
1. Introduction
Fine particles (or fine aerosols), which can lead to haze formation in mega cities, have substantially im-
pacted on air quality (Molina & Molina, 2004; Pope et al., 2009), climate (IPCC, 2018), and human health 
(Dockery, 2009; Poschl, 2005), and are causing great concerns to public society. With strict air quality con-
trol policy being carried out in China in recent years, annual PM2.5 mass concentrations have continuously 
decreased (Lu et al., 2020; J. Wang, Zhao, et al., 2017; Y. C. Wang, Huang, et al., 2017; Q. Zhang et al., 2019), 
for example, during the year of 2015–2020, the annual mass concentrations of PM2.5 in most areas of the 
Pearl River Delta (PRD) region ranged from >10 to ∼34 µg m−3 and had already met the China National 
Ambient Air Quality Standard (CNAAQS) at 35 µg m−3 (GB3095-2012) (Lin et al., 2018; Ma et al., 2019; Yan 
et al., 2020), however, are still much higher than the air-quality guideline (AQG, 10 µg m−3) from the World 
Health Organization (WHO) (WHO, 2006). The daily high PM2.5 mass concentrations (up to ∼100 µg m−3) 
in the PRD region usually occurred in autumn to winter time, when the large anthropogenic emissions, 
complex chemical transformation and adverse meteorological condition happened (Chan & Yao, 2008; Fang 
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(up to ∼50%) to account for the fast increase of PM1 during the polluted periods of Guangzhou autumn. 
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was contributed by secondary OA (SOA), and 28% of primary OA (POA), including vehicle emission 
related hydrocarbon-like OA (HOA, 16%), nitrogen-containing OA (NOA, 3%) and cooking OA (COA, 
8%). To explore the aging processes of OA, the dynamic variations of OA and its oxidation level as a 
function of ambient photochemical age are shown. Using an in situ field-deployed oxidation flow reactor, 
the heterogeneous reaction rate coefficients of ambient POA with OH radicals ( OHk ) were estimated to 
be 4.0–5.4 × 10−13 cm3 molecules−1 s−1, which is equivalent to a lifetime of POA >2 weeks. The long 
heterogeneous lifetime of POA supports gas phase oxidation was the major pathway for ambient OA 
aging. The OH uptake coefficient (OH) was estimated to be 0.76–0.84, underlining that OH radicals can be 
taken up efficiently on ambient aerosols.
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et al., 2019; Hou et al., 2019; Y. J. Li et al., 2017). While exclusive studies focus on the severe air pollution in 
the northern part of China (W. Hu, Hu, Hu, Jimenez, et al., 2016; W. Hu, Hu, et al., 2017; Huang et al., 2010; 
Zhao et al., 2013, and references therein), the aerosol formation mechanism in southern China, especially in 
the PRD region with a different aerosol source composition compared to the north due to the distinguished 
heating strategies and meteorology conditions, are still limited (W. Li, Liu, et al., 2018; Lu et al., 2019; Yue 
et al., 2010; Zhou et al., 2018). A thorough understanding of the formation mechanism of autumn to winter 
haze in the PRD region is of great significance on air pollution control and policy-making.

To achieve this purpose, the detection of dynamic variation of fine particle mass concentrations and chemi-
cal components at a high time resolution is necessary considering the wide emission sources and persistent 
physical meteorology impacts (Hallquist et al., 2009; Poschl, 2005; Seinfeld & Pandis, 2006). On-line aerosol 
mass spectrometer (AMS), a world-widely used instrument, is one of the most state-of-art techniques for 
quantifying the mass concentrations and size distributions of main components of aerosols at high time 
resolutions of seconds to minutes (Canagaratna et al., 2007; Jayne et al., 2000). By combining the organic 
aerosol (OA) spectral matrix with the source apportionment tool of positive matrix factorization (PMF) 
(Paatero & Tapper, 1994; Ulbrich et al., 2009) and/or the multi-linear engine (ME-2) (Canonaco et al., 2013; 
Paatero, 1999), the sources and evolution of OA in ambient air at a high time resolution can be identified 
and characterized. In addition, the oxidation levels of bulk OA (oxygen to carbon ratio, O:C; hydrogen to 
carbon ratio, H:C), which can provide crucial information for better understanding of SOA evolution and 
model simulation, can also be obtained (Aiken et al., 2008; Q. Chen et al., 2015; Jimenez et al., 2009).

Heterogeneous reactions can play pivotal roles for OA aging in the atmosphere (George & Abbatt, 2010; 
Kroll et al., 2015). Heterogeneous reactions of OA with OH radicals, characterized by reaction rate coeffi-
cients ( OHk ), or alternatively, effective uptake coefficients of OH (OH), defined as the fraction of OH radicals 
colliding with a compound that results in reactions, were usually explored in laboratory studies (Kessler 
et al., 2010; Slade & Knopf, 2014; Smith et al., 2009; Weitkamp et al., 2008). The OHk  and OH can span a 
wide range of 0.25–34 × 10−12 cm3 molec−1 s−1 and <0.01 to >1, depending on the chemical compositions, 
phase state, mixing state and OH concentrations (Kessler et al., 2010, 2012; McNeill et al., 2008; Slade & 
Knopf, 2014; Weitkamp et al., 2008). The ambient OA, composed of several thousands of individual OA 
species, are usually much more complex than the laboratory-generated OA (Aiken et al., 2008; Burkholder 
et al., 2017). Investigating heterogeneous reaction processes with real ambient OA would be essential to 
understand the OA aging processes under ambient environment. The recent development of field-deployed 
oxidation flow reactor (OFR) has provided a unique opportunity to achieve this (Kang et al., 2007; Lambe 
et al., 2011; Ortega et al., 2016). By generating the OH radicals with UV-lamps in the OFR, the heteroge-
neous reaction rate of ambient aerosols with controlled OH radicals can be studied (W. Hu, Hu, Hu, Niu, 
et al., 2016).

To investigate the sources, chemical composition, and aging processes of fine particles in southern China, 
a comprehensive campaign was conducted during the autumn (October–November) in Guangzhou, which 
is a representative city in the PRD region. Previously, Cai et al. (2017) reported the diurnal variation and 
size distributions of main species in Guangzhou measured by an AMS and suggested ambient aerosols 
were mainly affected by traffic-related sources and industrial emissions. However, there was a lack of direct 
evidences from source apportionment results. J. Guo et al. (2020) investigated the sources of OA with an 
Aerosol Chemical Speciation Monitor (ACSM, simplified version of AMS), and suggested SOA formation 
during the polluted periods in Guangzhou was mainly governed by heterogeneous/multiphase reactions, 
while needs more accurate and direct evidences.

In this study, the chemical compositions and size distributions of submicron particles (PM1) in autumn-win-
ter of Guangzhou were quantified with an on-line AMS and other multiple start-of-art techniques. The for-
mation mechanism of nitrate which was shown to be the main contributor for PM1 enhancement during 
the polluted periods, was systematically discussed. The sources, elemental ratios, and evolution of ambient 
OA as a function of photochemical age were explored and compared with other literature results. Finally, 
the heterogeneous processes of ambient OA with OH radicals were studied in situ by taking advantages of a 
field-deployed OFR. To our knowledge, this is the first time that the OH of ambient OA was estimated based 
on ambient aerosols in the urban areas.
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2. Experimental Methods
2.1. Sampling Site Description

The campaign was carried out from October 1 to November 20, 2018 in the downtown of Guangzhou. 
The observation site (23.14°N, 113.36°E) was located at the top of a ninth floor building on the campus of 
Guangzhou Institute of Geochemistry (GIG), Chinese academy of sciences (CAS). The observation site was 
mainly surrounded by urban transportation, commercial and residential districts (Figures  S1a–S2b) (C. 
Wang, Yuan, et al., 2020; Wu et al., 2020). The average ambient temperature and relative humidity (RH) in 
this campaign were 23.7 ± 2.9°C and 71.9 ± 17.4%, respectively. The site was mostly affected by northeast-
erly winds with an average speed of 4.5 ± 2.2 m s−1 (Table S1; Figure S1b).

