proportions showed an opposite tendency in
four stages against that of OM. Nitrate and ammonium proportions in-
creased slowly while OM increased from stage 1 to 3. Sulfate and EC pro-
portion was different to other components. Sulfate was considered as
secondary generation production while EC was primary emission con-
taminate, which could confirm the sophistication of this episode
governed by WPSH. In order to distinct the different contributions to
the episode of weekday/weekend sources and WPSH, time series of
PM2.5 concentrations of four weeks in September are illustrated in
Fig. S5. PM2.5 concentrations in weekday were obviously higher than
that of weekend in four weeks. The stages division based on synoptic sit-
uation occasionally covered the weekday and weekend: stage 1 and 4
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Fig. 2. Time series of WD, WS, temperature, relative humidity, mixing layer height and visibility during the episode.



1140

X. Wu et al. / Science of the Total Environment 692 (2019) 1135-1145
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Fig. 3. Pseudo color map of aerosol extinction coefficients during observation periods. Vertical direction stands for variation of coefficients in different altitude. Altitudinal resolution is

—1

7.5 m. Blind area is below 0.1 km so that altitude scale was selected from 0.1 to 3.0 km which covered mixing layer. The color batch ranged from 0 to 500 Mm ™.

had days on the weekend while stage 2 and 3 were in the middle of the
week. It appeared that the pollution in stage 2 and 3 was more serious
than that in stage 1 and 4. Compared with the other 3 weeks, WPSH re-
ally strengthened the air pollution as an amplifier during the episode.
The high temperature and oxidation resulted from WPSH accelerated
the oxidation rate in atmosphere and finally caused this air pollution.

Box charts of OC, EC and OC/EC ratio are exhibited legibly in Fig. 6.
Carbon aerosol contained OC and EC. EC tracer method was used to es-
timate the SOC content in this paper and the converting factor between
OM and OC was chosen as 1.6 (Turpin et al., 2000). EC was emitted from
resources directly with incomplete fossil fuel combustion. OC came
from two ways: primary organic carbon (POC) and secondary organic
carbon (SOC) through photo-chemical reaction. Most of OC and EC
existed in fine particulate. The ratio of OC to EC was used to declare
the presence and transformation of primary and secondary organic
aerosols (Chow et al., 1996; Cachier et al., 1996). OC/EC ratios above 2
indicate the production of SOC. In this paper, OC/EC were all >2 in four
stages, which elucidated that secondary generation was the dominated
method under the circumstance of high atmospheric oxidation.

NO3 and SO~ are mainly formed from the transformation of gas-
eous precursors of NO; and SO,, respectively (Wang et al., 2005). In

order to figure the conversions of sulfur to sulfate and nitrogen to ni-
trate, sulfur oxidation ratios (SOR) and nitrogen oxidation ratio (NOR)
were calculated, equations were given in Ohta and Okita (1990). Both
SOR and NOR in stage 3 were the highest that indicated high oxidation
in the phase of WPSH extended westward. Higher SO7~ and SOR
depended on gaseous SO, with active oxidative reactions. The growth
of SOZ~ from stage 1 to 3 was clearly captured. Details of SO3~ and ox-
idation will be discussed in next section. NO3 is a crucial component of
PM; s mass and the percent contribution to the PM, s mass will vary de-
pending on proximity to NO, sources, atmospheric oxidation, gas-phase
ammonia concentrations, and environmental variables. As the common
precursor of PM, 5 and O3, NO, played a key role in atmospheric com-
pound pollution (Pathak et al., 2009), thus NO, oxidation was more
complicated. NOR were all >0.1 in four stages in the circumstance of
high O,.

3.3.2. Influencing mechanism

The oxidation reactions other than gas-phase oxidation likely ex-
plained the formation of abundant secondary sulfate during the episode.
The high temperature during the episode was a beneficial factor for
aqueous-phase oxidation of SO, to sulfate. As an indicator of
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atmospheric oxidation, Oy showed high correlations with some other
parameters (Stephens et al,, 2008). Practically, SO, oxidation proceeded
with the following mechanism (Seinfeld and Pandis, 2016):

SO, + OH + M—HO0SO, + M (4)
HOSO, + 0,—S03 + HO, (5)
SO; + H,0 + M—H,S04 + M (6)

where M denoted the molecule in the air. Gaseous H,SO4 would further
combine with NH3 to NH4HSO, and/or (NH4),SO4 which were non-

-— stage ] —==— stage 2 —==—

volatile. Heterogeneous reactions occurred in consequence that
NH4HSO,4 and (NH4),S0,4 formed into particles.

