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Abstract. To investigate the impact of aging on the sources, volatility, and viscosity of organic aerosol (OA)
in Chinese outflows, a high-resolution time-of-flight aerosol mass spectrometer (HR-AMS) coupled with a ther-
modenuder (TD) was deployed in the spring of 2018 in Dongying, which is a regional receptor site of metropoli-
tan emissions in the North China Plain (NCP). The average mass concentration of PMy is 31:5  22:7ugm 3,
which is mainly composed of nitrate (33 %) and OA (25 %). The source apportionment results show that the OA
is mainly contributed by oxygenated OA (OOA) from secondary sources, including background-OOA (33 %)
representing a background concentration of OA (2.6 ugm 3) in the NCP area, and transported-OOA (33 %) oxi-
dized from urban emissions. The other two factors include aged hydrocarbon-liked OA (aged-HOA, 28 %) from
transported vehicle emissions and biomass burning OA (BBOA, 5 %) from local open burning. The volatility of
total OA (average C D 3:2 10 “pgm 3) in this study is generally lower than that reported in previous field
studies, which is mainly due to the high OA oxidation level resulting from aging processes during transport. The
volatilities of OA factors follow the order of background-OOA (average C D 2:7 10 ®pgm 3) < transported-
OOA (3:7 10 “pgm 3) <aged-HOA (8:1 10 “pgm 3) <BBOA (0.012pgm 3). Extremely low volatilities
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in ambient air indicate that oligomers may exist in aged plumes. The viscosity estimation suggests that the ma-
jority of ambient OA in this study behaves as semisolid (60 %), liquifies at higher relative humidity (RH) (21 %),
and solidifies (19 %) during noon when the RH is low and the oxidation level is high. Finally, the estimated
mixing time of molecules in 200 nm OA varies dramatically from minutes at night to years in the afternoon,
emphasizing the need to consider its dynamic kinetic limits when modeling OA. In general, the overall results
of this study improve our understanding of the impact of aging on OA volatility and viscosity.

1 Introduction

Atmospheric fine particles, which can substantially affect
visibility, human health, and climate, have drawn great atten-
tion from the public (Song et al., 2018; Quan et al., 2011,
Horowitz and Jacob, 1999; Huang et al., 2014; Y. Li et
al., 2020; Huffman et al., 2009a). In the North China Plain
(NCP) area, which is one of the most polluted areas in China,
high concentrations of fine particles (21-178 ugm 3) in ur-
ban cities have been frequently observed (Zhou et al., 2020;
Zhao et al., 2019; Duan et al., 2020; Xu et al., 2019). The
city clusters in NCP areas act as urban emission sources
and have a great impact on the atmospheric chemistry in
downwind regions. During the transport processes, the pollu-
tants undergo physical and chemical reactions continuously,
which significantly change the properties of aerosols, espe-
cially of organic aerosol (OA), the dominating component of
fine particles (Sun et al., 2017; Zhang et al., 2012; Jimenez et
al., 2009; Zhang et al., 2007). In the past decade, numerous
field measurements have been conducted to explore the con-
centration variations and sources of OA. in urban and subur-
ban areas in the NCP (Duan et al., 2020; Zhang et al., 2018;
Sun et al., 2013; H. Li et al., 2017; Hu et al., 2016b; Elser
et al., 2016; Hu et al., 2017a; Huang et al., 2010; Jiang et
al., 2015; Wang et al., 2015; Xu et al., 2018, 2015; Zhang
et al., 2015, 2016; Zhao et al., 2017; Zhou et al., 2018 and
references therein); however, few studies were carried out
in background areas (Zhou et al., 2020; Zhang et al., 2020;
Zheng et al., 2015; Yan et al., 2021; Du et al., 2015). Stud-
ies which focus on the physicochemical properties of OA in
background areas, i.e., volatility and viscosity, are even more
scarce. The volatility and viscosity of OA can determine the
gas—particle partitioning and particle phases, which repre-
sent crucial information for understanding aerosol growth
and heterogeneous reactions in bulk OA (Y. Li et al., 2020;
Reid et al., 2018; Shiraiwa et al., 2012). Moreover, quantifi-
cations of volatility and viscosity of OA in aged plumes are
key for understanding the fate of aerosols in the atmosphere.

