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Abstract

The contributions of chemical composition and emission sources to aerosol
optical properties were evaluated for a coastal city in southern China. The average
dry light scattering coefficient (bscat,ary) and light absorption coefficient (bans) were
325+ 155 Mm* and 8.8 + 4.7 Mm™, respectively. Diurnal cycles in bscat,dry and bans
were observed with peak values in the morning and at night. Both bscat,dry and Daps
varied with wind speeds and directions, and thus affected by transport pathways.
Chemical composition data for 12-hour PM; 5 samples were used with the revised
IMPROVE algorithm and a Hybrid Environmental Receptor Model to evaluate
aerosol composition and source contributions to dry light extinction (Dext,dy = Dscat,dry
+ baps), respectively. Ammonium sulfate and organic matter were the dominant
contributors t0 bextay, followed by elemental carbon, sea salt, fine soil, and
ammonium nitrate. The six PM> s sources identified were secondary sulfate source,
biomass burning, marine emission, fugitive dust, traffic-related emission, and
shipping emission. Marine emission and secondary sulfate source were the largest
contributors of bext 4y during the daytime and nighttime, respectively. Backward
trajectory analysis further explored the impact of potential sources to bext,qy at Sanya
from surrounding regions. The results of our study would be useful for improving

models of radiative effects from different sources in this area.

Keywords: PM;s; Light extinction; Chemical composition; Source apportionment.
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1. Introduction

With the rapid urbanization and economic growth in China over the past
several decades, fine particulate matter (PM> s with aerodynamic diameter < 2.5 pm)
has emerged as one of the most important pollutants because it impacts air quality,
human health, and climate change on regional and global scales (Huang et al., 2014).
Atmospheric aerosol can perturb the Earth’s radiative balance directly by scattering
and absorbing solar radiation and indirectly by acting as cloud condensation nuclei
(Bellouin et al., 2013; Sekiguchi et al., 2003; Takemura et al., 2005). Due to the
spatial and temporal variations of aerosol concentrations and composition, large
uncertainties have been found in quantifying the direct and indirect effects of aerosol
and the associated effects on estimating global radiative forcing (IPCC, 2013). To
reduce these uncertainties, a thorough understanding of relationships of aerosol
optical properties to chemical composition, microphysical properties, and probable
sources is required at local, regional, even global scales. For example, the single
scattering albedo (SSA), defined as the ratio of the light scattering coefficient (bscat)
to the light extinction coefficient (bex:), IS an important determinant in chemical
transport models for computing radiative forcing. A small variation of SSA can
change the estimated net direct radiative flux caused by the aerosol (Haywood and
Boucher, 2000). Therefore, characterizing the atmospheric aerosol composition and
understanding the relationships between emission sources and aerosol optical

properties can provide a better information on how the aerosol affects atmospheric



radiative forcing and ultimately climate.

Aerosol bex: is closely related to chemical composition (Watson, 2002), and
the major aerosol components, including organic matter (OM), ammonium sulfate
((NH4)2S04), ammonium nitrate (NHsNO3), fine soil (FS), and sea salt (SS), have
been considered as the most important contributors to bsa: (Moise et al., 2015).
Elemental carbon (EC), on the other hand, is recognized as the main light-absorbing
species (Bond et al., 2013). Cao et al. (2012) and Wang et al. (2016b) found that
(NH4)2SO4 and NH4NO3 were the main contributors (> 50%) to the annual bey; for
PM;5 in Xi’an and Chengdu, two mega inland cities in China. However, a recent
study reported by Wang et al. (2015b) showed that OM, rather than inorganic
aerosol, accounted for the major fraction (54%) of bsca during winter in Beijing. Cui
et al. (2016) found that NHsNO3 only accounted for 4.0% of total bey: in suburban
Nanjing. In addition, SS was found to account for as much as 13.7% of bey at
Xiamen, a coastal city in southeastern China (Deng et al., 2016), suggesting the
importance of SS in coastal areas. These results also indicate that the relative
contributions of chemical species to bex; Vary strongly both geographically and

temporally.

Receptor models have been commonly used to quantify the mass
contributions of pollutants from different sources (Huang et al., 2014; Shi et al,,
2009; Zhang et al., 2013), but only a few studies have used positive matrix

factorization (PMF) and chemical mass balance (CMB) to identify and apportion the
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potential sources for aerosol bex: (Cao et al,, 2012; Lanetal.,, 2018; Tao et al., 2014a;
Wang et al., 2016d; Zhou et al., 2017). In one such study, Zhou et al. (2017) used
PMF analysis to show that contributions of bey; from sources including secondary
aerosol, biomass burning, traffic-related emissions, and coal burning decreased
during the controlled-period in Asia-Pacific Economic Cooperation (APEC) meeting
in Beijing. Wang et al. (2016d) identified seven PM> 5 sources through the use of a
CMB model, and they showed that there were major contributions to beyx: from

vehicle exhaust, secondary nitrate, and secondary sulfate.

