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Abstract

A PMzs-capable aerosol chemical speciation monitor (Q-ME®as deployed in urban Nanjing,
China for the first time to measure in-situ non-aefory fine particle (NR-Pk) composition from
October 20 to November 19, 2015 along with paratieasurements of submicron aerosol (PM
species by a standard Q-ACSM. Our results showtti@atNR-PM s species (organics, sulfate,
nitrate, and ammonium) measured by theBR-ACSM are highly correlatedq> 0.9) with those
measured by a Sunset Lab OC/EC Analyzer and a bfofuit AeRosols and GAses (MARGA).
The comparisons between the two Q-ACSMs illustratiedilar temporal variations in all NR
species between PMnd PM s, yet substantial mass fractions of aerosol speegze observed in
the size range of 1-2.5 um. On average, NR:-RMtontributed 53 % of the total NR-RNlwith
sulfate and secondary organic aerosols (SOA) kbiegwo largest contributors (26 % and 27 %,
respectively). Positive matrix factorization of argc aerosol showed similar temporal variations
in both primary and secondary OA between:R¥d PMs although the mass spectra were slightly
different due to more thermal decomposition onditure vaporizer of the P Q-ACSM. We
observed an enhancement of SOA under high reltiveidity conditions, which is associated
with simultaneous increases in aerosol pH, gaseppscies (N& SO, and NH) concentrations
and aerosol water content driven by secondary armcgaerosols. These results likely indicate an
enhanced reactive uptake of SOA precursors uporecau particles. Therefore, reducing
anthropogenic NQ SO, and NH emissions might not only reduce secondary inorgaarosols

but also the SOA burden during haze episodes ina&Chi
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1 Introduction

Atmospheric fine particles (PM,aerodynamic diameters 2.5um) are of great concern because

they degrade air quality (Zhang et al., 2015a)ycedsisibility (Watson, 2002) and negatively affect
human health (Pope and Dockery, 2006).2BMliso has potential impacts upon global climate
change and ecosystems. However, the impacts remgiy uncertain, mainly due to their
complex chemical and microphysical properties, smgcegHuang et al., 2014; Sun et al., 2014),
and the unclear interactions between meteorolodyamospheric aerosqiSun et al., 2015; Ding

et al., 2016). Therefore, continuous measuremdraerosol particle composition particularly in a
complete level with high time-resolution (e.g.,dehan 1 hour) are essential to understand the
variations and formation mechanisms of Pédnd are important to validate and improve chemical
transport models.

The aerodyne Aerosol Mass Spectrometer (AMS) (Jagred., 2000) is a state-of-the-art
instrument for measuring size-resolved chemicalpasition of non-refractory submicron aerosol
(NR-PMy) with a high time resolution from seconds to m@sgfimenez et al., 2003; Allan et al.,
2004; Canagaratna et al., 2007). Organic aerosol (OAasmed by the AMS can be further
deconvolved into various organic classes from diffiesources and processes using positive matrix
factorization (PMF)Paatero and Tapper, 1994; Lanz et al., 2010; Ulbrich et al., 2009; Zhang et al.,
2011), which has greatly improved our understandihthe key atmospheric processes of OA
during the last ten yeatZhang et al., 2007; Jimenez et al., 2009). Based on the AMS system, a
simpler instrument, the Quadrupole Aerosol ChemiSakciation Monitor (Q-ACSM), was
designed and developed for robust long-term mangoof the NR-PM chemical species (Ng et
al., 2011b; Sun et al., 2015). In China, the AMS and Q-ACSMldgments for highly time-
resolved chemical evolution processes of NR:Rlcies in urban and rural areas grow rapidly
since 200GSun et al., 2010; Huang et al., 2010; Sun et al., 2012a; Hu et al., 2013; Xu et al., 2014;

Zhang et al., 2015¢c; Sun et al.,, 2016). The new findings and conclusibave been well
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summarized in a recent review paper (Li et al.,7208econdary organic aerosols (SOA) and
secondary inorganic aerosols (e.g., sulfate, eitrahd ammonium) have been found to be of
similar importance in leading to the rapid formatind accumulation of PM during the severe
haze events in Chin@uang et al., 2014; Sun et al., 2014; Zhang et al., 2014). Recent studies have
shown that heterogeneous reactions associatedigtttanthropogenic NQand relative humidity
(RH) levels are one of the major formation mechasisf secondary aerosols, e.g., sulfate (He et
al., 2014; Xie et al., 2015; Cheng et al., 2016; Chu et al., 2016; Wang et al., 2016a; Xue et al., 2016).
One reason might be that the aqueous oxidatiorOafb§ NO; in aerosol water is facilitated by
the rich NH which can partly explain the rapid formation offate during severe haze events in
China (Wang et al., 2016a). Although the formatimachanisms of sulfate are relatively well
understood, the impacts of aerosol water on thadton of SOA in PMsremains unclear (Xu et
al., 2017b).