Multiple methods have been used to quantify the volatility
of OA (Isaacman-Vanwertz and Aumont, 2021; Cappa and
Jimenez, 2010; Saha et al., 2015; Y. Li et al., 2016; Yli-Juuti
et al., 2017; Louvaris et al., 2017a). One of the most com-
mon methods is combining a heating module (e.g., thermod-
enuder, TD) with a detection instrument (e.g., aerosol mass
spectrometer, AMS) to measure the mass fraction remaining

(MFR) of different OA species at various temperatures. The
volatility distribution of OA can be estimated based on either
an empirical method (Faulhaber et al., 2009) or an evapora-
tion kinetic model (Riipinen et al., 2010; Saha et al., 2015;
Cappa, 2010a; Karnezi et al., 2014; Saha et al., 2017; Park et
al., 2012; Epstein et al., 2009; Louvaris et al., 2017a). Based
on the TD-AMS system, volatilities of ambient OA from ur-
ban/suburban (Xu et al., 2021; Louvaris et al., 2017b; Cao et
al., 2018; Huffman et al., 2009a; Cappa and Jimenez, 2010;
Sahaetal., 2018; Paciga et al., 2016; Kang et al., 2022), rural
(Zhu et al., 2021) and forest sites (Hu et al., 2016c; Saha et
al., 2017; Kostenidou et al., 2018) have been explored. Huff-
man et al. (2009a) first directly characterized chemically re-
solved volatility of ambient aerosols in urban areas, support-
ing the notion that OA components are semivolatile and pri-
mary organic aerosol (POA) is more volatile than secondary
organic aerosol (SOA). Using a similar approach, multiple
studies (Huffman et al., 2009a; Louvaris et al., 2017b; Xu et
al., 2016, 2021; Zhu et al., 2021) found that the OA volatility
varies with different emission sources and oxidation levels,
usually showing a trend of vehicle OA = biomass burning
OA cooking OA >secondary OA. In addition, extremely
low volatility of SOA due to the existence of oligomers after
oxidation has also been reported (Lopez-Hilfiker et al., 2016;
Hu et al., 2016c). The varied volatilities of POA and SOA
emphasize the need to investigate OA volatility during aging
processes.

Viscosity, which can be influenced by ambient relative hu-
midity (RH), molecular weight, and oxidation level of OA,
determines the mixing state and phase state of aerosols (Koop
et al., 2011; Shiraiwa et al., 2017; DeRieux et al., 2018).
Multiple studies in field campaigns and laboratory experi-
ments suggest that, contrary to the traditional understanding,
OA may occur as highly viscous semisolids or amorphous
glassy solids under certain conditions (Shiraiwa et al., 2017;
Virtanen et al., 2010; Reid et al., 2018; Koop et al., 2011;
Renbaum-Wolff et al., 2013), which has important implica-
tions for atmospheric chemistry. Diffusion timescales within
aerosols are affected by aerosol size, mass loading, viscos-
ity, and volatility (Li and Shiraiwa, 2019). The diffusivity
of species in aerosols is negatively correlated with viscosity.
Thus it takes a longer time for highly viscous species to reach
gas—particle equilibrium, which affects a series of atmo-
spheric processes of aerosols (Shiraiwa and Seinfeld, 2012).
A new parameterization proposed by Y. Li et al. (2020) has
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been used to estimate the diurnal variations of OA viscos-
ity in ambient air based on the correlation between volatility
and viscosity (Y. Li et al., 2020; Xu et al., 2021). The re-
sults show that OA viscosity can differ more than 4 orders of
magnitude between day and night, as well as in the daytime
among seasons. This great variation shows the sensitivity of
OA viscosity to ambient conditions.

To investigate OA sources, volatility, and viscosity in the
outflow of urban plumes, a TD-AMS system was applied in
10 @ ground-based campaign at a continental receptor site of

downwind areas in the NCP. We systematically investigated

the dynamic variations in chemical compositions of fine par-

ticles. OA sources were analyzed using positive matrix fac-

torization (PMF) with multi-engine (ME-2) analysis. Cou-
1s pled with the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model, the impact of regional trans-
port on aerosols was further studied. Finally, a comprehen-
sive explanation of volatilities and viscosities of OA and OA
factors during the aging process, as well as their atmospheric
implications, is presented and discussed.

o

2

S]