Recently, intensive studies regarding PM;s optical properties have been
conducted in inland cities in China, including Xi’an, Nanjing, Beijing, and Chengdu
(Cao et al,, 2012; Cui et al., 2016; He et al., 2009; Jing et al., 2015; Wang et al.,
2016Db), but the related studies in coastal cities have been more limited (Deng et al.,
2016; Tao et al., 2012; Xu et al., 2012b). Sanya, one of the most popular tourism
destinations in China, is a typical coastal city which covers 1919.58 km? and has a
population of ~7.6 million. The region around Sanya is subject to impacts from
marine aerosols from the South China Sea and continental aerosols from So utheast
Asia and East China. Therefore, it is an ideal place for exploring the effects of PM; 5
chemical composition and sources on aerosol bey; in a coastal environment. In this
study, an intensive measurement campaign was conducted at Sanya, and the
objectives were (1) to investigate the temporal and diurnal variations of bscar and Daps;

(2) to examine the relationship between PM; s chemical composition and bey:; and (3)



to quantify the relative contributions of bey; from different sources.
2. Methodology
2.1. Sampling site and period

Sanya is located in southern China (Figure S1), and its location makes it
subject to the effects of Asian spring monsoon, which can facilitate the impact of
biomass burning extending from Southeast Asian to the South China Sea and parts
of southern China (Huang et al., 2013). To investigate this, aerosol optical properties
were monitored at Sanya from April 12 to May 14, 2017. Measurements were taken
from the rooftop of an administration building (~20 m above the ground level) at
Hainan Tropical Ocean University (18° 18’ N, 109° 31" E; Figure S2). The sampling
site was located in a suburban district of Sanya (~10 km from the South China Sea),
and it was surrounded by educational and residential districts with no intense

industrial activities nearby:.
2.2. Online measurements

In-situ aerosol bsar and bas were measured simultaneously using a
photoacoustic extinctiometer (PAX, Droplet Measurement Technology, Boulder, CO,
USA) at a wavelength 0f532 nm. The principles of the PAX have been described in
detail elsewhere (Retama et al., 2015). Briefly, bsa is measured in an aerosol
scattering chamber with a wide-angle (5-175°) integrating reciprocal nephelometer,
which responds to all particle types regardless of chemical composition, mixing state,

and morphology. Intra-cavity photoacoustic technology is used to measure baps in an
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acoustic chamber with a small sensitive microphone that responds to the pressure
wave induced by the heating of light-absorbing particles. In this study, a PAX was
operated with a PM; 5 cyclone inlet to remove large particles. Air moisture and
particle water was removed by a Nafion® dryer (MD-700-24S, Perma Pure, Inc.,
Lakewood, NJ, USA) before the particles entered the PAX. As shown in Figure S3,
the ambient relative humidity (RH) decreased from 80.9 + 12.1% to 52.1 + 4.6%
after drying. Ammonium sulfate and freshly generated propane soot were used to
calibrate bscat and baps, respectively, before and during the campaign period. Detailed

description of PAX calibration can be found in Wang et al. (2018).

Meteorological parameters, including wind speed (WS), wind direction
(WD), RH, and temperature (TEMP), were measured at 1-min resolution using an

integrated automatic weather station (MAWS201, Vaisala, Helsinki, Finland).

2.3. PM3 5 sample collection and analysis

A high-volume air sampler (TE-6070MFC, Tisch, Cleveland, OH, USA) was
operated to collect PM, 5 at a flow rate of 1.13 m® min™. A combined total of 68
PM;5 samples were collected during the daytime from 08:00 local stand time (LST —
all time references that follow are given in LST) to 20:00 and the nighttime from
20:00 to 08:00 in the next day, including two field blanks. Samples were collected
on quartz-fiber filters (Whatman QM/A, Clifton, NJ, USA) with 414 cm? deposition
area. The quartz-fiber filters were pre-baked at 900 °C for 3 hours to remove trace

organic compounds before sampling, and after sampling, they were stored in the
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freezer at about —20 °C to avoid volatilization. The filters were weighed by a high
precision electronic balance with a £ 1 pg sensitivity (ME 5-F, Sartorius, Gottingen,
Germany) before and after sampling to determine the PM, 5 mass.

Water-soluble inorganic ions (NO3", SO4%, Na*, NHs*, K*, and Mg?") were
measured with an ion chromatograph (Dionex-600, Dionex Inc., Sunnyvale, CA,
USA). Anions were determined using an lonPac AS14A column (8 mM Na,CO3/1
mM NaHCOj3; as the eluent), while cations were analyzed using an lonPacCS12A
column (20 mM methanesulfonic acid as the eluent). Standard reference materials
produced by the National Research Center for Certified Reference Materials
(Beijing, China) were analyzed for quality control and assurance purposes. A suite of
elements was analyzed by an energy-dispersive X-ray fluorescence (ED-XRF)
spectrometry (PANalytical Epsilon 5, Almelo, The Netherlands), including Ca, Sc,
Ti, V, Fe, Co, Zn, and Mo. Quality assurance of adopting quartz-fiber filter was
guaranteed by comparisons of ED-XRF analysis for matched pairs of quartz-fiber
filter and Teflon-membrane filter. Significant positive correlation with slopes closed
to unity for most elements indicated that elemental data for the quartz-fiber filter
were reliable in this study (Figure S4). More detailed descriptions of measurements
for water-soluble ions and elements can be found in Zhang et al. (2011) and Xuetal.