2.2. HR-ToF-AMS Operation and Data Analysis

A High-Resolution Time-of-Flight AMS (HR-ToF-AMS, Aerodyne Research Inc. US; hereafter referred to 
as “AMS”) was used to measure the mass concentrations and size distributions of main components in 
non-refractory PM1 at a time resolution of 4 min. A PM2.5 cyclone at 5 L min−1 was set in the upstream 
of sampling line to avoid blocking the AMS orifices from aerosols at large sizes. The sampling line made 
of stainless tubing was ∼3 m long and a total residence time of 3 s was achieved. Two Nafion dryers were 
placed in the upstream of AMS sampling line to keep the RH of sampled air below 40% to eliminate the 
collection efficiency (CE) variation caused by particle phase state and morphology change due to high RH 
(Figure S1c) (Matthew et al., 2008).

The flow rates and particle size distributions were calibrated before and after the campaign. Ionization 
efficiency (IE) calibration using Brute-Force Single Particle (BFSP) method was conducted every 3–5 days 
using size-selected (400 nm) monodisperse pure ammonium nitrate (AN) particles. The variation of air 
beam versus IE in this study was within 4% (Figure S2a), suggesting a stable status of AMS during the entire 
campaign. Relative ionization efficiencies (RIEs) for ammonium (3.92), sulfate (1.22), and chloride (1.47) 
were calculated based on sampling their neutral salts in AMS, that is, NH4NO3, (NH4)2SO4, and NH4Cl 
(Figure S3). The default values of RIEs were used for OA (1.4) and nitrate (1.1) (Jimenez et al., 2016; Xu 
et al., 2018).

A chemical composition-based CE (CDCE) with an average value of 0.5 was estimated based on Middle-
brook et al. (2012) (Figure S2c). The detection limit of each species in AMS HR mode is 0.172 (OA), 0.004 
(NH4), 0.011 (NO3), 0.037 (SO4), 0.008 (Cl) µg m−3, respectively. Pieber et al. (2016) showed that artificial 
CO2

+ signals can be detected and falsely recognized as OA signal in AMS due to the catalytical reactions 
between inorganic salts and organic residues on vaporizer surfaces. The CO2

+/NO3 ratio based on sampling 
pure NH4NO3 into AMS system is around 2.32% (Figure S4). The artificial CO2

+ was subtracted based on 
this ratio when OA mass concentration and following data analysis including PMF and elemental ratios 
were obtained. In this campaign, the mass concentration of organic and inorganic nitrates were investigated 
using the NO2

+/NO+ method following Farmer et al. (2010) and Fry et al. (2013). The detailed description 
of the estimation process can be found in Section S3.

AMS V mode data were analyzed using Igor Pro 6.3.7 (WaveMetrics, Lake Oswego, OR) combining with 
the SQUIRREL 1.62C and PIKA 1.22C software. The elemental ratios of OA, including O:C, H:C, and OA 
to organic carbon ratio (OA:OC), were calculated based on the recalibrated “Improved-Ambient” method 
(Canagaratna et al., 2015). For comparison, elemental ratios reported in the previous studies based on Aiken 
et al. (2008) were multiplied by a ratio of 1.28 for O:C and 1.11 for H:C. The dynamic OA density was esti-
mated using an empirical equation in Kuwata et al. (2011) based on IA corrected elemental ratios. Previous 
results showed the updated elemental ratio values from IA method are still valid for empirical OA density 
calculation equation (W. Hu, Campuzano-Jost, et al., 2017; W. Hu et al., 2020).

Unconstrained PMF and ME-2 engine were both applied to resolve the sources of OA based on the time-de-
pendent OA high-resolution mass spectral matrix (V-mode, m/z 12–120). HR-MS data and error matrix were 
preprocessed for PMF analysis, including removing isotopes and “bad” ions (S/N ratio < 0.2), downweigh-
ing the “weak” ions (0.2 < S/N < 2) and m/z 44 related ions (Ulbrich et al., 2009). The final solution of five 
PMF factors was determined based on the characteristics of mass spectrum, time series, diurnal variation 

CHEN ET AL.

10.1029/2021JD035114

3 of 27

 21698996, 2021, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JD

035114 by G
uangzhou Institution O

f G
eochem

istry, W
iley O

nline L
ibrary on [02/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

patterns of resolved-factors, as well as their correlation with external tracers (Ulbrich et al., 2009; Q. Zhang 
et al., 2011). The detailed information on determination of PMF solutions with ambient data set can be 
found in Section S1.

2.3. Oxidation Flow Reactor (OFR)

Field-deployed OFR (Aerodyne Research Inc., US) has been developed recently to study in situ OA oxida-
tion processes under ambient conditions (Kang et al., 2007; Lambe et al., 2011; Ortega et al., 2016; Sengupta 
et al., 2020). High concentration of OH radicals (108–1012 molecule cm−3) can be formed in the OFR though 
initializing the photochemistry of O3 and H2O under UV light (R. Li, Palm, et al., 2015; Peng et al., 2015). 
The total flow rates through the OFR were in the range of 4.7–7.5 L min−1 corresponding to a calculated 
mean residence time of ∼110–170 s for plug flow. The OH equivalent aging days in this study were varied 
from several hours to 14 days by assuming an average ambient OH concentration of 1.5 × 106 molecules 
cm−3 (Mao et al., 2009). This OH concentration of 1.5 × 106 molecules cm−3 is applied here for a better com-
parison with a wide range of previous studies in which the OH equivalent photochemical age was estimated 
using the same OH concentration (Hayes et al., 2013; W. Hu, Palm, et al., 2016; Nault et al., 2018; Ortega 
et al., 2016). This OH concentration of 1.5 × 106 molecules cm−3 is also similar to the ambient average OH 
concentration of 1.3 × 106 molecule cm−3 for this campaign, which was estimated based on a box model 
with MCM as mechanism (Z. Wang, Yuan, et al., 2020). During the campaign, VOCs and ambient aerosols 
were sampled and oxidized in the OFR for most of the time (October 20–November 21). To investigate the 
pure heterogeneous reaction of ambient OA, the ambient VOCs and other trace gas-phase species (e.g., NO2, 
SO2) were scrubbed by a denuder filled with activated carbons for a few days (December 6–Decemebr 12) 
to exclude the influences of gas-phase reaction on aerosol oxidation. The schematic setup of OFR setup can 
be found in Figure S1c.

2.4. Other Instrumentation

The ambient mass concentration of black carbon (BC) was measured by two aethalometers (AE31 for peri-
od October 1 to October 30 and AE-33 for period October 31 to November 20, Magee, U.S.) under the wave-
length of 880 nm at a time resolution of 5 min (Drinovec et al., 2015). The ambient particle number size 
distribution (mobility diameter: 14.4–685.4 nm) was detected by a scanning mobility particle sizer (SMPS, 
TSI Inc.) at a time resolution of 4 min. Total mass concentration of PM1 can be estimated based on multiply-
ing the volume concentration obtained by SMPS with the dynamic aerosol density calculated from aerosol 
chemical composition measured by AMS and aethalometers (DeCarlo et al., 2008; W. Hu, Campuzano-Jost, 
et al., 2017). The average aerosol density during this campaign was 1.6 ± 0.1 g cm−3 (mean ± standard 
deviation). Online PM2.5 mass concentration at a time resolution of half an hour was also monitored by 
BAM-1020 instrument (METONE, USA).

A commercial proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS, Ionicon Analytic 
GmbH, Innsbruck, Austria) and an on-line GC-MS were used to measure various volatile organic com-
pounds (VOCs) (C. Wang, Yuan, et al., 2020; Wu et al., 2020). A chemical ionization mass spectrometer 
coupled with FIGAERO inlet (FIGAERO-CIMS) was also applied for measuring the gas-phase N2O5 and 
cooking aerosol tracers, including oleic acid (C18H34O2), linoleic acid (C18H32O2), stearic acid (C18H36O2), 
palmitic (C16H32O2) and azelaic acid (C9H16O4) (Ye et al., 2020). The concentrations of gas phase NO2/NO, 
O3 and CO were measured using the NO-NO2-NOx analyzer (42i, Thermo Fisher Scientific Inc., US), O3 
analyzer (49i, Thermo Fisher Scientific Inc., US) and CO analyzer (48i, Thermo Fisher Scientific Inc., US) 
at a time resolution of 1 min, respectively. The gas-phase NH3 was measured by LGR-NH3 analyzers (Model 
902-0016, Los Gatos Research, USA).