2 Experiments

2.1 Field campaign

The field study was conducted at the Yellow River Delta
National Nature Reserve (YRDNNR) from 17 March to
12 April 2018. The YRDNNR site (37.75 N, 118.97 E,
1m above sea level) is located in the northeast of Dongy-
ing City, Shandong Province, and the estuary of the Yellow
River into the Bohai Sea (Yao et al., 2016; Zheng et al., 2019;
Zhang et al., 2019), as shown in Fig. 1. Very few indus-
trial or commercial areas are within 15km of the sampling
site, which is considered a regional background site of the
NCP. The impacts of natural oil and gas (NO&G) (i.e., liqui-
fied petroleum gas, LPG), biomass burning on volatile or-
ganic compounds (VOCs), and O3 during the campaign were
found at the site (Lee et al., 2021). The wind rose diagram
combined with back trajectory clusters in Fig. 1a suggests
that the sampling site during this campaign was affected by
southern, southeast, and northwest winds, indicating the ob-
served results were strongly influenced by the NCP urban
« outflows. The average wind speed was 3:0 1:8ms ! with
arange of 0-9.1ms . The average temperature during this
study was 11:5 7:0 C (from 2:8t029:2 C)and RH was
59:1  19:0% (from 14 % to 97 %).
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2.2 Operations and data processing of instruments
5 2.2.1 HR-ToF-AMS

The chemical composition of non-refractory PM; was mea-
sured by a high-resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS; Aerodyne Research Inc. ARI,
USA; “AMS” will be used hereinafter). A detailed intro-
so duction and operating principles of the AMS can be found

in previous studies (Canagaratna et al., 2007; Drewnick et
al., 2005; W. Chen et al., 2021). The setup and calibrations
of AMS is briefly introduced in the following.

During this campaign, ambient air was sampled through a
PM>: cyclone at a flow rate of 5 L min ! and then intro-
duced into the AMS through a 1=4-in. stainless steel tube.
The sampling flow rate of the AMS was 0.1Lmin 1. To
avoid the effects of varied phase states on the collection effi-
ciency (CE) of particles, a silicon dryer was set in front of the
AMS to keep the RH of sampled air below 40 %. A schematic
diagram is provided in Fig. S1 in the Supplement.

Calibrations including ionization efficiency (IE), inlet flow
rate, and sizing distribution were conducted before and af-
ter the campaign (Jimenez et al., 2003; Jayne et al., 2000;
Canagaratna et al., 2007). The IE calibration was performed
based on a brute-force single particle (BFSP) mode (Decarlo
et al., 2006), in which 400 nm monodisperse pure ammo-
nium nitrate (NH4NO3) particles were introduced. For the
calculation of mass concentration, the relative ionization ef-
ficiency (RIE) of ammonium was determined to be 3.7 by
assuming a neutral balance of cation versus anion from stan-
dard NH4NO3 signals. The default RIE values of nitrate, sul-
fate, chloride, and OA were applied in this study (Huffman
et al., 2009a). Taking into account particle loss in the AMS,
the chemical composition-dependent CE (CDCE) followed
by Middlebrook et al. (2012) was applied to correct mass
concentration. The average value of CDCE is 0:52 0:04.

Pieber et al. (2016) found that the artificial COS ion
can be caused by inorganic salts due to the interaction be-
tween thermal decomposition products of inorganic salts
(i.e., NH4NO3) and OA deposits on the vaporizer surface.
The ratio of cog to NO3 was estimated to be 2:3%
in this study by introducing the pure NH4NOs3 particles
into the AMS. Based on the calibration result, the interfer-
ence of artificial cog was excluded in the series of subse-
quent analyses including OA quantification, elemental ratio
calculation, and PMF analysis. Elemental ratios, including
the oxygen-to-carbon ratio (OVC), hydrogen-to-carbon ra-
tio (HV C), and total OA-to-organic carbon ratio (OAVOC),
were determined with the Improved-Ambient (I-A) method
in this study (Canagaratna et al., 2015). All the AMS quan-
tification and elemental ratio data used here were based on
the “V” mode at a time resolution of 1 min for the ambient
dataset and 2.5 min for TD sampling (Fig. S1). The AMS
data were analyzed with the software Squirrel (v1.62G) and
PIKA (V. 1.22G) based on Igor pro 6.37.

2.2.2 Other instruments

The mass concentration of black carbon (BC) was measured
by an AE-31 Aethalometer (Magee Scientific, USA) at a time
resolution of 5min (PM2:5 inlet). A scanning mobility par-
ticle sizer (SMPS, TSI, Inc.) was used to detect the parti-
cle number size distribution (mobility diameter: 15-600 nm)
at a time resolution of 5min. The total mass concentration
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Figure 1. (a) Location of observation site (circle) in China, along with wind speeds, wind directions, and back trajectories of air masses
during this campaign. The map is color-coded according to PM».5 emission inventory (M. Li et al., 2017). (b) Map of the Yellow River Delta
National Nature Reserve (YRDNNR) region, labeled with the sampling site (circle) and adjacent cities and towns (source: Google Earth).