Limited by the aerodynamic lens, the previous AM& &-ACSM only measure aerosol
species in PM This is reasonable for the studies in the USEumbpe where PMaccounts for a
large fraction (typically > 70 %) of PM (Sun et al., 2011; Budisulistiorini et al., 2014; Petit et al.,
2015). However, a substantial fraction of aerosatiples in 1-2.5um (PMwi—25 is frequently
observed in China, and the contribution can be rtftmae 50 % during severe haze events (Wang
et al.,, 2015Zhang et al., 2015b). The source apportionmemnttsesf PM. might have differences
from PMps by missing such a large fraction of aerosol pksicin PM-2s Therefore,the
instruments which can measure P\Momposition in real-time are urgently needed im@&Hor a
better understanding of variations, sources, antidon mechanisms of P The techniques
for real-time measurements of inorganic species haen well developed, e.g., particle-into-liquid
sampler — ion chromatograph (PILS-IC) (Orsini et 2003), Monitor for AeRosols and GAses
(MARGA) (Du et al., 2011), and Gas and Aerosol €dibr — lon Chromatography (GAC-IC)
(Dong et al., 2012), and are also widely used feengical characterization of PMin China.

However, real-time measurements of the total omgam PMs and subsequent OA source
4



100

105

110

115

120

apportionment were barely performed in China (Eksteal., 2016). Although ambient organic
carbon (OC) and elemental carbon (EC) can be megsami-continuously, typically in hourly
resolution, they can only be used to differentfatenary and secondary OC using the EC-tracer
technique (Turpin and Huntzicker, 1995). In additisize-segregated filter samples can provide a
detailed chemical information in different size gas, but are greatly limited by the sampling
duration, typically days and even weeksighi et al., 2014; Xu et al., 2015; Ye et al., 2017).
Therefore, real-time characterization of P\ important to have a better understanding afsr
chemistry and sources of fine particles in hightylyted environments in China.

Very recently, a PMs lens that can transmit particles larger than 1tprhe AMS and Q-
ACSM detectors, has been developed and the perfmenhas been fully evaluated in both
laboratories and field studi€du et al., 2016; Hu et al., 2017; Xu et al., 2017a). The results showed
that the PMs-Q-ACSM equipped with the new developed captureoviapr (CV) can detect
approximately 90 % of the P particles, but more thermal decomposition of botrganic and
organic species was also observed. Although th@@duces different fragmentation patterns of
organic and inorganic compounds compared with tbbaestandard vaporizer (SV), it reduces the
particle bouncing effect at the vaporizer and heng@oves the quantitative uncertainties caused
by collection efficiency (CE). The recent evaluatif the CV for inorganic species measurements
showed overall agreements with those by co-locatedsurements (Hu et al., 2017). The2BM
AMS equipped with a SV was deployed once in Chiwajch provided new insights into
composition and sources of B¥n Beijing and Xi'an (Elser et al., 2016). Theuks showed that
secondary inorganic components (mostly sulfaterétnate) and oxygenated organic aerosol (OOA)
had large enhancements in large sizes (> 1 umhgitiie extreme haze periods in Beijing and
Xi'an. It is clear that such real-time measuremeafit8 Mz s composition, particularly for a longer
time with the new CV, in other polluted regions aeeded.

In this study, a Pis-Q-ACSM equipped with a CV was deployed for thstfiime in the

megacity of Nanjing for the real-time measuremdmR-PM..s composition. The performance of
5
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the PM5-Q-ACSM is thoroughly evaluated by comparing witlksemeasurements by a suite of
collocated on-line instruments, including a PGFACSM, a Sunset Lab OC/EC Analyzer and a
MARGA. The composition, diurnal variations, and gesses of aerosol species in NR4RMd

NR-PM_2 sare characterized and compared. Moreover, soofa@ganic aerosols are elucidated
by Positive Matrix Factorization (PMF) and new gttt into the impacts of aerosol liquid water

on the formation of secondary inorganic aerosots @A are discussed in this study.

2 Experimental methods

The measurement campaign took place from Octob&w R@vember 16, 2015 in Nanjing, which
is a typical mega-city in the western Yangtze Ribeita of Eastern China. The sampling site is

located at Jiangsu Environment Monitoring Cent&@® (302" 35" N, 118 44’ 45" E),

an urban station representative of an atmosphevicamment subject to multiple source influences,
including industry, traffic, cooking, and biogemimissions, etc. More detailed descriptions of this
sampling site can be found in previous stu@sng et al., 2015¢; Zhang et al., 2015b; Zhang et

al., 2017).

2.1 Instrumentation

In this study, two Q-ACSMs, i.e., a RMD-ACSM with SV and a Pkk-Q-ACSM with CV were
deployed side by side at the sampling. Jitee principles of the PMQ-ACSM have been detailed
elsewhere (Ng et al., 2011b). Briefly, ambientiaisampled into the aerodynamic lens system
through a 10Qum diameter critical aperture with a flow rate o85-cc min. The focused particle
beam is transmitted through the differentially pemshyacuum chamber into the detection region.
Aerosol particles impact and vaporize on an ovehetemperature of approximately 6@) and
then are ionized with 70 eV electron impact. Thedpiced ions are detected with a quadrupole

mass spectrometer (Ng et al., 2011b). Differeninftbe AMS system, the background of the Q-
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ACSM is determined by measuring particle-free air.