(2012a), respectively.

Carbonaceous aerosol including organic carbon (OC) and elemental carbon

(EC) were analyzed using a Desert Research Institute (DRI) Model 2001
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Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA). The
adopted IMPROVE_A thermalloptical reflectance (TOR) protocol defined
temperature plateaus for thermally derived four OC fractions of 140 °C for OC1,
280 °C for OC2, 480 °C for OC3, and 580 °C for OC4 in a helium (He) carrier gas
and three EC fractions of 580 °C for EC1, 740 °C for EC2, and 840 °C for EC3 in a
98% He/2% O, carrier gas. OC is calculated as the sum of four OC fractions and the
pyrolyzed carbon fraction (OP), and EC is calculated as the sum of three EC

fractions minus OP (Chow et al., 2007).

Hopanes, which are markers for traffic emissions, were detected and
quantified for the filter samples using an in-injection port thermal desorption (TD)
coupled with gas chromatography/mass spectrometry (GC/MS) (Agilent
7890/5975C-Gas Chromatography/Mass Spectrometer, Santa Clara, CA, USA).
Compared with traditional method of solvent extraction using GC/MS, the
TD-GC/MS method has advantages of less sample preparation time, minimized
potential contamination, and lower detection limits. A detailed description of
TD-GC/MS operation may be found in Wang et al. (2016c¢). In this study, Hopanes
involve 17a(H)-21a(H)-hopane, 17a(H)-21p(H)-hopane, 17p(H)-21a(H)-hopane,
17a(H)-22, 29, 30-Trisnorhopane, 17a(H)-21B(H), 30-Norhopane, 17p(H)-21a(H),
30-Norhopane, 17a(H)-21B(H), (22S)-homohopane, and 17a(H)-21B(H),

(22R)-homohopane.

For quality assurance and control, one replicate sample was analyzed for

10



every ten samples for each type of chemical analysis. The allowable relative
standard deviations between duplicate results were set to < 10% for filter samples,
and that can be considered a measure of analytical precision. Field blanks were
analyzed to correct for possible background contamination during the sampling
period. Therefore, the relative standard deviation of chemical specie x (RSDy) can be
obtained as follows:

" 2% (|[x[]r1 - [Y,‘]r2|)
Pl + ], -2 Ky

RSD, = — (1)

n

where n is the number of samples submitted for replicate analysis; [xi];1 and [xi]r. are
the mass concentrations of PM, 5 component x in sample i from replicate analysis;

[X]p is the average mass concentration of PM; s component X in field blank samples.
2.4. Data analysis

The revised Interagency Monitoring of Protected Visual Environments
(IMPROVE) algorithm (Malm and Hand, 2007) was used to estimate bex:, as shown
in equation (2) to (5).

bext = bscat + babs ~ (22 XfS(RI_D x [O\IH4)2SO4] | +4.8 XfL(RH)

sma

< [(NH,) SO,] 2.4 % f(RH) x [NH,NO,] g+ 5.1 % £, (RH)

large
% [NH,;NO3 e + 2.8 X [OM] g + 6.1 X [OM],,, + 1.7 % £ (RH)

x [SS]+ 1 % [FS]) + (10 X [EC])+++vrererrerereermremmmannianiiiniienn, @)
X arge = 37 [:2;_3 ([X] <20 g m3) wooeevenmmmameninennneeeen, @3)
X e = XT ([X]2 20 ) cooseooooonnerrnssssss @)
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Xy, = [X] - [X]Large ...................................................... (5)

where fixed parameters are dry mass scattering and absorption efficiencies of
chemical species; The bracket notation [X] represents the concentration of PM; s
component X in pg m>; [(NH4)2SOs] and [NHsNOs] were calculated from
1.375%x[S04*] and 1.29x[NO37], respectively (Chow et al., 2015). It should be noted
that (NH,4)2.SO4 concentration was overestimated in our study due to the existence of
ammonium bisulfate (NH4HSO,4) (Figure S5); [OM] and [SS] were estimated by
multiplying the [OC] and [Na™] by factors of 1.6 and 3.1, respectively (Pitchford et
al., 2007; Turpin and Lim, 2001); [FS] is the concentration of fine soil that was
determined from Fe level ([Fe]/0.029) (CNEMC, 1990); The subscripts “small” and
“large” denote chemical species concentration smaller than, or greater than, 20 pg

m—3

, respectively; PM. s contains hygroscopic species (e.g., sulfates and nitrates),
which can enhance by with increased RH (Liu et al., 2014), and in the equations
above, f (RH) and fs(RH) represent RH growth curves corresponding the large and
small mode of (NH4)2.SO4 and NH4NO3, respectively; Similarly, f(RH) is the sea
salt hygroscopic growth curve. The growth curves for each species were derived
from Pitchford et al. (2007). Specially, more than 95% of hourly RHs measured by

PAX with a Nafion® dryer was below 60%. bex: and bscar under dry condition (Dext,dry

and Dscat,ary) Can be reconstructed using the RH measured by the PAX after drying.