3. Results and Discussion
3.1. Characterization of PM1 Main Chemical Composition

The time series of PM1 mass concentrations measured by AMS and Aethalometers (BC) showed good agree-
ment with the integrated total aerosol mass concentrations from SMPS (slope = 1.06, R = 0.94), as well as 
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with PM2.5 mass concentrations from an online instrument (slope = 1.02, R = 0.92) (Figure S5), validating 
the accuracy of AMS data measured in this study. Generally, the PM1 mass concentrations showed large 
variation during the entire campaign, which ranged from 2.8 to 170.6  µg m−3 with an average value of 
35.6 ± 20.8 µg m−3 (Table 1). Species of OA (including organic nitrate) and sulfate, accounting for 42% and 
25% of the total PM1 mass respectively, were the two most abundant components, then followed by inorgan-
ic nitrate (11%), ammonium (11%), black carbon (8%), and chloride (1%) (Figure 1h).

We categorized the time series of PM1 to be two typical periods based on total PM1 mass concentrations 
and meteorology conditions: (i) clean and (ii) polluted periods, as the background tint colors demonstrated 
in Figure 1. The clean periods (C1-C4) were mainly affected by clean air from the northern China at high 
wind speed of 6.6 m s−1 on average. The average mass concentration of PM1 during the clean periods was 
∼ 20.9  ±  2.6  µg m−3, dominated by OA and sulfate probably from long-range transport. BC was found 
to be mainly contributed by traffic emissions (85%, Figure S9) based on aethalometer measurement (Sec-
tion S2) (Zotter et al., 2017). The high BC fraction (15%) during the clean periods was consistent with its 
local traffic emission origins. In this campaign, the polluted and clean periods usually alternated. Three 
polluted periods (P1–P3) were selected as shown in Figure 1, in which the mass loadings of ambient PM1 
(77.1 ± 22.1 µg m−3 in average) and other pollutants were greatly enhanced compared to those in the clean 
periods (Table 1). During the polluted periods, the static wind speed (<2 m s−1) and high-pressure favored 
the accumulation of pollutants.

3.2. Inorganic Nitrate Formation and Its Driving Factors

Based on the source apportionment, >90% of total nitrate was inorganic nitrate during the polluted periods 
when nitrate concentration was >10 μg m−3 (Figure S10b). Inorganic nitrate was found to be the main driv-
ing component for the rapid increase of PM1 during the polluted periods. The inorganic nitrate increased 
from ∼10% to 30% as PM1 mass concentrations got higher (several µg m−3 to above 100 µg m−3) (Figure 1k). 
During the real-time pollution episodes (e.g., P2, P3), the increase rates of inorganic nitrate were around 
0.71–0.79 µg m−3 h−1, which can contribute up to 50% percent of PM1 enhancement when balanced NH4 
masses were included, highlighting the substantial contributions of ammonium nitrate to the heavy pol-
lution events. The increased domination of inorganic nitrate in fine particles during the highly polluted 
periods was consistently found in the other sites of PRD regions (Figure  2) (Gong et  al.,  2012; Griffith 
et al., 2015; He et al., 2011; Qin et al., 2017), as well as in the other vast areas of China, such as North China 
Plain (NCP) (W. Hu, Hu, Hu, Jimenez, et al., 2016; W. W. Hu et al., 2013; Huang et al., 2010; H. Li, Zhang, 
et al., 2018; Luo et al., 2020; Xu et al., 2019) and Yangtze River Delta (YRD) regions (H. Chen et al., 2020; Lin 
et al., 2020; W. Wang, Yu, et al., 2018; Y. Wang, Wang, et al., 2018). The fast formation of inorganic nitrate 
usually happened during the periods with strong photochemical chemistry facilitating the gas oxidation of 
NO2 to HNO3, and then forming semi-volatile NH4NO3 species or during high RH periods when the contri-
bution of aqueous hydrolysis of N2O5 is substantial, especially during the nighttime (Y. L. Wang et al., 2019).

In this study, the inorganic nitrate formation was promoted during the polluted periods due to (a) the high 
concentrations of nitrate precursors. For example, the concentrations of nitrate precursors such as NO2 
(48.1 ppb in the polluted periods vs. 19.1 ppb in the clean periods) and N2O5 (319.2 vs. 91 ppt) were sub-
stantially elevated during the polluted periods. In addition, the formation of these gas precursors was also 
favorable due to increased oxidants of O3 (from 12.9 to 25.0 ppb) from fast ROx cycling and higher oxidant 
precursor concentrations during the polluted periods (Table 1) (Fu et al., 2020).

(b) The favored inorganic nitrate formation pathways. In this part, the impacts of NH3, RH, sulfate, aer-
osol liquid water contents (ALWC) and aerosol acidity (pH) on nitrate formation will be systematically 
discussed in the following. Based on the molar ratio of [NH4]/[SO4] > 1.5, the ammonium-rich conditions 
prevailed in the entire campaign (Figure S12a), suggesting there were excess NH3 in the ambient air to 
react with HNO3 to produce gas-phase NH4NO3 (Griffith et al., 2015; X. Liu et al., 2015). According to the 
deliquescence relative humidity (DRH) calculation for NH4NO3 in condensed phase (62.5% ± 1.5% by ln 
(DRH) = 723.7/T + 1.6954) (Seinfeld & Pandis, 2006), NH4NO3 during the polluted periods in this study 
mainly existed in the aqueous phase due to the higher ambient RH (∼82.5 ± 5.5%). Under the saturated 
NH3 and aqueous state conditions, the elevated sulfate mass concentrations during the polluted periods 
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Journal of Geophysical Research: Atmospheres

(13.4 µg m−3 in the polluted periods vs. 7.0 µg m−3 in the clean periods) would promote the inorganic nitrate 
formation in condensed phase not only by directly lowering the ion strength fraction of NH4NO3, thus de-
creasing equilibrium dissociation constant for favoring the partitioning of gas-phase NH4NO3 (Seinfeld & 
Pandis, 2006), but also through modulating ALWC and pH in an indirect way.

We further investigated the interaction of ALWC and pH with inorganic nitrate formation during the pol-
luted periods. The ALWC and particle pH were estimated using the ISORROPIA-II thermodynamic model 
at forward mode accounting for measured gas-phase ammonia (Fountoukis & Nenes, 2007) and the organic 
water was also taken into account (H. Guo et al., 2015). Detailed information can be found in Section S4. 
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Average ± SD