The differences between the Pnd PMsQ-ACSMs have been described in Xu et al.
(2017a). The three main modifications that enabtriate PMsquantification are the sampling
inlet, the aerodynamic lens, and the vaporizer. 3&mpling inlet of the PW-Q-ACSM uses
straight flow paths and relatively short lengthsutifing to minimize particle loss. The particleden
of the PM 5-Q-ACSM operates at a higher pressure than ththed?M-Q-ACSM (Liu et al., 2007,

Ng et al., 2011b) and transmits larger partihesk et al., 2016; Xu et al., 2017a). And the standard
vaporizer is replaced with the capture vaporizeeltminate the effect of particle bounce which
can lead to a fraction of the particle mass nobdpeletected, an effect which increases at larger
particle diameteréHu et al., 2016; Xu et al., 2017a). The PMand PM s Q-ACSM mass spectra
were analyzed using the Q-ACSM Local toolkit (VersiL.5.11.2), a data analysis software written
in Wavemetrics Igor Pro™. The detailed proceduceste data analysis have been described in
Ng et al. (2011b) and Sun et al. (2012a). The feitgiof the two Q-ACSMs were calibrated using
size-selected ammonium nitrate (ANOs) particles (300 nm), which were 1.09 x1and 2.06 x
1071, respectivelyfor the PM and the PMs-Q-ACSM. The relative ionization efficiencies (R)Es
of ammonium and sulfate were determined as 4.9%ahdand 0.8 and 1.2 for the HQ-ACSM

and PM .s-Q-ACSM respectively. The default RIE values of, L4, and 1.3 were used for nitrate,
organics, and chloride, respectively (Cgiratna et al., 2007; Ng et al., 2011b). In addition, the
composition-dependent CE, that is CE = max (0.483%B8 + 0.9167 x ANMF) (Middlebrook et
al., 2012), in which ANMF is the mass fraction aghmonium nitrate, was used for the mass
concentration quantification of the RND-ACSM species, while a CE = 1 was used for the #M
Q-ACSM (Xu et al., 2017a).

Water-soluble inorganic ions (NH Na', K*, C&*, Mg?*, SQ2-, NOs™, and Ct) in PMz s were
simultaneously measured by a MARGA at 1 h resatufioebs et al., 2004; Rumsey et al., 2014).
Ambient air was pulled into the MARGA sampling baith a flow rate of 16.7 L mirt. After

removing the interferences of water-soluble gagesWwet rotating denuder, aerosol particles were
7
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dissolved into the liquid phase, and then analywéutwo ion chromatographic systems (Metrohm
USA, Inc., Riverview, FL, USA). In addition, the smconcentrations of OC and EC in Rjwere
measured on a lhr-basis using a Sunset Lab. SeminGous OCEC Analyzer (Model-4)
implemented with the standard ‘abbreviated’ NIOS}M® thermal protocol (as detailed in Table
S1). A denuder was placed in the sampling lineetnave volatile organic compounds and avoid
positive sampling artefacts.

The particle number size distribution (3 nm—if) was measured by a Twin Differential
Mobility Particle Sizer (TDMPS, TSI Model 3081) cbined with an Aerodynamic Particle Sizer
(APS, TSI Model 3320). The TDMPS consists of twbsststems measuring different size ranges
of dry particles at the same time. The 3—20 nnmigastwere measured by an Ultrafine Differential
Mobility Analyzer (TSI Model 3085) in conjunctionith an Ultrafine Condensation Particle
Counter (TSI Model 3025) and the 20-900 nm pasielere measured by a Differential Mobility
Analyzer combined with a Condensation Particle Geu(TSI Model 3010). Large particles
between 900 nm and 1@n were measured by the APS.

Other collocated measurements included the total &M PM.s mass concentrations by a
Met one BAM 1020 and a PM Tapered Element Oscillating Microbalance equippéh a Filter
Dynamic Measurement System (TEOM-FDMS, Thermopeetvely, and the gaseous species of
CO (model 48i), NO/N@(model 42i), Q@ (model 49i), S@(model 43i), and Nki(model 17i) by
Thermo Scientific gas analyzers. Meteorologicalapagters, including wind speed (WS), wind
direction (WD), ambient temperatur€) (@and RH, and the parameters of solar radiation) ¢8id

precipitation were measured at the same sampliag si

2.2 Q-ACSM data analysis

PMF analysis of the PMand PM.s Q-ACSM organic mass spectra was performed withitgar
Pro-based PMF Evaluation Tool (Ulbrich et al., 20@&h the PMF2.exe algorithm (Paatero and

Tapper, 1994). Pretreatment of the data and erabrices was similar to that reported in previous
8
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studiegUlbrich et al., 2009; Zhang et al., 2011; Sun et al., 2012b). In additiom/z= 12 andnz >
100 were removed in both Q-ACSMs’ organic PMF asialgonsideringhat(1) a lot of negative
values atm/z 12 due to background uncertaini€® a small contribution ofri/z> 100 in the total
organic signa (Ng et al., 2011b) and large uncertainties duwoion transmission efficiency
and interference from the internal standard napétiessignals (Sun et al., 2012a). The PMF results
were evaluated following the procedures detailedZivang et al. (2011). The detailed key
diagnostic plots for the PMF solution of Rihd PM.s Q-ACSMs are shown in Figs. S1-S4 in the
supporting information. For a better comparisosinaplistic PMF solution was used to extract two
factors, a primary organic aerosol (POA) factor an8OA factor for both PMand PM:s Q-
ACSMs. However, a higher order factor analysidaitiy PMF and the multilinear engine (ME-2)
(Canonaco et al., 2013) may reveal more chemidafrimation which should be the subject of a

future manuscript.