To further evaluate whether the determined chemical species can represent

the measured PM, s, the PM, s concentration was reconstructed by the sum of
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(NH4)2S04, NHsNO3, OM, EC, SS, and FS concentrations. As shown in Figure S6,
the reconstructed PM; 5 concentrations were correlated strongly with those measured
values (R? = 0.99, p < 0.001) with a slope of 1.08 + 0.01. The result indicated that

the above dominant chemical components could reliably account for the PM; s.
2.5. Receptor model for source apportionment

The Hybrid Environmental Receptor Model (HERM) was used to identify
the sources for bext ary. This is a new approach for air pollution source apportionment,
which combines theory of effective-variance chemical mass balance (EV-CMB) and
positive matrix factorization (PMF) models. Similar to other multivariate receptor
models (e.g., CMB and PMF), the HERM decomposes the measured aerosol

concentrations into factor profiles (F), source contributions (S), and residuals (e):
Cy= Z}:l Fijsjk Ty (6)

where Cj is the measured concentration of the it" species in the k™ sample; Fij is the
it" species concentration in the j*™ source; Sjk represents the contribution of the jm
source to the k™ sample; and ej is the model residuals of it" species concentration in
the k™ sample. Based on the iterative conjugate gradient algorithm, the HERM

minimizes the reduced chi-square (x?) by seeking the optimized F and S matrixes:

2
]
¥2 = ! YK 3 Co—ZmFyS0 )
T 37 —1 Luj= 7 2 )
K(I=0) =X Xjm1 3y k=1 il ocyt Zie (GF,-jZSjk +B8;Ci”)

where K, I, and J are the number ofsamples, species, and sources, respectively. djj =
0 when factor profile species Fjj is specified, whereas §;; = 1 means that Fj; is
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unknown. o and Of, are the uncertainty matrixes of aerosol concentrations and
factor profiles, respectively. B is an adjustable factor with a default value of 1. The
principles of the HERM have been discussed indetail in Chenand Cao (2018). Here,
HERM version 1.8 was employed, and 17 chemical species in PM, 5 (OC, EC, NOg,
S0,4%, Na*, NH,*, K*, Mg?*, Ca, Sc, Ti, V, Fe, Co, Zn, Mo, and Hopanes (the sum of
eight individual hopanes)) were input into the model. A range of solutions were
examined with different number of factors (3—8), and six-factor was finally selected
for discussion because it was the most physically interpretable.

To further investigate the contributions of PMy 5 sources to Dext,ay, @ multiple
linear regression (MLR) of measured Dextay Versus the PM,s mass concentration
from six sources was conducted:

Doy, dry = 21_6:1 a; X [SoUrce;] «rrrrrrrrrrrrrrrr (8)
where Dextary IS given in units Mmt from the PAX measurement; a; is representative
of the mass extinction efficiency (MEE) of PM, s from source i in m? g*; [Sourcei]
is the PM2.5 mass concentration from source i in pg m >. Finally, the total amount of

Pext,ary Can be estimated statistically using individual source PM; s concentration and

MEEs.
2.6. Back trajectory analysis

A GIS-based software TrajStat was utilized to characterize the atmospheric

transport of aerosol to Sanya during the campaign period (Wang et al., 2009). The

built-in Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
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developed by the National Oceanic and Atmospheric Administration (NOAA) can
calculate trajectories to determine the origin of air masses and establish
source-receptor relationships (Draxler and Hess, 1998; Rolph et al., 2017; Stein et
al., 2015). In this study, 66 three-day air-mass trajectories calculated backwards in
time were obtained from 08:00 and 20:00 of starting times by using the gridded
meteorological data from Global Data Assimilation System (GDAS). A cluster
analysis was further performed on these back trajectories based on an angle distance
statistics method, which classified the group of air masses depending on the similar
direction (Text S1). More detailed description of cluster analysis can be found in
Sirois and Bottenheim, (1995) and Wang et al. (2018). Furthermore, the source
contributions t0 bex,ay for the daytime and nighttime were matched to the
trajectories from each cluster starting 08:00 and 20:00, respectively, and the
potential impacts of regional source on particles’ optical properties at Sanya were

then evaluated.

3. Results and discussion

3.1. Aerosol optical properties

3.1.1. Temporal variations of bscat,dry aNd Dabs

Figure 1 illustrates the time series of hourly Dscat,ay and bans during the whole
sampling period, and a statistical summary of the data are shown in Table 1. Hourly
bscat.ry and baps Values varied by 40 folds from 2.7 Mm™* to 107.8 Mm™* and 28 folds

from 1.2 Mm™* to 33.9 Mm'?, respectively, leading to SSA varying from 0.54 to 0.86.
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Compared with bscat,ay and bans 0bserved in previous studies (Table S1), the average
bscatary (32.5 + 15.5 Mm™) and baps (8.8 + 4.7 Mmi') at Sanya was well below the
range of values (185.9-525.3 Mm™ for bsardy and 23.9-119 Mm' for byy)
measured at inland sites of China (Cao et al., 2012; Cui et al., 2016; Gong et al.,
2015; He et al., 2009; Jing et al., 2015; Li et al., 2007a; Tao et al., 2014a; Wang et
al., 2016b; Zhou et al., 2017; Zhu et al., 2015). Moreover, both Dscat ay and baps at
Sanya were obviously lower than those reported for other coastal cities of China
(Deng et al., 2016; Han et al., 2015; Tao et al., 2012; Tao et al., 2014b; Wang et al.,
2017; Xu et al., 2012b), but they were comparable to those measured at coastal sites
around the Mediterranean Sea such as Finokalia (44.2 + 17.5 Mm™ for by and 6.3
+ 2.7 for bays) and Corsica (30 = 20 Mmi* for beet) (Bryant et al., 2006; Claeys et al.,
2017). The small values for bscat,ay and baps at Sanya were consistent with the low
PM,5 loadings there: the average PM2.5 mass concentration of 14.3 + 4.2 pg m °
was about half of the China National Ambient Air Quality Grade I Standards (35 pg

m 3, GB3095-2012).