Average Clean periods Polluted periods

Total PM1 (µg m−3) 35.6 ± 20.8 20.9 ± 2.6 77.1 ± 22.1

Total PM1 from SMPS (µg m−3) 35.1 ± 18.6 17.1 ± 5.0 64.4 ± 14.1

PM2.5 (µg m−3) 36.5 ± 17.8 30.2 ± 3.9 60.2 ± 18.5

Total OA (µg m−3) 14.7 ± 8.8 7.0 ± 1.5 28.6 ± 6.4

 SV-OOA 3.8 ± 3.9 0.9 ± 0.7 8.0 ± 3.1

 LV-OOA 5.9 ± 3.2 3.6 ± 1.2 5.7 ± 1.5

 COA 2.2 ± 2.5 0.5 ± 0.6 5.0 ± 2.5

 HOA 2.6 ± 3.0 1.2 ± 0.9 7.1 ± 3.5

 NOA 0.5 ± 1.4 0.5 ± 0.2 0.7 ± 0.6

O:C 0.6 ± 0.1 0.8 ± 0.1 0.6 ± 0.1

H:C 1.6 ± 0.1 1.5 ± 0.1 1.6 ± 0.1

OA:OC 2.0 ± 0.2 2.1 ± 0.1 1.9 ± 0.1

Sulfate (µg m−3) 8.9 ± 4.2 7.0 ± 1.2 13.4 ± 3.2

Total nitrate (µg m−3) 4.5 ± 5.7 1.4 ± 0.7 14.8 ± 9.6

 Inorganic nitrate (µg m−3) 4.0 ± 5.7 1.3 ± 1.0 14.6 ± 9.7

 Organic nitrate (µg m−3) 0.6 ± 0.5 0.5 ± 0.2 0.3 ± 0.2

Ammonium (µg m−3) 4.1 ± 2.7 2.6 ± 0.4 8.4 ± 3.7

Chloride (µg m−3) 0.5 ± 0.7 0.16 ± 0.2 1.3 ± 0.9

BC (µg m−3) 3.0 ± 1.4 2.7 ± 0.5 5.2 ± 1.2

Temperature (°C) 23.7 ± 3.9 21.2 ± 1.5 25.1 ± 1.6

RH (%) 71.9 ± 17.4 60.2 ± 5.6 82.5 ± 5.5

Wind speed (m s−1) 4.5 ± 2.3 6.6 ± 1.5 1.5 ± 1.0

CO (ppm) 0.4 ± 0.1 0.5 ± 0.1 0.6 ± 0.1

NO (ppb) 12.1 ± 22.0 8.1 ± 9.0 32.4 ± 38.2

NO2 (ppb) 32.1 ± 17.9 19.4 ± 5.8 48.1 ± 12.1

N2O5 (ppt) 66.4 ± 337.1 91.3 ± 162.7 319.2 ± 971.6

SO2 (ppb) 1.9 ± 1.5 0.5 ± 0.3 2.2 ± 0.8

O3 (ppb) 32.0 ± 30.5 12.9 ± 10.2 25.0 ± 32.2

NH3 (ppb) 9.6 ± 3.5 7.7 ± 2.1 9.4 ± 2.0

ALWC (µg m−3) 34.1 ± 41.6 7.0 ± 2.2 78.6 ± 55.4

pH 2.6 ± 0.6 1.6 ± 0.3 3.1 ± 0.3

ALWC, aerosol liquid water content; COA, cooking organic aerosol; HOA, hydrocarbon-like organic aerosol; NOA, 
nitrogen-containing OA; SMPS, scanning mobility particle sizer.

Table 1 
Average Mass Concentrations and Standard Deviation (SD) of Total PM1 and Its Chemical Components, OA Factors, 
Gas Pollutants, and Metrological Parameters During the Entire Campaign, Clean Periods, and Polluted Periods
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The ALWC was greatly enhanced during the polluted periods (Figures 1e and S13b), which was mainly 
driven by the hydrophilic property of inorganic salts, for example, sulfate and inorganic nitrate, as shown 
in Figure 3a (Colberg et al., 2003; Wu et al., 2018; Xue et al., 2014). When the ALWC was considered in 
the total PM1, ALWC (34.1 ± 41.6 µg m−3) could account for 49% of PM1 mass concentration on average 
(Figure S13c).

High concentrations of ALWC can provide large surfaces for semi-volatile NH4NO3 condensation and N2O5 
uptake, thus enhance the formation of inorganic nitrate (Bertram & Thornton, 2009; Thornton et al., 2003). 
The scatter plot of gas-phase NH3 versus inorganic nitrate shows that when gas-phase ammonia was high-
er than ∼5 µg m−3, the inorganic nitrate concentration did not positively correlate with its precursors but 
increased as a function of ALWC (Figure 3b). Meanwhile, higher molar ratios of aerosol-phase [inorganic 
NO3]/[SO4] (mole mole−1), which increased as a function of ambient RH and ALWC, were also observed 
(Figures S12b and S12c).

We calculated the time series of pH values based on the estimated liquid H+ concentration from ISOR-
ROPIA-II and ALWC (H. Guo et al., 2015). The average pH in this study was 2.6 ± 0.7, within a range of 
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Figure 1. (a) Mass concentrations of total PM1 obtained from aerosol mass spectrometer and scanning mobility particle sizer, and online PM2.5; (b–c) Time 
series of meteorological parameters including wind speed, wind direction, temperature, relative humidity (RH); (d) Time series of CO and Ox (= O3+NO2); 
(e, f) Time series of main chemical components in PM1 and aerosol liquid water content (ALWC) calculated based on ISORROPIA model. The organic and 
inorganic nitrates are resolved based on NO2

+/NO+ method (Farmer et al., 2010; Fry et al., 2013), as detailed information shown in Section S3; (g) Time series 
of mass fraction of each component in total PM1. The pie charts of the average chemical composition of PM1 during (h) the whole periods, (i) the clean periods 
and (j) the polluted periods; (k) Fraction of each component in PM1 as a function of PM1 mass concentration. The probability density distribution of PM1 mass 
concentration was shown on the right axis. Local time (UTC+8) is used here and also in the following figures.
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1.1–3.8. As shown in Figure 3c, the gas-particle partitioning of inorganic nitrate is very sensitive to the pH 
ranges. When pH increased above 3, NH4NO3 almost existed as particle phase. Although Figure S12d shows 
the pH in this study was mainly controlled by the sulfate based on the molar ratio of aerosol-phase [NO3]/
[2SO4] < 1 (H. Guo et al., 2016), a recent study proposed that aerosol pH and its uncertainty were mainly 
determined by the ambient ALWC when ammonia is abundant (Zheng et al., 2020). Color-coding of sulfate 
in Figure 3c indeed shows that the variation of sulfate did not impact the pH largely enough to influence 
gas-particle partitioning of inorganic nitrate substantially.

The interaction of ALWC and pH with inorganic nitrate formation is more complex if considering these 
processes in a dynamic way. On one hand, the higher ALWC and pH can promote the inorganic nitrate for-
mation, on the other hand the substantially increased inorganic nitrate would also impose positive feedback 
on ALWC and pH values (Figure 3d), for example, higher inorganic nitrate concentrations would promote 
more ALWC formation due to its hydrophilicity, while more ALWC would dilute the H+ and lead to high-
er pH of aerosols, then favor the gas-phase NH4NO3 condense in the aerosol phase. We illustrated these 
mutual promotion processes in Figure 3d, which provides a co-beneficial control strategy for fine particle 
concentrations under the polluted periods (Y. Wang, Chen, et al., 2020).

3.3. Size Distributions

The average mass size distribution of total aerosols measured by the AMS shows good agreement with that 
from the SMPS (Figure 4a), verifying the robustness of size distributions measured here. The aerosol size 
distributions in the polluted and clean periods are also shown in Figures 4b and 4c. During the polluted pe-
riods, the average peaks of size distributions of each species (vacuum aerodynamic size, dva = 600–700 nm) 
were generally larger than these from the clean periods (dva = 500–600 nm), indicating a faster particle 
growth rate of aerosols during the haze events. Note that the size peaks of species under PM2.5 ranges 
might be slightly larger than the values shown here due to AMS lens size cut of PM1 was used here (Elser 
et al., 2016).

CHEN ET AL.
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Figure 2. A summary of average chemical compositions of PM1 measured by aerosol mass spectrometer in the Pearl 
River Delta (PRD) areas. The inserted plot shows the ratios of measured NH4 versus predicted NH4 at each observation 
site. The ammonium balance ratios suggest the overall aerosols are acidic in the PRD region. For comparison, the 
organic nitrate masses resolved in this study were added into the total OA masses.
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The similar size distributions of the SIA species (sulfate, ammonium, nitrate) and chloride during the pol-
luted periods suggested a well internally mixed state of these components, which is consistent with what 
has been observed during the haze events in other urban areas (W. Hu, Hu, Hu, Jimenez, et al., 2016; Y. J. 
Li, Lee, et al., 2015; Y. Sun et al., 2016). The well mixed state of aerosols in the polluted periods indicates dif-
ferent inorganic species might have been through the similar growth processes, for example, the promoted 
nitrate formation from increased sulfate mass concentration (as discussed above) and from chloride (Qiu 
et al., 2019) is probably one of the reasons. During the clean periods, the peak of sulfate size distribution 
was slightly higher (∼580 nm) than those from nitrate and chloride (∼520 nm, Figure 4b), implying sulfate 
might have different origins and/or transformation mechanisms with other species, for example, from cloud 
chemistry or transportation from other regions (Ge, Seytan, et al., 2012; Ge, Zhang, et al., 2012; W. Hu, Hu, 
Hu, Jimenez, et al., 2016; Ovadnevaite et al., 2007; Q. Zhang et al., 2005).