Correlation coefficients between Oy and other parameters were
shown in Table S2. Scatter plot of O, and SO7~ with temperature gradi-
ent in four stages are illustrated in Fig. 7. Positive correlations of four
stages were obviously depicted between O, and SO3~. In stage 1 and
4, the slopes were higher than that in stage 2 and 3 when the WPSH
fluctuated, which means the generation rates of SO7~ were faster. How-
ever, the gaseous precursor of SO, was still at low level. Specifically, Oy
concentration was relatively high in stage 1 because of the transporta-
tion at the night of 17th. SO, concentrations enhanced in stage 2 and
3 so that atmospheric oxidizing reaction occurred with abundant
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Fig. 6. Box charts of components and ratios in four stages. The range of each box is from 25 to 75 percentile. The long horizontal lines in the boxes are the median values and the small boxes
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Fig. 7. Scatter plot of Oy and SOz~ with temperature gradient in four stages.

gaseous precursor. These results revealed the importance of the
aqueous-phase reaction for the secondary transformation of SO,. Local
sources like industrial and traffic emissions provided abundant precur-
sors which were also important for secondary pollutants production
and resulting air quality deteriorate. Sulfate was primarily in the solid
phase indicating that gas-phase oxidation was probably the dominant
pathway for sulfate formation. Aqueous phase oxidation likely became
predominant at night. Little change between Oy and SOz~ was collected
when the temperature was about 26 °C. Furthermore, a slightly negative
growth between O, and SO7~ was found when the temperature was at
the level of 27 °C. This status altered after the temperature increase be-
yond 28 °C which was a possible threshold to distinct the atmospheric
oxidation capacity. Oxidizing SO~ from SO, was neglected because of
the low reaction rate.

In this paper, significant correlations between NO3 /SOZ~ and NHZ/
SOZ~ while NHZ /SO3~ ratios were all >1.5 (Fig. 8). Nitrate formation is
mainly through gas-phase oxidation of NO, by oxidation during day-
light and the heterogeneous reactions during nighttime (Seinfeld and
Pandis, 2016; Kong et al., 2018). As Norm competes with NO3™ for NHZ
during its formation, the relationship between NO3 and NHZ at differ-
ent levels of SOZ~, which are expressed as NO3 /SO3~ and NH{ /SOZ~, is
indicative of the pathway of NO3™ formation (Pathak et al., 2004, 2009).
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8 28.00
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+ 2-
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Fig. 8. Molar ratios of NO5 /S03~ vs. NHZ /SO3~ with temperature gradient in four stages.

Linear correlation between NO3 /SO3~ and NHZ /SO3~ in NH{ rich con-
ditions (NHZ/SO3~ > 1.5, molar ratio) suggested the homogenous for-
mation of NO3". Compared to Fig. 6, the increase of NOR in stage 2 and
3 under high temperature and high concentration of oxidation may be
attributed to heterogeneous reactions for nitrate formation. Ratios of
NO37/S0Z~ and NHZ/SO3~ stayed low level when the temperature
was >29 °C, which declared increasing rate of sulfate in the circum-
stance of high Ox. This finding echoed the potential threshold men-
tioned above and sulfate was probably the key component in PM; s.
Sulfate, as a priority of reaction and formation of secondary aerosols,
responded to the high oxidation preferentially, followed with nitrate
and other compositions of PM s.