Diurnal variations in Dscat,dy, baps, Wind speed, and mixed layer depth
averaged over all data from the campaign are plotted in Figure 2. Both bscat,ary and
baps exhibited a “two peaks and two valleys” pattern. Indeed, both variables started
to increase in the early morning at ~06:00, and reached their first peak values (39.6
+ 17.3 Mm* for bsear,ay and 11.6 + 3.4 Mmi* for bass) around ~07:00-08:00. The
peak shortly after sunrise can be likely attributed to emissions from motor vehicles
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during the morning rush hours. After that, Dscat,ay and bass decreased, and both
reached their lowest values at ~13:00-14:00. On the one hand, the gradually
increased mixed layer depth and wind speed (Figure 2c and d) could accelerate the
diffusion of atmospheric aerosols resulting in the bscat,ary @and bas decline (Quan et al.,
2013); On the other hand, FS and SS associated with wind-blown dust and sea
breeze might increase with wind speed (Table 1), and that would lead to the higher
values for bscat,ary. The combination of positive and negative effects eventually led to
a smaller decrease in bscat,ary relative to bays in the afternoon. After sunset, as mixed
layer depth became shallow (< 360 m) and wind speed decreased ~0.20 m s,
pollutants emitted by anthropogenic sources (e.g., traffic in the evening rush hours
and cooking activities) were trapped near the surface, leading to an increasing trend
Of Dscatary and baps around 19:00-21:00. Thereafter, Dscar,ay and baps showed a
decreasing trend until 03:00, which may be attributed to the gradually decreased

anthropogenic activities at night.
3.1.2. Influence of the meteorological conditions on bscat dry aNd baps

Figure S7 shows the wind speeds and directions during the daytime and the
nighttime over the sampling period. Overall, stagnant weather system occurred
frequently; that is, > 80% of the wind speeds were lower than 1.0 ms™. The average
wind speed was 0.78 + 0.62 m s during the daytime with higher wind speeds often
associated with westerly, southwesterly, and easterly flows. In contrast, the average

wind speed was just 0.19 + 0.34 ms™ during the nighttime with high values (> 1.0 m
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sYmostly related to easterly flow.

To investigate the potential for the horizontal advection of Dscat,ay and Daps,
we further established the relationships between aerosol optical coefficients and
wind speed and wind direction using bivariate polar plots (Figure 3) (Carslaw and
Beevers, 2013). During the daytime (Figure 3a and b), bays appeared to have a
stronger association with local sources (e.g., traffic emission) since high values
tended to occur mostly at slow wind speed (< 1.0 ms™). This is reasonable because
stable meteorological condition would favor the accumulation of locally-generated
pollutants. Compared with baps, the polar plot of bscat,ay Showed more dispersed
feature, indicating that bscatay had relatively larger contributions from regional
sources. For wind speeds > 1.0 m st high daytime Dbscat gy Values were associated
with airflow from the northwest, southwest, and east, and that was likely due to the
transport of scattering chemical species, especially FS and SS from up-wind regions
in those directions. In contrast, low values for b, Were observed under high-speed
wind, and that was probably because there were relatively weak EC sources upwind,
and strong winds would tend to disperse bas. During the nighttime (Figure 3c and d),
high Dbscat,ary and bans Values were related to the airflow from northeast when wind
speeds exceeded 1.0 m s, That may be an indication that aerosols were transported

from eastern coastal regions of inland China (Zhou et al., 2018).
3.2. Contributions of chemical composition to aerosol optical properties

To identify the contributions of specific PM2 s chemical component to light
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extinction of aerosols, optical coefficients (Dscat,dry, Daps, and Dext,ay) Were
reconstructed using the revised IMPROVE algorithm. The Dscat,dry, Dabs, and Dext,dry
measured by PAX showed strong correlations (R?> = 0.70-0.81) with those
reconstructed by IMPROVE algorithm (Figure S8 and Figure 4a), and the slopes of
linear regressions were close to unity (0.89-1.27), suggesting that the IMPROVE
algorithm was a reasonable way of estimating the aerosol optical parameters at
Sanya during the sampling period. We noted that the bias between the reconstructed
and measured optical parameters were likely due to the lack of locally-derived dry

scattering and absorption coefficients of chemical composition.