Compared to SIA, OA showed extra enhanced mass contributions at dva of 100–400 nm in the both clean and 
polluted periods, which is consistent with observed results in other urban areas (Allan et al., 2003; Huang 
et al., 2010; J. Sun et al., 2010, and references therein). The excess mass of OA at smaller dva was probably 
contributed by the primary sources (i.e., vehicle emissions), which is supported by the similarly enhanced 
mass of vehicle emission tracer m/z 57 (C4H9

+ and C2H3O+) at the smaller dva (Figure 4e). Meanwhile, the 
peaking sizes of SOA-tracers m/z 44 (CO2

+, 550–700 nm) and m/z 43 (C3H7
+ and C2H3O+, ∼500–600 nm) 

are slightly larger than primary tracer m/z 57 (∼500 nm), which is consistent with their secondary origins 
(Ng, Canagaratna, Jimenez, Chhabra, et al., 2011; Yatavelli et al., 2015). The high-resolution ion fitting of 
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Figure 3. (a) Scatter plots of sulfate and inorganic nitrate versus calculated aerosol liquid water content (ALWC) only 
based on ISORROPIA model; (b) Scatter plot of gas-phase NH3 versus aerosol-phase inorganic nitrate, which was 
color-coded by the total ALWC; (c) Fraction of aerosol-phase inorganic nitrate in total nitrate (gas + aerosol phase) as 
a function of pH. The scatters were color-coded by the sulfate mass concentrations; (d) Schematic plot of the positive 
feedback among particulate NO3, SO4, ALWC and pH.
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the UMR m/z 44, 43, and m/z 57 can be found in Figure S14. As the dva increased from 80 nm to 1 µm, the 
SIA fraction in PM1 ranged from 20% to 60%, leading to an enhanced PM1 density from 1.4 to 1.6 g cm−3 (BC 
is not included). The large variation of aerosol chemical compositions as a function of dva highlights the 
complex sources and formation mechanism of different species.

3.4. Source Apportionment of OA

The five OA factors in this study include three types of POA (28%): nitrogen-containing OA (NOA, 3%), 
hydrocarbon-like OA (HOA, 16%), cooking OA (COA, 8%), and two types of SOA (72%): low-volatility oxy-
genated OA (LV-OOA, 45%), and semi-volatile oxygenated OA (SV-OOA, 27%).

3.4.1. NOA

The nitrogen-containing OA (NOA) showed similar prominent nitrogen ions in the spectrum as aliphat-
ic amine, for example, CH5N+ (m/z 31), C2H4N+ (m/z 42), C3H6N+(m/z 56) and C3H8N+ (m/z 58) (Aiken 
et al., 2009; Hayes et al., 2013; Y. L. Sun et al., 2011). NOA only contributed 3% of total OA masses, which is 
similar to the low contributions of NOA (or called LOA) found in other studies, such as 5% in the Pasadena 
study (Hayes et al., 2013), 5.8% in the New York City study (Y. L. Sun et al., 2011), and 9% in the Mexico 
study (Aiken et al., 2009). Auto-correlation plots of OA factors describe their correlations with themselves 
on different time offsets (Hayes et al., 2013). The auto-correlation curve of NOA in this study is very narrow, 
suggesting this factor may come from a relatively transient local source (Figure 5f). The peaking time of 
NOA mass in the diurnal variation was consistent with the morning traffic rush hours (∼8:00), indicating it 
might originate from the emissions of surrounding traffic flows (Figure 5d). It is also supported by the posi-
tive correlation between NOA and propene (R = 0.58) which emitted from gasoline cars (H. Guo et al., 2011; 
Hong-li et al., 2017) (Figure S8).
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Figure 4. (a) Average size distributions and main components of NR-PM1 measured by aerosol mass spectrometer and total aerosol size distributions from 
scanning mobility particle sizer (dashed line). Vacuum aerodynamic sizes (dva) were shown here. Average size distributions of NR-PM1 species in the (b) clean 
periods and (c) polluted periods; (d) The fraction of NR-PM1 species (left axis) and PM1 density (right axis) as a function of dva; Average size distributions of 
m/z 43, m/z 44, m/z 57 in the (e) clean periods and (f) polluted periods. The detailed high resolution ion compositions for m/z 44, 43 and 57 can be found in 
Figure S14. Note the total nitrate size distribution is shown here. Since inorganic nitrate dominated the total nitrate (∼88% in average), the total nitrate size 
distribution should resemble the inorganic nitrate size distribution here.
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3.4.2. HOA

Consistent with the previous studies (Canagaratna et al., 2004; Ng et al., 2010), the spectrum of HOA is 
dominated by alkyl fragments (CnH2n+1

+ and CnH2n-1
+, Figure 5a). Average O:C of HOA (0.2) in this study 

is within the range of 0.1–0.5 summarized in HOA from prior studies (Aiken et  al.,  2008; Canagaratna 
et al., 2015; Jimenez et al., 2009; Y. J. Li et al., 2017; Zhou et al., 2020).

High correlations were also observed between the time series of HOA with BC (R = 0.72), NOx (R = 0.81) 
and propane (R = 0.88, Figure S8), supporting the vehicle emission related origins of HOA reported in the 
previous studies (Docherty et al., 2011; Lanz et al., 2007; Ulbrich et al., 2009; Q. Zhang et al., 2005, and 
references therein). HOA exhibited slightly enhanced peaks in the morning and prominent peaks during 
nighttime (18:00 to 21:00) when the traffic jam happened (Figure 5d). Similar variations were also observed 
in HOA/ΔCO, HOA/BC when excluding atmospheric dilution effects (Figure 6a), supporting the associa-
tion of HOA with vehicle emissions. The less enhanced morning peak of HOA is probably associated with 
the separation of NOA factor in PMF solution. The latter contributed a fraction of POA masses from fresh 
vehicle emissions in the morning, which is supported by the prominent morning and night peaks in the 
diurnal variation of (NOA + HOA)/BC (Figure 6a).

It is well known that many cities have weekday/weekend effect on air pollutants due to the varied traffic 
emissions. In downtown areas of Guangzhou, the mass concentrations of primary species including POA 
(i.e., HOA and COA), BC and NOx were greatly enhanced during the nights of the weekends compared 
to those at weekdays (Figure  7). The enhancements of primary species during weekends are quite con-
trary to the observation results in Pasadena where low concentrations of HOA and NOx due to low traffic 
flows during weekends were found (Hayes et al., 2013). Secondary species and meteorological parameters 
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Figure 5. (a) High-resolution spectra and (b) time series of five OA factors: hydrocarbon-like OA (HOA), cooking-emission OA (COA), nitrogen-containing 
OA (NOA), low-volatility oxygenated OA (LV-OOA), semi-volatile oxygenated OA (SV-OOA). The time series of external tracers for each factor were also shown 
in panel (b). (c) Pie chart of average OA factor fractions in total OA; (d) Diurnal variations of five OA factors; (e) Diurnal variations of the different OA factor 
fractions in total OA (left axis). The probability distribution of OA mass concentration was shown on the right axis; (f) The autocorrelation of time series of each 
OA factor.
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showed negligible differences between the weekday/weekend regarding diurnal variations (Figure 7). After 
investigations, we found the enhanced HOA, BC, and NOx mass concentrations on weekends were proba-
bly caused by the high returning traffic flows from suburban or surrounding cities to Guangzhou cities on 
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Figure 6. (a) Diurnal variations of hydrocarbon-like organic aerosol (HOA)/ΔCO (ΔCO = CO-background CO), HOA/BC, (HOA + NOA)/BC and NOx. (b) 
Diurnal variations of cooking organic aerosol (COA) and dilution-corrected COA based on boundary layer height (COA × PBL). Diurnal variations of cooking 
tracer: four fatty acids including oleic acid (C18H34O2), linoleic acid (C18H32O2), stearic acid (C18H36O2) and palmitic acid (C16H34O2) measured by on-line 
FEAGEO-CIMS were also shown. Diurnal variations of COA in the (c) Chinese cities (Guangzhou, Beijing, Nanjing, Shenzhen) versus (d) European and US 
cities (New York, Paris, Pasadena).

Figure 7. Average diurnal variations of PM1 chemical components (first column), OA factors (second column), trace gases (third column) and meteorological 
parameters (fourth column) during weekdays (solid line) and weekends (dashed line).
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Sunday evenings. The weekday/weekend effects on vehicle-related primary species underscore the impor-
tant contributions of vehicle emissions to fine particles.