3.4. Optical properties of PM5 5

Aerosol extinction influenced visibility directly and was caused by
multiple internal factors including pollutant species, concentration,
components, size distribution, mixing state and RH (Yan et al., 2015;
Deng et al.,, 2016; Li et al., 2017). Absorption and scattering of aerosol
are related to the incident light which caused by different wavelengths.
As illustrated in Fig. 9, the trends of bext, rec, Dext, rets Dext, mea» aNd bscat are
similar, as well as the PM; 5 concentrations. SSA ranged from 0.69 to
0.92 while beyt, mea ranged from 55.38 to 464.90 Mm ™. bey rec and
bext, ret Were both calculated by empirical formulas. The formulas
contained many aspects and the coefficients of different components
were higher in this paper. bey, ret Was calculated from Koschmieder
equation which reflected the atmospheric visibility. bextrec Was devel-
oped from IMPROVE formula which intended to declare the relative
contributions of different chemical components of PM; s. The coeffi-
cients of hygroscopic growth, small- and large-size distribution were
probably higher because of regional disparity. bex¢, mea Was measured
by aethalometer and nephelometer which could represent the local
light extinction. The measured light extinction of indraft air was more
precise than bexg rec and bext, rer- Correlation coefficients between the op-
tical parameters above in four stages are listed in Tables S3 to S6 and the
three kinds of light extinction coefficients were all well fitted. Whereas
b.bs trend varied little for the reason of minor changes of BC and NO,
concentrations. Obviously, opposite trend lies between visibility and op-
tical properties.

As the dominated ions of PM, s, SNA were responsible for the air
quality deterioration by reason of particles formation and visibility de-
cline due to the contribution of light extinction (Tao et al., 2017).
Fig. 10 shows the relationship between measured light scattering coef-
ficients and SNA and OC. Pearson correlation coefficients of the compo-
nents in four stages were all >0.5 with positive correlations, indicating
that secondary inorganic aerosol and OC were the main contributors
of aerosol light scattering during this episode. The high correlation coef-
ficients of each stage revealed that the reconstructed light scattering co-
efficients were adaptive in this site and represented the optical
properties of main components of PM; 5 basically.

Backward trajectories of four stages during the episode are demon-
strated in Fig. 11. Pie charts represent the chemical components contri-
butions in four stages. Air mass mostly came from north in stage 1 and
the rest came from east side. The trajectories were well fitted to the
WPSH movement of merging. [n stage 2, air mass from South Sea prob-
ably bring adequate vapor to Xiamen and the trajectories turned to
southwest. Stage 3 and 4 trajectories were basically from northeast
which WPSH extended westward. Generally, air mass trajectories in
four stages were almost accordant to WPSH movement, which could
further manifest the stages division of this episode. It is noted that tra-
jectories coupling with aerosol optical properties could declare not
only the origination of air mass, but also the effects on local visibility.
The results of IMPROVE formula expounded the major contributions
to light extinction were ammonium sulfate, ammonium nitrate and
OM. Large- and small-represented aged aerosol and new particle forma-
tion which was based on Mie theory, respectively (Watson, 2002).
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Large-(NH)4SO,4 and large-NH4NO3 contributions increased from stage
1 to 3 then decreased in stage 4 while large-OM contributions decreased
from stage 1 to stage 4. Small-(NH)4SO,4, small-NH4NO3 and small-OM
contributions were on the contrary to that of large-(NH)4SO4 and
large-NH4NOs. Apparently, new particle formation rates slowed down
in stage 3 and aged inorganic aerosol enhanced step by step, even the
relative contribution of aged organic matter was distinct. The
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continuous influence of high oxidation on aerosol demonstrated obvi-
ous internal variation.

4. Conclusions

Formation processes and influencing mechanisms of an air pollution
episode were analyzed in Xiamen City in China. Western Pacific
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stages.
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formula.

subtropical high and consequent high level of oxidation were the dom-
inated factors of this episode. Specifically, this episode in Xiamen was
possibly driven by Western Pacific subtropical high with high O, tem-
perature and relative humidity. Shifted WPSH at 500hpa, accompanied
with slightly variation of wind directions at surface layer, formed a com-
plete situation to derive this episode. WPSH movement caused the am-
bient air pollution fluctuation, including the atmospheric oxidation,
which affected the formation processes and influencing mechanisms.
The high level of atmospheric oxidation accelerated the secondary aero-
sols, which contributed to air pollution with stable meteorology. Sec-
ondary aerosol formed through atmospheric photo-chemical
reactions, including gas-phase and liquid-phase reactions, in which gas-
eous precursors were oxidized under the circumstance of high O,.
Chemical components directly/indirectly contributed to aerosol light
extinction promotion and the reduction of atmospheric visibility.
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