2.3 Aerosol pH and ALWC prediction

The aerosol pH and liquid water content (ALWC) assted with inorganic species in RNind
PM2.s were predicted using the “forward” mode of ISORR®R (Fountoukis and Nenes, 2007),
with both inorganic composition and gas-phase gse(fiNQ and NH) as model inputs. To
investigate the potential influence of mineral carsd sea salts, as well as the differences of aleros
chemical species measured by different instrumamthe pH prediction, the model was also run
with and without K—-Ca&*—~Mg?* or Na—Cl, respectively. The predicted aerosol pH is defiagd
in equation (1):

1000H}; .
ALWC @

pH = _IOgloH;q = —logyo
where H; (mol L) is the hydronium ion concentration in ALWC driview inorganic aerosols.

HY, (ug nd) is the hydronium ions concertation per volume dine predicted NH by
ISORROPIA-II agreed well with the measured Niffig. S5), suggesting that the aerosol phase

9
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state was representative via the thermodynamigsisaFigure S6 presents the time series of pH
for PM1 and PMs. By excluding mineral dust and sea salt speci¢S@RROPIA-II, the predicted
pH was in the range of 1.23 - 4.19 (PRFACSM), 1.78 — 4.10 (Pb-Q-ACSM), and 1.98 — 4.07
(PM25-MARGA), with the mean values being 3.47, 3.33, 8%R, respectively. The aerosol pH
showed slight increases by 5 — 6 % except for thet-cklated period if crustal species were
included (Fig. S7). This indicates that the aergédlprediction was generally consistent with the
measurements from different instruments. Howewercrustal species have large impacts on the
aerosol pH. For example, the fine aerosol pH shawgvident increase from 2.8 — 3.03 to 3.7
during the dust period after the cations of'C&1g?*, and K were included. Figure S8 shows
excellent agreements of pH prediction with and aiittiNa and Cl as the model inputs, suggesting
the negligible influence of sea salts on aerosdiigga acidity in this study. One reason is the

relatively low concentrations of N#0 — 0.87ug nT3) during the campaign.

3 Results and discussion

3.1 Inter-comparisons

As shown in Fig. 1, the mass concentrations of BMI PM.smeasured by the Q-ACSMs agree
well with those measured by collocated instruméings, the total PMnass analyzers, including
TEOM-FDMS and BAM-1020) and those estimated fromzesisolved particle number
concentrations (TDMPS and APS) and the composdipendent particle density (Fig. S9). On
average, the total dry mass of Phd PMs Q-ACSM reports 89 % and 93 % of the volume-
dependent mass, respectively (Fig. S10). As regiontéXu et al. (2017a), the PMlens system
might have a considerable loss for particles be26@ nm due to the lens transmission efficiency
(on average 45 %), which can partly explain théediénces between the Q-ACSM and TDMPS
(Fig. s10d). The NR-Pbk concentrations report approximately 90 % of thealtd®Mes

concentrations measured by the TEOM-FDMS and/or BIXMO instruments. After considering

10
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the contributions of EC and alkaline cations {N&K* + C&* + Mg?*), it can explain 92 % of the
PM2s mass. This slight underestimation of the total .BMhass might be primarily due to
discrepancies between the different inlet cut-offeasurement uncertainties of the different
instruments, and, as further discussed below,kidentified mineral dust and sea salt components.
Figures 2 and 3 show the inter-comparisons of tbesurements by the BMQ-ACSM with those

by other co-located instruments, including the ;RPAACSM, MARGA, and OC/EC analyzer.
Overall, the PMs-Q-ACSM measurements are well correlated with thmeasured by co-located
instrumentsi?> 0.9), except for chloride. SNA (= sulfate + niea& ammonium) measured by the
PM:5-Q-ACSM were highly correlated with those measurngthe MARGA ¢2 = 0.92-0.95). The
absolute agreement between the2RIQ-ACSM and MARGA is very good for sulfate (slope =
1.02). The ammonium agreement is also quite gotidtive PM sQ-ACSM measuring on average
89 % of that reported by the MARGA. The averagmsadf the measured NHito predicted NH'
that require to fully neutralize S&, NOs~, and Ct were 1.02 and 0.95 for the BMQ-ACSM and
PM:1-Q-ACSM, respectively (Fig. S11), which is simitarthe water-soluble ion balance results
from the MARGA (Fig. S12). For nitrate, howevere tAM.s Q-ACSM measures about 68 % of
what is reported by the MARGA. One reason mightibe to the contribution of nitrate from aged
sea salts and/or mineral dust (e.g., NaN@d Mg(NQ)) (Gibson et al., 2006), which the Q-
ACSM cannot detect due to the limited vaporizergerature. The much lower ratio of chloride
(0.26, Fig. 3f) between the PMQ-ACSM and MARGA also suggests the presence di sea
salt and/or crustal particles. As shown in Fig. §18e estimated that about 83 % of the difference
between the chloride PM-Q-ACSM and MARGA measurements could be explaingdab
maximum estimate of refractory chloride calculatsthg the ion mass balance with'Naz*, K*,
and Mg". In addition, this estimated maximum refractoryecide concentration also shows a
positive relationshiprg = 0.36) with the difference between the nitratediogs obtained from the
PM25Q-ACSM and MARGA (Fig. S13b). The presence ofaefory-chloride (-nitrate) may then

explain a large fraction of the discrepancies olesrfor these species between bothBPM
11
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chemical analyzers. Moreover, a recent evaluatiehedAMS with a CV system also found a large
difference in chloride measurements (Hu et al.,720¥et the reason was not completely
understood. A future RIE calibration for chloridethe CV system might be helpful to evaluate
these differences.