3.4.3. COA

The fatty acids (e.g., oleic acid, linoleic acid, stearic acid, etc.) were reported to be the main quantified organ-
ic compounds (∼75%) from the residential cooking emissions (Reyes-Villegas et al., 2018; Zhao et al., 2015). 
In this study, the PMF resolved COA factor based on AMS was compared to these ambient cooking tracers 
at high time resolution (1 h) for the first time. Generally, COA showed the best correlations with aerosol 
fatty acids among all the PMF factors, for example, oleic acid (C18H34O2, R = 0.77), linoleic acid (C18H32O2, 
R = 0.72), stearic acid (C18H36O2, R = 0.76), azelaic acid (C9H16O4, R = 0.81), and palmitic acid (C16H32O2, 
R = 0.73, Figures 5b and S15), supporting the validity of COA resolved here and the finding that COA was 
mainly composed by cooking oil from frying in urban areas (Reyes-Villegas et al., 2018).

On average, COA accounted for 8% of the total OA at Guangzhou (Figure 5c). Note that although a high-
er RIE (1.56–3.06) (Katz et  al.,  2021; Reyes-Villegas et  al.,  2018) or unit CE of COA instead of 0.5 (Yin 
et  al.,  2015) were proposed in other literatures, we did not find a better correlation of the total aerosol 
masses between SMPS and AMS when such high ranges response factors (RIE x CE = 0.4–5) were applied 
(Figure S16), which is probably due to the uncertainty of measurement techniques and low COA fraction in 
total aerosol (8%). Thus, a default RIE of 1.4 and CE of 0.5 for COA were still used here.

COA was widely observed in urban areas all over the world. For comparisons, the COA mass concentra-
tions and fractions in total OA based on the literature results were summarized in Figure 8. In general, the 
fractions of COA in bulk OA (17%–18% on average) are similar across different regions in the world (for 
example, Crippa et al., 2013; Kim et al., 2017; Y. Sun et al., 2016; Xu et al., 2014) (Table S2), while COA 
showed higher mass concentrations in China than these from western countries (for example, W. Li, Liu, 
et al., 2018; Y. L. Sun et al., 2013; Y. Wang, Wang, et al., 2018; Y. Zhang et al., 2015). The universal high COA 
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Figure 8. Summary of the cooking organic aerosol (COA) fraction in total OA based on aerosol mass spectrometer measurements. We categorized different 
studies based on the locations of their observation sites: North China (blue bars), South China (orange bars), American (pink bars), Europe (mint bars) and 
other cities (gray bars). The three insert pies represented the average COA fraction in total OA corresponding to each category. Note that selected results from 
Beijing were shown here.
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fractions of OA in urban areas indicate cooking is a non-negligible source for non-fossil carbons in urban 
areas. And the high COA concentrations in China also indicate the cooking emissions needs to be better 
controlled for improving the air quality in urban areas.

The diurnal variation of COA, as well as the cooking tracer organic fatty acids, showed two enhanced peaks 
during 12:00–13:00 (2.7 µg m−3) and 19:00–20:00 (4.1 µg m−3), which corresponds to the lunch and dinner 
time respectively (Figure 6b). The enhanced COA during the weekend night (Figure 7) is probably associ-
ated with the enhanced domestic cooking activities. By comparing the diurnal variation of COA with other 
studies, it is interesting to find that the COA peaking time in China, especially for the dinner peaking time 
(∼20:00) (Cao et al., 2018; W. Hu, Hu, Hu, Jimenez, et al., 2016; J. Wang et al., 2016), is generally 1–2 h 
earlier than those from the western countries (Figures 6c and 6d) (Crippa et al., 2013; Hayes et al., 2013; Y. 
L. Sun et al., 2011). The peaking time differences are probably caused by the different lifestyle in different 
countries.

3.4.4. SV-OOA and LV-OOA

Both the LV-OOA and SV-OOA are distinguished by the prominent ions of m/z 44 (CO2
+) and m/z 28 (CO+). 

The LV-OOA showed the highest O:C ratios of all factors (0.89), and then followed by SV-OOA of 0.73. The 
O:C ratios of both factors are within the range of 0.64–1.15 reported in the diverse OOA factors from the 
previous studies (Aiken et al., 2008; Jimenez et al., 2009; Ng, Canagaratna, Jimenez, Chhabra, et al., 2011; 
Zhou et al., 2020). Good correlations are found between LV-OOA and sulfate (R = 0.64), as well as acetone 
(C3H6O, R = 0.54, Figure S8) (Aiken et al., 2009; Huang et al., 2010; Q. Zhang et al., 2007, and references 
therein). The long lifetime of sulfate and acetone (∼a few days) supports the LV-OOA was relatively aged in 
ambient air and strongly influenced by regional transport (Hayes et al., 2013; Lanz et al., 2007).

The diurnal variation of SV-OOA peaked around 12:00–14:00 of noontime despite the expanded bound-
ary layer, suggesting SV-OOA was freshly produced from the photochemical process and is similar to the 
SV-OOA found in other studies (Y. L. Sun et al., 2011; J. Zhang, Liu, et al., 2013; Q. J. Zhang, Beekmann, 
et al., 2013). Good correlations were found between SV-OOA and VOC photochemical oxidation products 
like pentanone (R = 0.70) (Figure S8). Based on the same campaign, C. Wang, Yuan, et al. (2020) found the 
oxidation from long-chain alkanes (C8-C20) and aromatics can explain ∼35% of the fresh SOA formation 
during noontime.

We compared our OA factors results with other studies conducted in the PRD regions in Figure S17. It 
showed that the SOA can account for 43%–78% of the OA masses in different areas of the PRD, with ∼60% 
for urban areas and ∼73% for downwind sites in average. The result that higher SOA fractions in downwind 
areas than in cities is similar to the trend found in the global data set (urban 65% to suburban 83%) (Q. Zhang 
et al., 2007). The increasing trend of the OOA fraction is mainly due to a longer aging time of OA and/or 
less primary emission contributions to OA at downwind sites (DeCarlo et al., 2010; Jimenez et al., 2009).

3.5. The Photochemical Oxidation Evolution of OA

In this section, the SOA formation as a function of photochemical age was explored, as shown in Figure 9. 
The atmospheric dilution effect of OA can be ignored when normalizing OA and OA factors with ΔCO (= 
relative change between ambient CO and background CO of 125 ppb, Figure S18). The photochemical age 
was calculated by the ratio of m + p-xylene to ethylbenzene with different OHk , leading to different lifetime 
in the atmosphere (de Gouw, Middlebrook, et al., 2005; de Gouw, Warnekea, et al., 2005; Y. Wang, Yuan, 
et al., 2020; Wu et al., 2020), and the detailed calculation process can be found in Section S5. For comparison 
with previous studies, an average ambient OH concentration of 1.5 × 106 molecule cm−3 was assumed here. 
Similar to the prior studies (DeCarlo et al., 2010; Hayes et al., 2013; W. W. Hu et al., 2013; Nault et al., 2018; 
Schroder et al., 2018), OA/ΔCO increased as a function of photochemical age at a slope of ∼2.7 µg m−3 h−1 
(Figure 9a), which is lower than the findings in the Seoul urban plumes by aircraft measurements (Nault 
et al., 2018), however higher than the results from Beijing (W. Hu, Hu, Hu, Jimenez, et al., 2016) and Chi-
nese outflows measured at a receptor site of NCP (W. W. Hu et al., 2013). When the photochemical age 
was above 7 h, the OA/ΔCO enhancement rate increased fast, which is similar to the observations in Los 
Angeles and Mexico City (2–5 µg m−3 h−1) (Dzepina et al., 2009; Hayes et al., 2013). The averaged OA/ΔCO 
ratios as a function of photochemical age during the day and night are shown in Figure S19. Consistent 
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increase of OA/ΔCO between the campaign average and the daytime average versus photochemical age 
was found, indicating the daytime chemistry dominated the total OA/ΔCO evolution. The OA/ΔCO during 
nighttime shows negligible variation with photochemical age. It is mainly due to the low OH concentrations 
in the night leading to the inefficient chemical transformation for VOCs species (de Gouw et al., 2017). The 
different OA factors/ΔCO and its fraction of total OA as a function of photochemical age were further in-
vestigated in Figures 9b and 9c. The fast increase of OA versus photochemical age was mainly contributed 
by SV-OOA (slope = 1.7 µg m−3 h−1) and LV-OOA (slope = 1.2 µg m−3 h−1), indicating the SOA, especially 
the freshly formed SV-OOA produced rapidly within the short timescale (<14  h) of photochemical ag-
ing process. During this process, vehicle emission-related HOA/ΔCO decreased rapidly (slope = −0.7 µg 
m−3 h−1, HOA fraction of OA from 24% to 6%) with the enhanced photochemical age, while COA/ΔCO 
(slope = 0.3 µg m−3 h−1, COA fraction of OA ∼14%) and NOA/ΔCO (slope = −0.1 µg m−3 h−1, NOA fraction 
of OA ∼4%) show much less variation (Figures 9b and 9c). The fast decrease of HOA/ΔCO as a function 
of photochemical age is consistent with the finding that freshly emitted HOA in the ambient air would 
undergo dilution with the background air masses and/or be oxidized to produce SOA efficiently due to its 
semi-volatile properties (Cappa & Jimenez, 2010). The slightly changed COA/ΔCO also agrees with a much 
lower volatility distribution for COA than HOA in ambient air (Buonanno et al., 2011; Cao et al., 2018).