measured by SMPS can be obtained by multiplying the in-
tegrated volume concentration (assuming the aerosol was
spheric) by the corresponding density. The density of the
total aerosol (1:63 0:04gm 3 on average) was calculated

s based on the main chemical components of aerosols mea-
sured by the AMS and AE-31, as addressed in previous pub-
lications (Decarlo et al., 2008; Hu et al., 2017¢c; Kuwata et
al., 2012). A good agreement in the time series between
mass concentrations from the SMPS and the AMS C AE-

10 31 (slope D 0:97 and R D 0:95, Fig. S2) was found, validat-
ing the robust measurement results shown here. VOCs were
measured by online gas chromatography with a flame ion-
ization detector (GC-FID) at a time resolution of 1h (Lee
et al., 2021). Regular gases of NO=NO, SO2, CO, and O3

1s were measured with the NOy Analyzer (42i), SO, Analyzer
(43i), CO Analyzer (48i), and O3 monitor (49i) from Thermo
Fisher Scientific at a time resolution of 1 min.

2.3 Source apportionments of PMF and ME-2

Sources of OA components were analyzed based on the con-
20 ventional positive matrix factorization (PMF) method (Ul-
brich et al., 2009) and the multi-linear engine (ME-2) ap-
proach (Canonaco et al., 2013). Unconstrained PMF analy-
sis was conducted in the PMF Evaluation Tool (PET) v2.08
described by Ulbrich et al. (2009). Compared with conven-
25 tional PMF, the ME-2 approach allows one to introduce a
priori profiles of known OA factors, which can reduce the
rotational ambiguity, and directly apportion toward environ-
mentally meaningful solutions (Canonaco et al., 2013). In
the ME-2 analysis of this study, we constrained the standard
a0 Spectrum of biomass burning OA (BBOA) from the Chang-
dao study (Hu et al., 2013) at varied values using SoFi

v6.81. By investigating the characteristics of mass spectra
and time series, as well as their correlations with external
tracers (Zhang et al., 2014; Ulbrich et al., 2009), four OA
factors were finally chosen as the optimum solution for both
ambient and TD dataset. The details of PMF and ME-2 anal-
ysis can be found in Sect. S1.1 in the Supplement.

2.4 Thermodenuder and volatility estimation

The TD used in this campaign is a commercial product
from ARI and has been applied widely in laboratory exper-
iments (Saha et al., 2015; Huffman et al., 2009b; Grieshop
et al., 2009b; Lee et al., 2011; May et al., 2013c; X. Li
et al., 2016; Saha and Grieshop, 2016; Sato et al., 2018;
Champion et al., 2019 and reference therein) and field studies
(Huffman et al., 2009a; Hu et al., 2016c; Paciga et al., 2016;
Xu et al., 2016; Louvaris et al., 2017b; Cao et al., 2018;
Kostenidou et al., 2018; Xu et al., 2021; Zhu et al., 2021 and
reference therein). The TD consists of two parts: a heated
section and a denuder section. The heated section can real-
ize step-wise heating ranging from 54 to 230 C to obtain
concentrations at various temperatures in combination with
AMS or SMPS. The denuder section is filled with activated
charcoal to absorb the gas-phase species evaporated from
particles within TD. The estimated residence time through
the 55cm heating section is 20.2s, which is comparable
to that (21.2s) used by Huffman et al. (2008, 2009a, b).
The setup of the TD-AMS system in this study is shown in
Fig. S1, where sampling flow was switched to TD or bypass
(ambient) paths at a time resolution of 5min before being
sampled by the AMS and SMPS. The switch of ambient and
TD lines was controlled by the solenoid valve. When the in-
struments sample the ambient or TD lines, a make-up flow
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line with the same flow rate (0.62 L min 1) was set to refresh
the air in the other sampling line by the air pump. The resi-
dence time after the solenoid valves is about 3-4s. To avoid
the mixing of air between the ambient and TD lines, a de-
lay of 30s after each switch was set in the sampling strategy
of the AMS and SMPS instruments. Bulk particle losses and
temperatures in the TD were all corrected based on the cal-
ibration results from Huffman et al. (2008) since a similar
TD and similar setups were applied in both studies. The cor-
rected centerline temperature is 17 % higher than the mea-
sured temperature on average. More detailed information on
TD calibrations can be found in Sect. S1.2.