As shown in Figure 4b, chemical composition apportionment revealed that
(NH4)2S0O4 and OM were the dominant contributors to bex: 4y, accounting for 34.5 +
8.6% and 23.6 £ 7.0%, respectively. This result is in agreement with recent
measurements made at other coastal cities in China (e.g., Guangzhou and Xiamen)
(Deng et al.,, 2016; Tao et al., 2014b). Furthermore, bext,ary from (NH4).SO4 and OM
during the daytime (16.6 + 5.5 Mm* and 12.0 + 4.8 Mm*) were similar to those
during the nighttime (18.9 + 7.4 Mm'* and 12.0 + 4.8 Mm%), which is due to small
change of their mass concentrations (Table 1). In contrast, bext,ay from EC, SS, and
FS showed obvious daytime-nighttime variations. The average contribution of EC to
Dext,ay Was 15.3 + 3.6%, with larger value at nighttime (8.6 + 2.8 Mm™) than the
daytime (6.9 + 2.4 Mm%). This may be due to the intensive traffic in the evening
combined with the low mixed layer depth. As a typical chemical composition of
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aerosol in the coastal region, the contribution of SS t0 bext 4y (12.0 = 4.7%) cannot
be ignored. Dextary from SS and FS had higher values for the daytime than for the
nighttime. High wind speed during the daytime can lead to the high FS and SS
concentrations associated with wind-blown dust and sea breeze, and that could help
explain the above daytime/nighttime difference in bext,ay. Previous studies reported
that NH4NO3 was an important aerosol particle for light extinction (Pitchford et al.,
2007), but its contribution at Sanya was less than 10.0% (6.2 = 2.1%), which was
much lower than inland cities in China, e.g, Xi’an (23.1%, Cao et al, 2012),
Chengdu (20.1-28.1%, Wang et al., 2016b), and Beijing (16-19%, Zhou et al.,

2017), where NOy emissions were strong (Diao et al., 2018; Zhang et al., 2007).
3.3. Source apportionment of aerosol optical properties

The HERM model was employed to apportion bext,qy to source factors. The
chemical species in PMy s, including OC, EC, NO3", SO4%°, Na*, NH,;*, K*, Mg**, Ca,
Sc, Ti, V, Fe, Co, Zn, Mo, and Hopanes were used as model inputs. Numerous runs
of HERM were performed, and in the end, six presumptive sources were identified,
including secondary sulfate source, biomass burning, marine emission, fugitive dust,
traffic-related emission, and shipping emission. The results obtained with the HERM
model were used in a MLR to estimate each source contribution t0 Dext,ay, and

Figure 5 shows the source-factor profiles.

Factor 1 was most heavily loaded with SO, (45%) and NH,* (71%), which

were typically related with secondary particle formations (Liu et al., 2017; Wang et
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al., 2016a), and therefore, this factor was identified as the secondary sulfate source.
Factor 2 was enriched in K* (54%), which is an indicator of crop residue and wood
burning (Li et al., 2007b; Ni et al., 2017), and this factor was assigned to biomass
burning. Factor 3 was identified as marine emission because it had high loadings of
Na* (41%), Mg®* (58%), Ca (28%), and NO3™ (38%), which are associated with fresh
and aged sea-salt (Viana et al., 2015). Factor 4 was defined as fugitive dust, which
included high levels of Ca (62%), Ti (79%), and Fe (62%) (Wang et al., 2015a).
Factor 5 was characterized by high loadings of OC (38%), EC (30%), Hopanes
(29%), and Zn (50%), and it was classified as traffic-related emissions. In fact,
Hopanes can be considered as a fingerprint species for traffic emission (Mancilla et
al.,, 2015), and OC and EC together are well related to traffic emissions (Chow et al.,
2004; Liu et al., 2017). Additionally, Zn could be derived from brake linings and
tires of vehicles (Song et al., 2006). Factor 6 was categorized as shipping emission,
which has high loadings of V (59%), Hopanes (55%), OC (24%), and EC (24%).
This corroborated the shipping emission origin of this factor, as V is a well-known

tracer of crude oil burning (Manousakas et al., 2017).

As shown in Figure 6a, the predicted Dextdry (Dextary-predicted) based on the
combination of HERM and MLR method was correlated strongly (R?> = 0.71, p <
0.001) with those measured by the PAX. Moreover, the slope of 0.98 = 0.02
indicated a reasonable performance of using source apportionment. Even so,
Dext,ary-predicted was slightly underestimated, and that was due to some residual
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PM,5s that was not apportioned by the HERM. Figure 6b shows the relative
contributions of each identified source to the predicted bext ay, and clear differences
in source contribution to bextary during the daytime and the nighttime were evident.
Of the six source categories, marine emission was found to be the most important
contributor during the daytime accounting for 32.9 + 19.5% of bext,ary, followed by
biomass burning (19.0 + 19.6%), secondary sulfate source (16.3 + 4.0%), fugitive
dust (16.2 + 4.0%), traffic-related emission (11.9 + 9.2%), and shipping emission
(3.7 £ 2.6%). In contrast, the contribution of marine emission decreased to 10.5 +
9.5% of bext,ary during the nighttime. This was in accordance with the influences of
sea breeze during the daytime whereas land breeze during the nighttime. Secondary
sulfate source became the largest contributor (39.0 + 14.6%) to Dext,ay during the
nighttime, and that may have been related chemical processing. It is possible that the
sulfate particles were aged at night with larger size compared with fresh one during
the daytime (Lin et al., 2014). Biofuels are an important residential energy for local
activities, and that is likely reason that the contribution of biomass burning increased
to 27.9 + 9.9% of bext,ary during the nighttime. The contribution of fugitive dust was
small (2.5 £ 2.0%) t0 Dext,ay presumably due to limited construction activities at
night. Traffic-related emission (14.1 = 10.7%) and shipping emission (6.0 £ 3.8%)

had similar contributions to bextary during the nighttime and the daytime.