The intercept of POA (=HOA + COA + NOA)/ΔCO was 16 µg m−3 ppm−1 when photochemical age was 
zero, which was in the range of 2–23 µg m−3 ppm−1 reported in urban areas (De Gouw & Jimenez, 2009; 
DeCarlo et al., 2010; Hayes et al., 2013; Nault et al., 2018). The emission ratio of POA versus CO was around 
15 µg m−3 ppm−1 if COA was excluded (Figure S20a). The emission ratio between POA and BC is around 
10 (Figure S20b).
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Figure 9. (a) Ambient OA/ΔCO as a function of photochemical age; ΔCO = ambient CO-background CO. Background 
CO of 125 ppb was applied here (Figure S18). Results from other literature results were also shown. Orthogonal 
distance linear regression was applied here and in the following. (b) Different OA factors/ΔCO as a function of 
photochemical age. (c) Mass fractions of OA factors in total OA as a function of photochemical age.
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3.6. Elemental Compositions of OA

Figure 10a shows the comparison of average O:C (0.6 ± 0.1) and H:C (1.6 ± 0.1) in this study with other 
studies from China based on the updated IA calibrations in Canagaratna et al.  (2015). The O:C ratio in 
Guangzhou was generally at the higher end of O:C ranges reported in urban areas of China (0.3–0.65) (W. 
Hu, Hu, Hu, Jimenez, et al., 2016; Huang et al., 2010; Y. J. Li, Lee, et al., 2015; Xu et al., 2014, and references 
therein), and was comparable to the O:C ratios at the downwind urban sites (0.59–0.74) (Gong et al., 2012; 
W. W. Hu et al., 2013; Huang et al., 2011). The high O:C of OA suggests the OA in Guangzhou city was fairly 
oxidized, which is consistent with the dominance of SOA in total OA (72%) obtained in this study.

The diurnal variation of the O:C ratio was higher during the daytime than that at night, while the H:C ratio 
showed the opposite trend due to the replacement of alkyl ions by oxidized ions containing O elements 
(Figure 10b) (Aiken et al., 2008; Heald et al., 2010). The increase of the O:C ratio from 0.6 to 0.7 in the after-
noon was mainly caused by the enhanced SV-OOA formation through the strong photochemical oxidation 
during this period (Figure 5d). The enhancements of H:C ratio during rush hour and noontime were mainly 
associated with the primary emissions from cooking and traffic within these time intervals. Average carbon 
oxidation state (OSC = 2 × O:C–H:C) (Kroll et al., 2011), displaying a similar diurnal variation as O:C, was 
approximately in the range of −0.5 to 0.

Van Krevelen plot, shown as H:C versus O:C, was usually used to depict OA aging which involves the pro-
cesses of oxidation, volatilization, condensation, and dilution in ambient air (Q. Chen et al., 2015; Heald 
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Figure 10. (a) Van Krevelen plots for OA of urban and downwind sites in China; (b) Diurnal profiles of O:C, H:C, OA:OC and carbon oxidation state OSc 
(= 2 × O:C–H:C) (Kroll et al., 2011) in this study; (c) Van Krevelen diagram for ambient OA and OA factors. A regression slope of −0.78 was shown. (d) O:C 
ratio of OA as a function of photochemical age in this study. Prior results from several other field measurements were also shown. The O:C in Hodzic and 
Jimenez (2011), Dzepina et al. (2011), and Hu et al. (2013) were corrected to IA method by multiplying a factor of 1.28. The insert is the probability distribution 
plot for photochemical age. To avoid fitting bias at higher photochemical age, we fitted the O:C versus photochemical age when the photochemical age is below 
15 h.
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et al., 2010; Ng, Canagaratna, Jimenez, Chhabra, et al., 2011). In this study, the evolution of O:C and H:C 
followed along a line with a slope of −0.78 (Figure 10c), which is between the slopes representing the car-
boxylic acids addition with fragments (−0.5) and carboxylic acid addition without fragmentation or alco-
hol + carbonyl addition on different carbons (−1) (Heald et al., 2010; Ng, Canagaratna, Jimenez, Chhabra, 
et al., 2011). This regression slope of ambient OA is within the statistical range of slopes (−0.6 to −0.8) in 
most urban areas in China (Y. J. Li et al., 2017). The O:C versus H:C from OA factors also evolved along the 
regression line and exhibited a similar oxidation pathway as the ambient data (Figure 10c).

For a further investigation on OA evolution, the correlation between the O:C ratio and photochemical age 
is shown in Figure 10d, along with other previous studies (DeCarlo et al., 2010; Hodzic & Jimenez, 2011; 
W. Hu, Hu, Hu, Jimenez, et al., 2016; W. W. Hu et al., 2013; Nault et al., 2018). The O:C in Guangzhou 
increased rapidly as photochemical age was higher (<1 day), suggesting a very fast oxidation process of 
OA in the ambient air. The evolution pathway of OA shown here is nearly identical to the Mexico City 
observation and Seoul aircraft results when the photochemical age is >∼0.5 days. The scatter plot between 
O:C and photochemical age can be fitted to an equation as: O:C = a–b × exp (c × age) when assuming bulk 
OA reactions are first-order process proportional to OH radicals, then the reaction rate coefficient with OH 
radicals ( OHk ) can be roughly determined based on the ratio of fitted parameter c with average OH radicals 
concentration in the ambient air (DeCarlo et al., 2010; W. W. Hu et al., 2013). Finally, OHk  was estimated to 
be 7.4 × 10−12 cm3 molecules−1 s−1, which is in the range of values (0.3–1.25 × 10−11 cm3 molecules−1 s−1) 
reported in other anthropogenic influenced areas (Hodzic & Jimenez, 2011; Spracklen et al., 2011).

3.7. Determination on Heterogeneous Reaction Rate With OFR

The heterogeneous reaction of bulk OA was investigated by sampling ambient OA into the OFR. As the OH 
equivalent aging time in OFR varied from several hours to several weeks in OFR when gas-phase VOCs was 
removed with charcoal denuder (Decemeber 6 to December 12), we barely observed OA decay in the OFR 
(Figure 11a), suggesting a very slow heterogeneous reaction rate of ambient OA with OH radicals (George & 
Abbatt, 2010; Kroll et al., 2015). Due to the small decrease of total OA, there might be large uncertainties for 
the heterogeneous reaction rate coefficient ( OH,heteok ) estimation if such a decay is fitted. Thus, we furtherly 
investigated the decays of primary species of HOA and COA in the OFR, which were obtained with the 
entire campaign data set, and were suitable for heterogeneous reaction analysis since secondary HOA and 
COA formation can be ignored during the short residence time in OFR (160 s).

Making use of a raw OA mass spectral matrix from OFR, the HOA and COA in OFR were obtained by 
constraining ambient HOA and COA PMF spectra (W. Hu, Hu, Hu, Jimenez, et al., 2016) in ME-2 with a 
value = 0. The mass fraction of HOA in OFR decreases substantially as OH exposure increases (Figure 11a), 
while COA showed enhancement at ages <4 days (Figure 11b), which might be influenced by uncertainty 
from PMF analysis. Thus, we further explored the decay of COA tracer C6H10O+ ion (Y. L. Sun et al., 2011) 
and HOA tracer C4H9

+ ion (Ng, Canagaratna, Jimenez, Zhang, et al., 2011) in Figure 11. Continuous decay 
of C6H10O+ and C4H9

+ ions as a function of OH exposure was observed in OFR. In the following, we will use 
C6H10O+ decay as the representative for COA in OFR.