We calculated the MFR of aerosols, which is the ratio of
mass concentration through the TD path and bypass path
(ambient line) at a set temperature. Then the thermogram,
i.e., MFR as a function of corrected temperature, can be ob-
tained. The thermograms of each species were depicted to
semiquantitatively characterize aerosol volatility (Huffman
et al., 2009b). Kinetic limitations of aerosol evaporation exist
in the TD (Saha et al., 2015), which were mainly influenced
by the residence time and OA concentration in the TD. Thus
it is difficult to directly compare the thermograms in differ-
ent studies with varying residence times and mass loadings
(Cain and Pandis, 2017; Karnezi et al., 2014). To further de-
scribe the volatility of the complex OA matrix and make it
comparable, volatility distribution, expressed as volatility bin
set (VBS), was estimated based on the empirical relation-
ship between LogP25 and the reciprocal of Tsg developed by
Faulhaber et al. (2009). Tso represents the temperature value
where aerosol species evaporates 50 % compared to the input
mass concentration under 25 C (here referred to as “ambi-
ent concentration”) and P25 represents the vapor pressure of
species at 298 K. A good agreement of OA volatility distri-
butions between this empirical method and the kinetic model
method was found previously (Cappa and Jimenez, 2010).

2.5 Predictions of glass transition temperature and
viscosity of organic aerosols

Viscosity has been measured directly or indirectly by apply-
ing particle rebound, poke flow, and other offline measure-
ments (Liu et al., 2017; Reid et al., 2018; Renbaum-Wolff
et al., 2013). Viscosity is associated with the glass transi-
tion temperature (Tq) at which the phase transition occurs
from semisolid to glassy states (Koop et al., 2011). Recently,
more predictive models were developed to estimate the Ty of
mixtures in field observations (Shiraiwa et al., 2017; Y. Li
et al., 2020; Maclean et al., 2021). According to the new
parameterization method introduced by Y. Li et al. (2020),
Tg of OA (Tg;org) at dry conditions was estimated based on
OA volatility distribution and the ratio of oxygen to car-
bon (O V C, “Aiken—Ambient” method). The Ty of OA-water
mixtures (Tq:10rg) at a given RH can be estimated using the
Gordon-Taylor equation, in which the aerosol water content
associated with OA can be calculated by the effective hy-

groscopicity parameter ( ) (Mei et al., 2013; Mikhailov et
al., 2009). Finally, viscosity can then be calculated by apply-
ing the modified Vogel-Tammann—Fulcher (VTF) equation
(Angell, 1991; DeRieux et al., 2018). The viscosity can af-
fect aerosol equilibrium time ( mix), which can be estimated
by the equation mix D dZ=(4 ?Dy) (Seinfeld and Pandis,
2016), where d, is the particle diameter (assuming 200 nm),
and the bulk diffusion coefficient Dy is calculated from the
predicted viscosity through the fractional Stokes—Einstein re-
lation (Xu et al., 2021; Evoy et al., 2019). The detailed com-
putational processes can be found in Sect. S1.3.

2.6 Air mass trajectory analysis

Back trajectories with an altitude of 100m were calcu-
lated every 6h during this campaign using the HYSPLIT
model (https://www.ready.noaa.gov/HYSPLIT.php, last ac-
cess: 20 June 2022) developed by the Air Resources Lab-
oratory (ARL) of the National Oceanic and Atmospheric
Administration (NOAA) (Draxier and Hess, 1998; Cohen et
al., 2015). The weather data were obtained from the Global
Data Assimilation System (GDAS) archived by NOAA
Air Resources Laboratory (ftp://arlftp.arlhg.noaa.gov/pub/
archives/, last access: 30 March 2020). Then the back tra-
jectories were divided into several groups based on their
similarity in spatial distribution (cluster analysis) (Zheng et
al., 2010).

In addition, the potential source contribution function
(PSCF) (Polissar et al., 1999; Zhang et al., 2013) was also
applied here to investigate the contribution of regional trans-
port. This analysis was achieved through the Zefir software,
which is an Igor-based package and specifically designed to
achieve a comprehensive geographical origin analysis using
a single statistical tool (Petit et al., 2017). Pollutant concen-
trations were entered into the Zefir software together with
data obtained from HYSPLIT and NOAA. The geographic
region was divided into 0:5  0:5 grid cells (latitude i and
longitude j). If the endpoint of the trajectory falls into a
grid cell, the total number of trajectories is calculated as njj,
and the number of these endpoints which are higher than a
threshold (75th percentile used here) is counted as m;jj (Liu
et al., 2021). To reduce the bias of PSCF for grid cells with
low values of njj, the weight function (wij ) recommended by
Waked et al. (2014) was applied to the PSCF.