3.4. Influence of regional transport on aerosol optical properties
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Backward air mass trajectories were grouped into clusters and used to
investigate the impact of regional transport on bextdry. Figure 7 shows the map of
four cluster-mean trajectories during the entire campaign period. The air masses
associated with Cluster #1 originated from the South China Sea near Indochina
Peninsula, and the average bextary Was 43.6 + 10.7 Mm'™*. About 44% of trajectories
were collocated to Cluster #2, which originated from the South China Sea with the
lowest average bextay (34.2 + 8.2 Mm') of the four clusters. Cluster #3 had the
longest moving trajectory originating from eastern coastal regions in inland China,
and this cluster had bext,ary 0f 49.5 + 14.7 Mmt. The air masses grouped into Cluster
#4 derived from Thailand, Laos, and Vietnam. Although Cluster #4 had only 4
trajectories, the air masses from this cluster were associated with the highest bext,dy
(57.3 + 11.6 Mm'Y). As shown in pie charts of Figure 7, secondary sulfate source
was the dominant contributor to bex ay for all clusters. High contribution of biomass
burning to bext,ay Was found for Cluster #1 and #4. Previous studies have shown that
biomass burning is strong in Southeast Asia (Fu et al., 2011; Huang et al., 2013),
and this is supported by Figure S9 which shows that a large number of fire counts
were observed in Southeast Asia during the sampling period. Cluster #2 had the
largest contribution from marine emission t0 Dext.ay, and shipping emission
contribution was also the highest in four clusters. The largest contribution of

traffic-related emission t0 Dextary Was associated with Cluster #3, and this was
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consistent with heavy traffics in southeastern coastal cities of China (Wang et al.,

2012).
4. Conclusion

Online measurements of dry light scattering coefficient (Dscat,ary) and light
absorption coefficient (bays) were conducted together with analyses of PMjys
composition at Sanya, a southern coastal city of China, from April 12 to May 14,
2017. The bscat,ary @nd bas grand averages for the entire campaign were 32.5 + 15.5
Mm? and 8.8 + 4.7 Mm™, respectively, and they were relatively low compared with
values reported for inland sites in China, which is consistent with the low PM; s
loadings at Sanya (14.3 + 4.2 pg m°). Diurnal variations in Dscat,ary and bans Were
observed with a pattern of “two peaks and two valleys” as a result of combined
effects from anthropogenic sources emission and meteorological conditions.
Bivariate polar plots showed that bscat,ay had more dispersed feature compared to Daps
during the daytime, indicating that more bsctday contribution was attributed to
regional sources from the northwest, southwest, and east, while ba,s Was more
strongly influenced by local sources. Both Of Dscatay and bans Were largest in

northeast wind during the nighttime.

The contributions of chemical composition and sources to aerosol extinction
under dry condition (bext,ary) Were obtained using the revised IMPROVE algorithm
and a Hybrid Environmental Receptor Model (HERM) combined with multiple

linear regression (MLR), respectively. Chemical composition apportionment
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revealed that ammonium sulfate and organic matter were the dominant contributors
t0 Dextary, accounting for 34.5 + 8.6% and 23.6 + 7.0%, respectively, followed by
elemental carbon (15.3 £ 3.6%), sea salt (12.0 + 4.7%), fine soil (8.4 + 4.9%), and
ammonium nitrate (6.2 + 2.1%). Additionally, source apportionment further showed
that Dext,ary Was dominantly contributed by marine emission (32.9 + 19.5%), followed
by biomass burning (19.0 + 19.6%), secondary sulfate source (16.3 £ 4.0%), fugitive
dust (16.2 + 4.0%), traffic-related emission (11.9 + 9.2%), and shipping emission
(3.7 £ 2.6%) during the daytime. In contrast, secondary sulfate source (39.0 %
14.6%), biomass burning (27.9 £ 9.9%), and traffic-related emission (14.1 + 10.7%)
became the largest contributor to bex,ay during the nighttime. The results provides
insight into chemical composition and emission sources associated with aerosol
extinction at Sanya, and should be useful for improving models of the radiative

effects of specific chemical species and sources in this area.

Moreover, backward trajectory analysis indicated that biomass burning in
Southeast Asia had a strong effect on Dextay, While Dext,ay Was dominated by
traffic-related emission associated with transport from eastern coastal regions in
inland China. These findings have important implications for the development of
policies designed to control the main primary sources (e.g., biomass burning and
traffic emission) at Sanya and surrounding regions. Biomass burning emissions and

those from motor vehicles would appear to be a high priority for pollution control,
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but the impact of transport from surrounding regions on aerosol populations and

Dext,ary also need to be taken into account.
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Figure captions:

Figure 1. Temporal variations of hourly (a) dry light scattering coefficient (Dscat,dry)

and (b) light absorption coefficient (bans) during the whole sampling period.