There might be two processes leading to the HOA and COA decays in OFR. One is chemical oxidation and/
or fragmentation caused by the heterogeneous reaction of OH radicals, the other is evaporation due to the 
fast removal of gas-phase equilibrated species oxidized by OH radicals. Since HOA has higher volatility, 
which might lead to its evaporation during the aging process in OFR (Cappa & Jimenez, 2010). Thus, the 
HOA decay here represents the upper limit for loss from heterogeneous reactions. Similar assumption is 
also applicable to COA tracer although it is supposed to have a lower volatility than HOA (Cao et al., 2018; 
Takhar et al., 2019).

By fitting the HOA and COA tracer (C6H10O+ ion) decay processes, an upper limit of OH,heteok  was estimated 
to be 5.4 × 10−13 and 4.0 × 10−13 cm3 molecule−1 s−1, respectively, which is equivalent to lifetime of 14 and 
19 days by assuming an average OH concentration of 1.5 × 106 molecule cm−3 in ambient air. Similar OH,heteok  
(4.0 × 10−13 cm3 molecule−1) was obtained based on the HOA tracer C4H9

+ ion. The estimated OH,heteok  is 
in the lower range of OH,heteok  based on laboratory-generated motor oil OA (4 × 10−13-3.4 × 10−11 cm3 mole-
cule−1 s−1) (Isaacman et al., 2012; Weitkamp et al., 2008), however, is comparable or slightly higher than the 
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ambient OA from field studies using OFR (1.5–4.0 × 10−13 cm3 molecule−1 s−1) (W. Hu, Palm, et al., 2016; 
Ortega et al., 2016). The long heterogeneous lifetime of HOA and COA (∼2 weeks) is consistent with that 
of ambient isoprene-derived SOA (∼19 days) obtained in the southeastern United States and amazon forest 
areas using a similar estimation method with OFR, and slightly less than the OA lifetime estimated from 
Los Angeles (∼50 days) by fitting the total OA/ΔCO versus photochemical age in OFR. The generally lower 

OH,heteok  of ambient OA compared with the laboratory generated OA emphasizes the more oxidized and 
complicated state of ambient OA than the laboratory-generated aerosols, underscoring the importance to 
investigate atmospheric processes under ambient conditions. Within the ambient RH range of 40%–100%, 
we found negligible influences of RH to the decay of HOA and the COA tracer (C6H10O+) as a function of 
OH exposure, as shown in Figure S21. It is consistent with the finding that when ambient RH is above 50%, 
the ambient particles were general liquid based on particle bounce measurements in other Chinese megac-
ities (Bateman et al., 2015; T. Liu, Zhou, et al., 2019; Y. Liu, Wu, et al., 2019). Thus, the kinetic limitations 
for OH uptake due to slow diffusion in ambient OA should be negligible (Y. J. Li, Liu, et al., 2015; Pajunoja 
et al., 2016).

Based on OH,heteok  discussed above, an effective reactive uptake coefficient of OH radical (OH) on ambient 
OA can be estimated in the following equation (Smith et al., 2009):

    


 
OH OA 0

OA OA

4
c MW

Ak V N
S 

where the OHk  is the heterogeneous reaction rate coefficient of OA. OAV  and OAS  are the aerosol volume and 
aerosol surface area, respectively. The ratio of VOA/SOA, which can be obtained from SMPS, is calculated as 
0.054 × 10−6 m in this study. MWOA is the molar mass of OA. Here we assuming the molar masses of both 
HOA and COA are 170 g mol−1 (Smith et al., 2009). ρ0 is the aerosol density of in OFR (1.59 ± 0.09 g cm−3). 
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Figure 11. Mass fraction remaining (MFR) of (a) bulk OA, hydrocarbon-like organic aerosol (HOA), C4H9
+ ions (HOA 

tracer) as a function of OH exposure. The MFR =  0/iC C  were calculated based on species mass concentration in 
OFR output ( iC ) versus these in ambient air ( 0C ). The HOA decay results obtained from Amazon forest areas based on 
Palm et al. (2018) was also shown; (b) MFR of cooking organic aerosol (COA) and C6H10O+ ion (COA tracer) in OFR 
output as a function of OH exposure. We fitted the decay based the equation of  


OHOH exp

0/ k
iC C e , where OHk  is 

the heterogeneous reaction rate coefficient between species C and OH radicals. expOH  is the OH exposure estimated in 
OFR. Quantile here is referred to the averaged values from continuous intervals by dividing the number of datapoints 
into user-defined equal probabilities.
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c is the mean speed of gas-phase OH radicals, calculated as (8 RT = πM)0.5. c = 604 m s−1 (T = 293 K) was 
estimated here. NA is the Avogadro's number. More detailed information on this calculation also can be 
found in Section S6 and Table S3.

The final estimated OH based on HOA and COA tracer decay was 0.84 and 0.76, respectively, which are 
generally consistent with the OH obtained using the ambient isoprene-derived SOA in OFR (0.59–0.68) 
and in the range of OH from the motor oil OA (0.72–8) and cooking tracer palmitic acid (0.8–1) (Isaacman 
et al., 2012; McNeill et al., 2008). The high OH obtained here suggests the OH radicals can be efficiently 
taken up on the ambient particle surfaces in the urban plumes.

4. Conclusions
The real-time compositions, size distributions and aging processes of submicron aerosol (PM1) were sys-
tematically investigated in urban area of Guangzhou during the autumn (October–November) of 2018. The 
average mass concentration of PM1 during the campaign was 35.6 ± 20.8 µg m−3, which was mainly contrib-
uted by OA (42%), then followed by sulfate (25%) and inorganic nitrate (11%). Consistent with the previous 
studies, the inorganic nitrate was found to be the main contributor for the enhancement of fine particles 
(40%–50%) during the polluted periods in Guangzhou autumn. In addition to adverse meteorology condi-
tions (e.g., shallow boundary layer), the fast increase of nitrate formation during the polluted periods was 
not only due to higher precursor concentrations of nitrate (such as NO2, N2O5, NH3), but also through the 
positive feedback from higher sulfate, ALWC and pH values. The promotion effect among nitrate, sulfate, 
ALWC, and pH suggests that the cooperative control of multiple components is necessary for solving the 
haze formation.

Source apportionment results showed the ambient OA in Guangzhou autumn was comprised of primary 
vehicle emission related OA: NOA (NOA, 3%), HOA (16%), and cooking emission related COA (8%), as 
well as freshly formed SOA (SV-OOA, 27%) and aged-SOA (LV-OOA, 45%). The weekday/weekend effects 
showed substantially enhanced HOA and COA during weekend nights, which might be associated with the 
increased returning traffic flows from surrounding areas and increased household cooking activities. The 
COA fractions in total OA (17%–18% in average) are generally similar among different regions, suggesting 
cooking is a non-negligible non-fossil source in urban areas across the world, and shall be seriously consid-
ered in the policy-making for the fine particle control.

The dominance of SOA in total OA in Guangzhou autumn led to a high OA oxidation state (O:C = 0.6 ± 0.1, 
H:C = 1.6 ± 0.1, OSC = −0.3 ± 0.1). The OA/ΔCO increase as a function of photochemical age with the 
dominant contributions from SV-OOA and LV-OOA. The aging process of OA was further investigated with 
a field-deployed OFR based on OH chemistry. By fitting the continuous decays of HOA and COA tracer ver-
sus OH exposure in OFR, the upper heterogeneous oxidation reaction rate ( OH,heteok  = 4.0–5.4 × 10−13 cm3 
molecules−1 s−1) was obtained, which is equivalent to more than 2 weeks of heterogeneous lifetime of am-
bient OA. The OH,heteok  obtained across different types of OA species is one magnitude lower than the bulk 

OHk  estimated based on fitting the ambient O:C with photochemical age (7.4 × 10−12 cm3 molecule−1 s−1), 
indicating gas-phase oxidation played an important role during ambient OA aging processes and the heter-
ogeneous oxidation pathway was not the main sink for ambient OA. Finally, the OH was estimated based 
on the calculated OH,heteok . The high OH with 0.84 of HOA and 0.76 of COA underscore the efficient uptake 
of OH radicals on ambient OA.
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