As presented in Fig. 2, organics measured by theadhd PM.s Q-ACSMs both show good
correlations with the OC measured by the OC/EC ywaal (2 = 0.77 and 0.93, respectively). The
slope obtained between the PdMneasurements, that is the Pibrganic mass-to-organic carbon
(OM / OC) ratio, is however relatively high, consighg either the so-called “thermal OC” or
“optical OC” Sunset measurements (i.e., 3.5 andr@ectively), as shown in Fig. 3b. Indeed,
most of the previous studies generally reportedt® below 2.5 for aged submicron OA (e.g.,
Aiken et al., 2008; Zhang et al., 2011). Nevertbgl¢he 2.9 and 3.5 values obtained here are close
to values reported in a few other studies, e.gatia of 3.3 observed in Pasadena (Hayes et al.,
2013), and it may be expected that PM organic aerosols may be more oxidized than the
submicron fraction (with a higher contribution @A, as discussed in section 3.2.2), and therefore
have somewhat higher OM / OC ratios than thoseRFRWL. Moreover, in the AMS and Q-ACSM
systems, the fraction of OA signal edz 44 (14), mostly dominated by CO, is commonly
considered as a surrogate of atomic oxygen-to-ca(@o/ C) and OM / OC (Aiken et al., 2008;
Ng et al., 2011a). As reported from the ACTRIS QS inter-comparison works, instrument
artefacts may significantly affect the variabilityfas measured by different Q-ACSMs (Crenn et
al., 2015). For example, Pieber et al. (2016) riigdound that thermal decomposition products of
inorganic salts on the SV may raise up the non-A@®%*Gignal, which can increadg; values.
Therefore, the impact of instrument artefacts @RN s-Q-ACSM should be also investigated in
a future study. Another reason for this discrepasdiiely that OC is underestimated by the Sunset
OC/EC analyzer due to evaporative loss of semititelarganic carbon during the sampling (Bae
etal.,, 2006; Sun et al, 2011). It is also posditde large particles are not being efficientlyivieled

to the filter in the semi-continuous OC/EC analyasrthey pass through a warm solenoid valve
12
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with a bent flow path upstream of the filter.

Figure 3 also shows that SNA measured by the-QMCSM were tightly correlated with
those measured by the MARGA? (= 0.68-0.87), indicating that the temporal vagas of
inorganic species in NR-PMre generally similar to those in BM However, the SNA in NR-
PMz only report 25-49 % of those in BM indicating that a large fraction of SNA is presierthe
size range of 1-2.pm (NR-PM2.5. As shown in Fig. S14, the average ratio of NR:R&/NR-
PMzs is 0.48, suggesting that nearly half of NR-BN6 NR-PM2s This is quite different from
the results observed in the US and Europe that@irdmt fraction of PMls is PM: (Sun et al.,
2011; Petit et al., 2015). For instance, 91 % of;PHitrate was found in NR-PMat an urban
background site in Paris, France (Petit et al.520Qur results indicate that it is of great impore
to chemically characterize PM s in China because of its large contribution to tibtal mass of
PMzs in accordance with Elser et al. (2016). Figurehdves the relationship between the
PM1/PMz s ratios of the aerosol species from the Q-ACSM mements and the ratio of SOA to
OAin PMzs. It can be seen that the ratios of all aerosatisgagenerally decrease with the increase
of SOA/OA in PMs. Given that primary particles are more abundaab tSBOA in smaller size
ranges, our results suggest that the PGV and PM SV Q-ACSMs show a better agreement for
measuring smaller particles while larger partidhese higher probability to bounce off the SV

surface compared with the CV (Xu et al., 2017a).

3.2 Sized-segregated investigation of NR-PM 25 components

Figure 5 presents the time series of the mass otmatiens of the NR-PMand NR-PM s species,
meteorological parameters, gas-phase specieszndesiolved particle number concentrations for
the entire study. The entire study period was dtar&zed by five episodes (Ep1-Ep5) according
to different pollution events as marked in Fig. Bhe mass concentrations of the total NR:PM

and NR-PM s vary dramatically throughout the entire study giag from 4.2 to 81.9g nr3, and
13
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9.3 to 178.7ug nT3, respectively. For example, aerosol mass loadimgease rapidly from a few
ug nT2 to hundreds ofig nT3 within a short-time scale, e.g., Ep2, Ep4, and,Bpbich are
associated with new particle formation and growtp?) and foggy days (Ep4 and Ep5),
respectively (Fig. 5e). We also noticed that sumghid changes in aerosol mass were generally
associated with a wind direction change to thehweest (Fig. 5a). This result indicates the poténtia
source contributions in the northwest region toRMlevel in Nanjing. The average NR-Pihd
NR-PM:swere 32.5ug nT3and 68.7.g nT3, respectively, for the entire study, indicatingttb3 %

of the PM.smass is in the size range of 1-grB. During the persistent pollution events, e.g1 Ep
and Ep2, NR-PM.,saccounts for 56 % and 42 % of the total NR-BMDverall, NR-PM_, salso
shows a ubiquitously higher contribution to NR-Phan that of NR-PMduring different types
of episodes, except Ep3, further highlighting theportance for characterization of aerosol

particles between 1 and 2.5.