;0 O

1; fornjj >0:8  makeegrhcy))

0:725; for <O0:6max(logpcy)) Nij  0:8 max(logycyy)
0:35; for <0:35max(logpcy)) Nij  0:6 max(loggcyy)

0:1; njj  0:35 max(logncy)) @)
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18098
附注
The "<" symbol is misplaced. This must a typo when we wrote the equation，which should be corrected as: 
Wij=1, for nij > 0.8×max(log(n+1))
        0.725, for 0.6×max(log(n+1)) < nij ≤ 0.8×max(log(n+1))
        0.35，for 0.35×max(log(n+1)) < nij ≤ 0.6×max(log(n+1))
        0.1, for nij ≤ 0.35×max(log(n+1))
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6 T. Feng et al
3 Results and discussion

3.1 Concentrations of PM; chemical compositions

The time series of mass concentration from the main compo-
nents in PM1 are shown in Fig. 2. The overall PM; concen-
tration ranges dramatically from 2.5 to 152.8 ugm 2 with an
average value of 31:5 22:7pgm 2 (Fig. 2a, Table 1), which
is generally lower than the average values in urban areas of
the NCP, e.g., 45-53ugm 2 in the spring of Beijing (Hu et
al., 2017a; Sun et al., 2015). During this campaign, nitrate
was the dominant species, accounting for 33 % of total PM;
mass concentration, followed by OA (25 %), sulfate (17 %),
ammonium (17 %), BC (4 %), and chloride (3 %) (Fig. 2b).

When the mass concentration of PM; is below 20 ugm 3
(Fig. 2c), OA and sulfate account for the largest propor-
tion, about 40 % and 22 % respectively. Nitrate increases dra-
matically and reaches 39 % of PM in the polluted periods
(shaded in yellow in Fig. 2a). The NOE::NOC ratio of am-
bient nitrate in the AMS (average value D 0:27) is similar to
the ratio from pure ammonium nitrate calibration (average
value D 0:28) (Fig. S16), suggesting that the observed nitrate
in this study is nearly inorganic (>90%). An increase in
inorganic nitrate at a higher aerosol concentration has also
been observed in other field studies including urban areas
(C. Chen et al., 2021; W. Chen 2021; Griffith et al., 2015;
Li et al., 2018), downwind sites (Qin et al., 2017; J. Li et
al., 2020), and also other receptor sites (Hu et al., 2013; Li
et al., 2014). As the air quality control policy was continu-
ously applied in China, the emission of SO, decreased sub-
stantially compared to that of NO,, and nitrate has become
the dominant secondary component in fine particles (Xie et
al., 2020; Geng et al., 2017a; Li et al., 2019).

The formation of nitrate has been identified as the fol-
lowing two main chemical pathways: (1) homogeneous re-
action of gaseous nitric acid (HNO3) and ammonia (NH3),
in which HNOg is largely produced through photochemi-
cal oxidation of NO, by OH radicals in the daytime (Yang
et al.,, 2022); (2) heterogeneous hydrolysis of dinitrogen-
pentoxide (N2Os), which is the major source of HNO3 at
night (Griffith et al., 2015). In general, abundant precursors,
high pH, and aerosol liquid water content (ALWC) during
polluted periods might further promote these two processes
(W. Chen et al., 2021; Wang et al., 2020). In the remote
receptor site, in addition to the chemistry process, regional
transport is another important source of high nitrate mass
concentration (Squizzato et al., 2012). In this study, there
is increased nitrate observed when high-speed winds from
southeast to southwest dominate (above 8 kmh 1) (Fig. 3al),
suggesting that regional transport in winter and spring in
NCP areas plays an important role in the enhanced nitrate
observed here (Huang et al., 2020; Hu et al., 2016b). The sul-
fate, ammonium, and BC show similar patterns to nitrate in
diurnal variations (Fig. 2d) and bivariate polar plots (Fig. 3),
suggesting the upwind anthropogenic emissions were trans-
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ported to the regional receptor areas in the downwind direc-
tion. The PSCF results based on backward trajectory anal-
ysis were applied to further explore the potential transport
from different regions to this receptor site. High concentra-
tions of secondary inorganic aerosols are mainly contributed
by the west and south regions of Shandong Province, and the
northern part of Anhui and Jiangsu Province, where high an-
thropogenic PM2.5 emissions exist (Lei et al., 2011; Geng et
al., 2017b). The results again verify the important influence
of transport on aerosol chemistry from NCP urban outflows
to receptor areas.

3.2 Source apportionment of OA

Four OA factors were resolved in this study, including
BBOA (5%), aged-HOA (28 %), transported-OOA (33 %),
and background-OOA (33 %), as shown in Fig. 4.