Figure 2. Diurnal variations in (a) dry light scattering coefficient (bscat,ary), (b) light
absorption coefficient (baps), (c) wind speed, and (d) mixed layer depth averaged
over the campaign. In each panel, the lower and upper edges of the boxes denote the
25% and 75% percentiles, respectively. The short black lines and pink circle inside
the boxes indicate the median and mean values, respectively. The vertical bars
(“whiskers™) show the 10'" and 90'" percentiles. LST stands for local standard time.
Figure 3. Bivariate polar plots for dry light scattering coefficient (Dscat,ary) and light
absorption coefficient (bass) based on wind speeds (ws, m s™) and directions during
the daytime and the nighttime.

Figure 4. (a) Relationship between dry light extinction (Dextdary) reconstructed by the
revised IMPROVE algorithm (bext,ay-reconstructed) and the one from PAX
measurement (Dext,ary, defined as the sum of bscat,ary and baps); (b) contributions of
individual PM3 5 chemical composition to bex: ay-reconstructed. (NHs).SO4, NH4N O3,
OM, EC, SS, and FS represent ammonium sulfate, ammonium nitrate, organic
matter, elemental carbon, sea salt, and fine soil, respectively.

Figure 5. Factor profiles for the six sources identified by the Hybrid Environmental

Receptor Model (HERM).

Figure 6. (a) Relationship between dry light extinction (Dextdary) predicted by PM; 5
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source apportionment analysis (Dextay-predicted) and the one from PAX
measurement (Dext,ary, defined as the sum of bscat,ay and baps); (b) contributions of
each identified source to bexi-predicted.

Figure 7. Source apportionment of aerosol optical properties at each three-day
backward-trajectory cluster during the campaign period at Sanya. The numbers
above the pie chart represent the average light extinction in the dry condition (Dext,dry)

for each cluster.
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Figure 1. Temporal variations of hourly (a) dry light scattering coefficient (bscat,dry)
and (b) light absorption coefficient (baps) during the whole sampling period.
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Figure 2. Diurnal variations in (a) dry light scattering coefficient (bscat,ary), () light
absorption coefficient (bans), (¢) wind speed, and (d) mixed layer depth averaged
over the campaign. In each panel, the lower and upper edges of the boxes denote the
25% and 75% percentiles, respectively. The short black lines and pink circle inside
the boxes indicate the median and mean values, respectively. The vertical bars
(“whiskers”) show the 10" and 90'" percentiles. LST stands for local standard time.
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absorption coefficient (bas) based on wind speeds (ws, m s*) and directions during
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Figure 4. (a) Relationship between dry light extinction (Dext,dary) reconstructed by the
revised IMPROVE algorithm (bext,ay-reconstructed) and the one from PAX
measurement (Dext gy, defined as the sum of bscar,ary and baps); (b) contributions of
individual PM2 5 chemical composition to bey: ay-reconstructed. (NHs)2.SO4, NH4N O3,
OM, EC, SS, and FS represent ammonium sulfate, ammonium nitrate, organic
matter, elemental carbon, sea salt, and fine soil, respectively.
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Figure 5. Factor profiles for the six sources identified by the Hybrid Environmental
Receptor Model (HERM).
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Figure 6. (a) Relationship between dry light extinction (bext,qry) predicted by PM. s
source apportionment analysis (Dextay-predicted) and the one from PAX

measurement (Dext,ary, defined as the sum of Dscat,ary and baps); (b) contributions of
each identified source to bey: dary-predicted.
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Table 1. Summary of dry light scattering coefficient (bscat,ay) and light absorption
coefficient (baps) as well as the concentrations of PM, s and its chemical composition

during the whole sampling period.

Component” Daytime Nighttime Average
Bscat ary (M) 36.6 + 16.6 28.3+12.9 325+ 155
Babs (M) 7.6 4.0 9.9+5.0 8.8+4.7
PMz 5 (ugm’®) 15.3+3.7 13.4+ 4.7 14.3+ 4.2
EC (ug m °) 0.69 + 0.24 0.86 + 0.28 0.78 + 0.27
OM (ug m3) 43+1.7 43+1.7 43+1.7
(NHz)2804 (ug m™®) 45+1.4 49+1.8 47+1.6
NH4NO3 (ug m ) 0.85 + 0.29 0.72 + 0.43 0.79 + 0.37
FS (ug m™) 6.4+2.3 23+1.1 43+2.7
SS (ug m ) 1.9+0.6 1.1+03 1.5+0.6

“EC, OM, (NH4),S04, NH4NO3, FS, and SS represent elemental carbon, organic
matter, ammonium sulfate, ammonium nitrate, fine soil, and sea salt in PMs s,

respectively.
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Highlights:

e The lower bscat,dary and bans Were consistent with better air quality at Sanya.
e Ammonium sulfate and organic matter contributed most to Dext,dry.

e Source contributions to bext,ary Changed from the daytime to the nighttime.

e Much higher contribution of biomass burning to Dext 4y Was found from

Southeast Asia.
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