3.2.1 Secondary inorganic aerosols

SNA constitutes a major fraction of NR-BM on average accounting for 61 % in this study.(Fig
6). The average mass concentrations of SNA in NR-&M NR-PM s were 19.6:g nT3and 40.6
ug nr3, respectively, both of which are about 1.6-1.7einhigher than that of organics. The
average mass concentration of sulfate in NR:BM.9ug nr3, which is close to that (54g nrs)
measured by a soot particle (SP) AMS during spinmgin urban Nanjing (Wang et al., 2016b).
However, it is nearly 3 times lower than that in RRL25 (17.4ug nT) indicating that a major
fraction of sulfate exists in the size range of .54#m. Sulfate frequently comprises the largest
fraction of NR-PM—25 with SOA being the second largest, particularlyha polluted episodes
(Fig 6b). On average, sulfate and SOA contribute¥d3and 30 % to the total NR-PMs

respectively, during the entire period. Sulfatecaiets for the largest contribution (41 %) to the
14
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total NR-PM-2sloading during the persistent pollution event (EZompared with sulfate (26 %),
nitrate accounts for a lower fraction (19 %) of IRRL s for the entire study, and the contribution
to NR-PMw—2 s is typically 2—4 times lower than that to NR-PMDne reason is likely that non-
refractory nitrate (e.g., ammonium nitrate) maiekysted in submicron aerosols, while that in NR-
PM:_2 scontains more nitrate from sea salt and mineraisdus

In addition, the average aerosol pH was 3.59 + Gr8¥3.51 + 0.39, respectively using the2M
MARGA and PM s-Q-ACSM measurements as ISORROPIA-II inputs (Fjgirdicative of acidic
aerosol particles in this study. The pH values laeesconsistent with that (average = 4.2) observed
during haze episodes in Beijing (Liu et al., 201Rgcent studies showed that sulfate formation
was more sensitive to aqueous oxidation of BGhe presence of high N@nd neutral conditions
during the haze pollution periods in Chirthéng et al., 2016; Wang et al., 2016allowever, the
pH values observed in this study suggest aciditighes, indicating that the aqueous oxidation

pathway of S@by NG, to form sulfate was not favored during the hazeagfes in this study.

3.2.2 POA and SOA

The average mass concentration of OA in NR:B(25.2ug n13) is approximately twice that
in NR-PM: (11.3pg nt3). Despite the large differences in mass conceatrstthe contributions
of organics to the total NR-Pivbs and NR-PM are relatively similar (40 % vs. 36 %). POA on
average contributes 34 % to the total OA in NR+PWhich is higher than the contribution (28 %)
in NR-PM s during the entire study. In contrast, SOA showéibaer fraction in OA in NR-Plk
(72 %) than NR-PM (66 %). As shown in Fig. 6, the mass concentrati@O0-11.8:g nT3) and
mass fractions (14-20 %) of SOA in NR-RMe are also ubiquitously higher than those in NR-
PM: (4.3-10.4ug nT3, and 10-13 %).

Figure 8a shows a comparison of the mass spectP®df and SOA between NR-RMnd
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NR-PM. 5. While the mass spectra were overall similarahe resolved from the PAdQ-ACSM
with capture vaporizer showed higher contributiofismall m/Zs. This is consistent with the
recent findings that the CV is subject to have echd thermal decomposition compared to the SV
(Hu et al., 2016). Similar to previous studies, Bf@A spectrum is characterized by the typical
hydrocarbon ion series\Bzn.1" and GHzn+1* (Zhang et al., 2011), e.gr/z 55 andm/z 57, as well

as AMS biomass-burning tracers (Alfarra et al., D0@.g.,m/z 60 andmn/z 73. Note that the mass
spectra of NR-PMs show smaller fractions of¥z 60 andm/z 73 signals, compared with those of
PMz (Fig. 8a and Fig. S18yhich is likely due to the stronger thermal decosition (Pieber et al.,
2016). The high ratio afi/z 55/57 (1.91) in the SV system suggests a sigmifig#luence from
local cooking emissions (Allan et al., 2010; Mohragé, 2012; Sun et al., 2012a; Zhang et al.,
2015c). In addition to the noon and evening meaétpeaks, the diurnal variations of POA in Fig.
S16 also show two peaks corresponding to mornisg hours (Zhang et al., 2015b), and night
biomass-burning emissions (Zhang et al., 2015ds figsult suggests that the POA factor in this
study is subject to multiple influences, includingffic, cooking, and biomass burning emissions.
The mass spectrum of SOA in both NR-Pand NR-PM:s is dominated bywz 44 (mostly C@Q")
with a higherfas in the NR-PMssystem. One reason for the highgiin the PM s-Q-ACSMcould

be the effects of enhanced thermal decompositiachenCV system (Xu et al., 2017a). Another
possibility is the more crustal materials in Rbswhich can produce a non-OA gQOnterference
signal from the reactions on the particle SV (Pielal., 2016; Bozzetti et al., 2017). For example
the deposited carbonates on the particle vapdrizae AMS/Q-ACSM system may release axCO
signal upon reaction with HNand NQ (Goodman et al., 2000; Pieber et al., 2016). biitawh,

as discussed in Sect. 3.1, the instrument artefiaayslead to th&s discrepancies among different
16
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Q-ACSM instruments and thereby affect factor pesfiin the ME-2/PMF analysis (Frohlich et al.,
2015), which might also have a potential impactrePMF analysis of Pp-Q-ACSM OA mass
spectra in this study.