3.2.1 Biomass burning OA (BBOA)

BBOA is possibly from (1) biofuel/biomass burning from
domestic heating in the NCP (Duan et al., 2020; Huang et
al., 2020; Elser et al., 2016), and (2) open biomass burn-
ing around the observation site (H. Li et al., 2017; Liang
et al., 2021). Indeed, biomass burning plumes from open
fire burning were frequently seen during the campaign. As
shown in Fig. S17, a positive correlation between BBOA
with surrounding fire counts was found, suggesting that open
biomass burning might play a more important role than do-
mestic heating. Potassium (K©), regarded as a good indicator
of biomass burning (Aiken et al., 2010), also shows a good
correlation with BBOA (R D 0:6), validating the BBOA re-
solved here.

CZH4O§ ion is mainly produced by the pyrolysis of lev-
oglucosan and other anhydrous sugars from the thermal de-
composition of cellulose and lignin (Bertrand et al., 2018),
CzH40§: ion (m=z 60) has been considered as a tracer for
BBOA (Cubison et al., 2011). As depicted in Fig. S18a, the
higher fgo value in OA above the background level (0.3 %)
is concurrent with an increased BBOA fraction. The OVC
value of BBOA is 0.37, which is in the range of reported val-
ues (0.2-0.65) from primary BBOA observed in other stud-
ies (Zhou et al., 2020; Hu et al., 2016b; Xu et al., 2017;
Zhang et al., 2016). According to the bivariate polar plot and
PSCF result of BBOA in Fig. 5b, the higher concentration
of BBOA partially comes from local emissions of biomass
burning southeast of the sampling site.

3.2.2 Aged hydrocarbon-like OA (aged-HOA)

HOA has been widely recognized and elaborated on in pre-
vious studies (Hao et al., 2014; Hu et al., 2016b; Aiken et
al., 2009; Huang et al., 2020; Sun et al., 2014; Zhang et
al., 2011; Zhou et al., 2020; Zhang et al., 2005a, 2007; Ng
et al., 2011b). The HOA resolved in this study is not only
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Figure 2. (a) Time series of main species in PM1 and meteorological parameters (relative humidity, temperature, wind speed, and wind
direction). The yellow background represents the polluted period in this campaign, which was selected based on the mass concentration of
total PM1 above 20 ugm 3, and lasts for at least 2, accompanied by continuous south winds. (b) Average chemical compositions of PMy.
(c) Variations of main compositions (left axis) and probability density as a function of PM; mass concentration (right axis). (d) Average
diurnal variations of PM1 species and PBL height during the entire campaign.
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Figure 3. Bivariate polar plots and the results of potential source contribution function (PSCF) from inorganic species, including
(a1, a2) NOg; (b1, b2) SOq4; (c1, c2) NHy; (d1, d2) Chl; (el, e2) BC. The unit of wind speed is kmh 1,
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Figure 4. Mass spectra (left) and time series (right) of four OA factors: (al, a2) BBOA, (b1, b2) aged-HOA, (c1, c2) transported-OOA,
(d1, d2) background-OOA. Time series of tracers associated with each factor are also displayed. (e) Average chemical compositions of OA.
(f) Variations of OA compositions and probability density as a function of OA mass concentration. (g) Average diurnal variations of OA
factors and planetary boundary layer (PBL) height during the whole campaign.
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Figure 5. Bivariate polar plots and PSCF results of organic components, including (al, a2) total OA,; (b1, b2) BBOA, (c1, c2) aged-HOA,;
(d1, d2) transported-OOA,; (e1, e2) background-OOA. The unit of wind speed is kmh 1.
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Table 1. Summary of average mass concentrations of PM1 species
and OA factors (ugm 3), average mixing ratios of gas-phase pol-
lutants, and values of meteorological parameters during the entire
campaign and polluted period. The definition of the polluted period
is provided in the caption of Fig. 2.

Dongying spring (Average SD)

Entire study  Polluted period

Total PM; (ugm 3) 315 2217 50:3 5:4
Total OA (ugm 3) 7:9 45 125 41

BBOA 0:4 0:7 0:7 07

HOA 2.2 20 35 26

Transported-OOA 2:6 2.7 51 2:8

Background-OOA 2.6 16 31 L7
Sulfate (ugm 3) 53 39 8:0 37
Total nitrate (ugm 3) 10:6 94 17:4 85