SOA shows a positive relationship with ALWC, ane tlope ratio of SOA to ALWC is
strongly dependent on the RH levels (Fig. 9a). &@mple, the ratios at low RH levels (RH <
40 %) (2.25 and 2.50 in PMind PM 5, respectively) are much higher than those at RigHevels
(RH > 80 %, slope = 0.18 and 0.22). Figure 10 prisseesults obtained from the nonparametric
wind regression analysis performed following thegedures described in Petit et al. (2017). High
RH levels (> 80 %) and ALWC (> 30 pg-frifor PMy and 50 pg.n? for PMys) are mainly
associated with Northwestern air masses, the lattes being loaded with relatively high amounts
of secondary aerosols (SOA, as well as nitratesalfdte) but low amount of gas-phase precursors
(e.g., Q, SO, NOz, and NH). These results suggest the predominance of aquétase chemistry
in SOA formation from the Northwestern sector. Marer, as shown in Fig. 9b, SOA correlates
well with [SQ2~ + NOs] (r? = 0.72 and 0.75 for NR-PMand NR-PMs, respectively), and the
correlation coefficient shows an evident RH depeodewith a stronger correlation at high RH
levels (e.g., RH > 80 %2 = 0.92). This suggests that SOA might be wellrimadly mixed with
SNA, and the enhancement of SOA might be causeabgous-phase chemistry under high RH
levels in urban Nanjing. In addition, the ratioSfDA to [SQ?~+ NOs7] is also dependent on RH,
with higher slopes (0.58 and 0.75 for NR-P&hd NR-PMs, respectively) at RH < 40 % and
lower values at RH > 80 (0.41 and 0.50, respegfjysuggesting that the enhancement of SNA
was higher than the SOA production via aqueousebhsmistry pathways. High SOA at low RH

levels was likely mainly from photochemical prodant which is also supported by the
17
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correspondingly high ©(= Oz + NO) levels (Fig. 9c). Figure 9c also shows that ti@AS
concentrations in both PMind PM s increase with the increase of,@nd the ratios of SOA to,O
show clear enhancements as the RH levels incrEas@xample, the ratio of [NR-PMBOA] /

[O4] at low RH conditions (RH < 50 %) is close to tludiserved in our previous study during a
period with strong photochemical processing (Zhetragy., 2017). The mass spectra of OA are also
substantially different between low and high RH/an@x levels (Fig. S17). For instance, the mass
spectra of SOA in both NR-PMnd NR-PM s were characterized by higher signalsnét 44 at
high RH levels, likely suggesting the formatiomadre oxidized SOA via aqueous processing (Xu
et al., 2017b). These results might indicate thattotal SOA contains different types of SOA at
low and high RH levels. While the formation of S@#high RH levels is significantly affected by

agueous-phase processing, it might be driven mpphbtochemical processing at low RH levels.

3.4 Specific episodes analysis (Ep2 and Ep5)

Figure 11 shows the temporal variation of secon@darpsols, including SOA and SNA, in NR-
PM: and NR-PM-25 during two different episodes. A clear particleleation and growth event
was observed before the formation of the first @egés(Ep2, Fig. 11a), during which the air was
relatively clean (PMs mass loading = 28459 nT3) and SR was strong (610.5 W3n The number
concentration of nucleation mode particles incrdaapidly from ~ 670 to 2400 (# cf) within 1
hour, and the particle size grew from ~ 3 nm to 260during the rest of the day. The role of new
particle formation and growth in the formation cdzle pollution has been reported in urban

environments (Guo et al., 2014). Here, we obsesiiltaneous increases in secondary aerosol
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species (Fig. 11a) and gaseous:N&khd SQ during the particle growth period (Fig. 5d).
Comparatively, N@ shows a pronounced night peak and then decreagielyrduring daytime
because it is mainly from local traffic emissioffsg( 5d). Interestingly, the aerosol pH shows an
evident peak (pH = ~4) during the new particle fation (Fig. 11a), while ALWC is very low (2.4
ug nTd). This suggests that heterogeneous reactions rbighihvolved into the new particle
formation process under such BHch environments. Although only one such case alzserved
throughout the entire study due to the suppressiomew particle formation by abundant
preexisting particles under the polluted environtageit appears that the continuous growth from
nucleation mode particles under abundangNg, and NQ might also be one of the reasons for
the high PM pollution in Nanjing.

The formation of secondary aerosol was more rapithd Ep5 compared to Ep2 (Fig. 11b),
and was clearly associated with a fog event (RH)*®and averaged ALWC = 53, nt3).
While the number concentration of Aitken mode méeti remained small, the mass concentrations
of secondary sulfate, nitrate and SOA showed driarimatreases along with simultaneous increases
in large particles@m> 100 nm) and aerosol pH (Fig. 11b). This is likeye to the efficient uptake
kinetics of gaseous species (e.g..3M», and NH) upon preexisting aerosol water (Cheng et al.,
2016; Xue et al., 2016), which may undergo aquémisfogeneous reactions and subsequent
hygroscopic growth at high RH. In fact, the masgtions of secondary species of NR-PMin
PMzs increased from 33 % to 56 %. These results sugpattaqueous processing plays a more
important role in haze formation under high RH dtiods and that it tends to form more large
particles. The enhancement of SOA production vigeaqs-phase chemistry has been observed in

many previous field studies (Ge et al.,, 2012; Cabérty et al., 2015; Sun et al., 2016). As
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discussed above, SOA in this study shows a gooelation with [SQ?~ + NOs] and particle
water (under high RH levels), indicating that aquechemistry during foggy days might facilitate
the production of both SNA and SOA (Sun et al.,204u et al., 2017b). We also compared the
OA mass spectra between the two episodes. The G& sectra during the fog episode were
characterized by much highefz 44 ands compared with those during the new particle foramat
episode (Fig. S17). This result indicates diffefentnation mechanisms of SOA between the two
different episodes. Chakraborty et al. (2015) hale® observed similar aerosol composition
differences between foggy and non-foggy events aitigh-resolution aerosol mass spectrometer
instrument deployed in Kanpur, India. While photectical processing is the major formation
mechanism of Ep2, aqueous-phase processing isimpmtant for the formation of more aged

SOA.

4 Conclusionsand Implications

The chemically-resolved mass concentration of NR-PMas measured in-situ by the newly
developed PMs-Q-ACSM in urban Nanjing, China for the first timehe measured NR-PM
chemical species (organics, sulfate, ammonium,nétnaite) correlated wellrf> 0.9) with those
from co-located measurements by the MARGA and OCAE@lyzer. Also, all NR-PMs species
were tightly correlated with those in NR-RNhat were measured by a PKJ-ACSM. The
comparisons between the two different Q-ACSMs riadbaubstantial mass fractions of aerosol
species in NR-PM.: 5 yet the ratios of [NR-PM/ [NR-PM. 5] varied among different species. In
particular, nitrate and chloride showed much hidh#&-PM] / [NR-PM: g] ratios compared with

other species. The reasons are not very cleattheugh refractory mineral dust and sea salts can
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explain some differences. However, such differdmere had an insignificant influence on aerosol
pH prediction. The PMF analysis also showed simiéanporal variations in POA and SOA
between NR-PMand NR-PMs, but the mass spectra were slightly different vigherfss and
more small fragments for OA in NR-Pdue to enhanced thermal decomposition.

On average, NR-PM was mainly composed of SOA (27 %) and SNA (61 éb}lie entire
study, of which 16 % of SOA and 17 % of sulfate evpresent in the size range of 1-2.5 um. A
high aerosol pH peak and a low ALWC was observathdithe new particle formation process,
suggesting that heterogeneous reactions in themresof NH might promote the new particle
formation and hereafter growth processes in urbeewsan eastern China. Fog case analysis showed
that secondary aerosol species (SNA and SOA) inPNR=5 aerosol pH and ALWC showed
rapid increases within several hours during thepiamgessing which also contributed the dominant
fractions of the total Pk mass while smaller particles (less than 100 nmjaieed relatively
unchanged, indicating an enhanced role of aergsaiss in PM - sduring the fog episode. These
results suggest that the increased aqueous aesogacte may enhance SOA production via
heterogeneous reactions. Therefore, decreasingopotienic NG, SQ, and NH emissions may
reduce both SNA and SOA levels. Overall, our sthityhlights the importance of real-time
characterization of the PMcomposition to study the sources and processes®fphrticles in

China.
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845 Figure 1. Comparisons between the total particle mass caratems measured by the RMind
PM2s ACSMs, a PMs TEOM-FDMS and two MET ONE BAM 1020 (for PMand PMs,
respectively), as well as volume-convolved massutated from the TDMPS and APS, i.e. PM
(~13-1000 nm), PM25 (~1000-2500 nm), and PM (~13-2500 nm), and particle density
calculated by the ACSM species. Note that NR:RIMd NR-PMs are the mass loadings of the

850 sum of organic, nitrate, sulfate, nitrate, ammoniamd chloride from PMand PMs ACSM,

respectively.
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Figure 2. Inter-comparisons between the NR-P\hass concentrations measured by the &nd
855 PM25ACSMs and the data acquired by collocated instnisaga) organics vs. PM OC by a
Sunset Lab OC/EC Analyzer, and (b—e) sulfate, t@tframmonium, and chloride vs. those

measured by the PMMARGA.
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Figure 3. Scatter plots with the linear regression pararseded the 1:1 line (dashed line) shown
for the comparisons. Note that the term of “RMn the plot of Fig. 3a means that the summed
mass concentration of the BMACSM species (organics, nitrate, sulfate, ammoniamd
chloride), Sunset EC, and MARGA species,(Ka), Mg?*, and C&"). Also note that the difference
observed between “thermal” and “optical’ RPMOC measurements (Fig. 3b) might be related to
poor calibration of the oven temperature probe. (€gnteliadis et al., 2015), which couldn’t be

checked before nor after the campaign.
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Figure S17. Averaged mass spectra (MS) of OA for the iPAhd PMs ACSM during the new

particle formation (NPF, Episode 2) and the fogre\{Eog, Episode 5) periods, respectively.

Table S1. Thermal protocol used in this study within the SetrlL.ab. Semi-Continuous OC/EC Analyzer

~—

Gas Hold time (s)| Temperature ("G
He 10 1
He 95 600
He 95 840
He 30 Oven off
He 5 550
He/O 10 550
He/O 25 550
He/O 45 650
He/O 115 870
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