Inorganic nitrate 10:0 9:3 16:8 87

Organic nitrate 0:9 038 0:7 0:9
Ammonium (ugm 3) 55 44 8:9 4.0
Chloride (ugm 3) 1.0 16 1.7 20
BC (ugm 3) 1:2 08 1:8 07
NH3 (ppb) 26:7 19:0 15:6 11:6
CO (ppm) 05 0:3 0:6 0:3
NO (ppb) 09 21 1:3 25
NO3 (ppb) 11:8 7:2 16:5 6:8
SO» (ppb) 31 35 49 38
O3 (ppb) 47:1 222 51:4 255
Wind speed (ms 1) 31 18 26 14
Temperature ( C) 105 7:2 15:6 6:0
RH (%) 60:7 19:2 57:9 18:1
ALWC (ugm 3) 13:3 18:3 23:6  63:0
pH 39 07 3.7 07
Pressure (hPa) 101:4 07 101:1 04

Total PM1 D OA C sulfate C nitrate C ammonium C chloride C BC

contributed by fragments of CxHy (CnhHanc1 and CpHon 1,
m=z 55, 57, 69, 81, 91, etc.) resembling the reported refer-
ence spectra of HOA (Hu et al., 2013; He et al., 2011; Ng et
al., 2011a; Zhang et al., 2005b; Zhu et al., 2021; Jimenez et
s al., 2009) but also includes a high abundance of oxygenated
ions (i.e., cog). This suggests that the HOA resolved here is
partially aged, and thus is entitled “aged-HOA”. The diurnal
variations of aged-HOA mass concentration and its fraction
in total OA show a prominent peak during the traffic rush
10 in the morning (08:00 UTCCS8), then decrease sharply with

the elevated boundary layer, suggesting this factor is influ-
enced by primary vehicle emissions and meteorological con-
ditions (Figs. 4, S19). The primary property of aged-HOA
in this study was also identified by its good correlation with
primary anthropogenic VOCs of benzene and ethyl toluene
(with R D 0:82 and 0.8, respectively) (Hu et al., 2016a; Lee
et al., 2015; Mohr et al., 2012). In addition, aged-HOA has
the characterization of secondary sources. The OV C value is
0.55, which is out of the range of OV C of HOA observed in
China (0.05-0.44) (Hu et al., 2013; Zhou et al., 2020; Hu et
al., 2016c). The high OV C value of aged-HOA in this study
may be caused by long-distance transport from surrounding
urban/town areas (Fig. 1a). Based on the bivariate polar plot
and PCSF analysis in Fig. 5c, the higher aged-HOA concen-
tration is in accord with urban plumes originating from the
west to the south region, where Dongying city and northern
Jiangsu are on this path. It generally will take 4-8 h for the
vehicle emissions to be transported from Dongying and 31—
70h from northern Jiangsu to this site at a relatively high
wind speed (7-16 kmh 1).

3.2.3 Transported-OOA and background-OOA

Transported-OOA and background-OOA, representing two
types of SOA with different origins, were resolved in this
study. Both factors are fairly oxidized, which are character-
ized by the high mass abundance of oxidized m=z 44 and
m=z 28 in total OA (0.23 for transported-OOA, 0.21 for
background-OOA). Transported-OOA has an OV C ratio of
0.97, which is slightly lower than the 1.1 for background-
OOA. Both OOA factors are in the high range compared
with most OOA factors observed in urban and suburban areas
(0.29-1.3) (Li et al., 2015; Xu et al., 2019) and in remote ar-
eas (0.47-1.45) (Zhou et al., 2020; Zheng et al., 2017; Gong
etal., 2012).

The transported-OOA shows good correlations with sec-
ondary inorganic sulfate and nitrate (R D 0:81 and 0.83
shown in Fig. S14, respectively), consistent with its sec-
ondary origins of OOA (He et al., 2011; Huang et
al., 2020; Zhang et al., 2005a). The regression ratio be-
tween transported-OOA vs. sulfate C nitrate is around 0.84,
within the range obtained in NCP areas (0.51-0.93) (Sun
et al., 2016, 2012; Huang et al., 2010). Similar to sec-
ondary inorganic species, the higher mass concentration of
transported-OOA is also driven by the south winds, thus
named transported-OOA. The bivariate polar plots and PSCF
results (Fig. 5d) show that the higher transported-OOA con-
centration might correspond to the transport processes from
urban emissions located in the southern region of the sam-
pling site. On the contrary, the background-OOA shows en-
hanced mass concentrations in all directions (Fig. 5el) com-
pared with transported-OOA, indicating its background ori-
gins, and representing the background concentration in NCP
(2:6 1:6pgm 2). In addition, in Sect. 3.4.2, we found very
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附注
To TS1: Sorry, this is a typo. The values 1.1 and 0.97 represent the  ratio of oxygen to carbon of the two OOA factors, which have been provided in Fig. 4 and Sect.3.2.3. Therefore, it is necessary to change "1:1" to "1.1"
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