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ABSTRACT

Single particle analysis of an industrially polldtatmosphere in Port Talbot, South Wales, United
Kingdom was conducted using Aerosol-Time-of-Flijkdass Spectrometry (ATOFMS). During the
four week sampling campaign, a total of 5,162,048iges were sized in the size range 0.2 to 1.9
pm aerodynamic diameter. Of these, 580,798 wereesstully ionized generating mass spectra. K-
means clustering employed for analysing ATOFMS déteed 96% of the hit particles to generate
20 clusters. Similar clusters were merged toge#imer 17 clusters were generated from which 7
main particle groups were identified. The partid@sses include: K-rich particles (K-CN, K-MO
K-EC, K-CI-PQ and K-HSQ), agedsea salt (Na-Ng), silicate dust (Na-HSig), sulphate rich
particles (K-HSQ), nitrate rich particles (AIO-Ng), Ca particles (Ca-N£), carbon-rich particles
(Mn-OC, Metallic-EC, EC, EC-N@and OC-EC), and aromatic hydrocarbon particle®iiACN,
Fe-PAH-NQ and PAH-CN). With the aid of wind sector plotsgtK-CI-PQ and Na-HSIQ
particle clusters were related to the steelworlkastbfurnace/sinter plant while Ca-rich particles
arose from blast furnace emissions. K-CN, K-EC,H&©O,, K-HSOy, Mn-OC, Arom-CN, Fe-
PAH-NQO;, and PAH-CN particles were closely linked with ssmns from the cokemaking and
mills (hot and cold) steelworks sections. Na-HSfarticles were also associated with the blast
furnace and crustal matter. The source factorstiftksh by the ATOFMS were compared with
those derived from multivariate analysis using Minkar Engine (ME-2) applied to filter samples
analysed off-line. Both methods of source apponient identified common source factors
including those within the steelworks (blast furaasinter, cokemaking), as well as marine, traffic

and secondary particles, but quantitative attrdsutf mass is very different.

Keywords:

Single particle; steelworks; wind sector; sourcetdbution; ME-2; ATOFMS
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1 INTRODUCTION

Aerosol Time-of-Flight Mass Spectrometry (ATOFMS)pyides continuous, real-time detection
and characterization of single particles from papdrse samples, supplying information on
particle size and composition. (Gross et al., 20B8rd et al., 1997: Prather et al., 1994). It is a
technique well suited to determine the size andpasition of large numbers of particles (Sullivan
and Prather, 2005). The advantage of ATOFMS ouJseranethods of source apportionment is its
ability to identify associations among chemical@eg within individual particles. This association
can be related directly to source apportionmentlykat al., 2003). However, the key disadvantages
are the cost of instrument purchase, and interfpoataf the spectra which requires a steep learning
curve (Kelly et al.,, 2003). The deployment of ATOEMor both outdoor and indoor pollution
studies has been widely reported in published Widdd et al., 2002; Dall’Osto et al., 2004; 2007;
2008; 2012; Gross et al., 2000; Healy et al., 2@&If8yth et al., 2013). Despite the numerous studies
conducted around the world on single particle mesamsant, only a few have been carried out in the

vicinity of steel industries (Dall’Osto et al., 282012).

The ATOFMS instrument has proved its ability toolege particles in emissions associated with
different fuel-types. In Northern Mexico City, Meff et al. (2008) were able to measure ambient
aerosol in the industrial and residential areathefcity using ATOFMS. Their findings indicated
that biomass burning and industrial emissions n&geificant contributions to primary particle
loadings in Mexico City, exhibiting strong corretats with local meteorology. Results also showed
that the majority of particles in the submicrometatrge comprised emissions from biomass/biofuel
burning (40%) and aged organic carbon (31%), irmiérnmixed with oxidized OC (€430, m/z =
43), nitrate, sulphate and ammonium. The study destnated the value of the ATOFMS as a tool

for identifying biomass markers and also for thp@ponment of particulate matter.
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Dall'Osto and Harrison (2006) employed the ATOFMiStrument for single particle analysis of
PM in Athens (Greece). A unique ‘car particle’ doesignals at m/z 58{Fe]"), 56 C9Fe]"), 88
[FeOy]", 138 [Ba] and 154 [BaCO]was identified as a traffic fingerprint. Five bdbelasses of PM
identified during the study were sea salt, dustbaa, inorganic and K-rich particles. Secondary
carbonaceous particles which could have been diffto detect by other means were also revealed
in the study. Sullivan et al. (2007) also adoptedO&MS for online characterization of the
composition of particles from the marine environin&RT-2a software used for classification of
particles showed that nitrate and sulphate madé0480% of PM in the super-micrometre size
range. The observed nitrate and sulphate were iagsdevith mineral dust particles emitted during
dust events. Giorio et al. (2012) applied threded#int techniques to analyse ATOFMS data
collected in London, UK. The data analysis techegjused were PMF, ART2a and k-means
clustering (in the ENCHILADA package). Among thengmonents revealed by ATOFMS were
fresh and aged EC, organics, sodium chloride, stdpmitrogen and potassium. This showed that
the ATOFMS is capable of identifying aged and fhgsbmitted particles. With an ATOFMS
instrument, Smyth et al. (2013) in their recentdgtat a sampling site in Milwaukee, USA
attributed emissions of Se, Cd, Sb and Mo to a-fiaal plant. Bromine containing compounds that
could have been difficult to determine with offlinestrumentation were also revealed by

ATOFMS.

Studies involving source apportionment of singleipes have been reported in several published
works (i.e. Owega et al., 2004; Bein et al., 200@)7; Reinard et al., 2007; Eatough et al., 2008;
Snyder et al., 2010; Ault et al., 2010; Healy et 2009; 2011; McGuire et al., 2011). For instance,
Eatough et al. (2008) has applied a Positive Mdtactorization (PMF) model to identify and
apportion single particles collected in Riversids. Sources identified were diesel, secondary
nitrate, ozone —related secondary aerosol, baansported source and organic emissions. The PMF

model was also applied to filter-based measuremé&darce apportionment of the two types of

4
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measurements were consistent in the identificatfoemission sources in the study area. A related
study by Snyder et al. (2010) identified metaldudmng Ca, Co, Fe, Pb, Ni, K and Zn in single
particles collected in East St. Louis, lllinois, UBhese metals were closely linked to sources such
as: petroleum refineries, power plants, cement kild waste incinerator. High loadings of Sb, Ba,
Cd and Se were found for the power plant. Applaratof PMF to single particles has also been
reported in a study conducted in Toronto, Canadae@ et al., 2004). Sources identified were
biogenic, crustal, organic nitrate, constructiorstdsoil/road salt, secondary salt, wood burning,
inter-continental dust and an aluminium-fluorideus®. The study by Ault et al. (2010) has
identified a unique plume particle (OC-V-Sulphateat represented a 10-34% source contribution)

in the port of Los Angeles, US.

In the present study an ATOFMS instrument was ugkwuhgside filter-based samplers and
continuous analysers in a campaign-based studystdedworks in South Wales, UK. An analysis
of particle size distributions has already beeroreg (Taiwo et al., 2014a), as has a receptor

modelling study with the Multi-linear Engine, MER2odel (Taiwo et al., 2014b).

2. MATERIALSAND METHODS

21 The Study Area

Port Talbot (PT) is a coastal industrial town watlpopulation of approximately 35,000, located in
South Wales (51° 34" N and 3° 46" W). The Tatalstm&s complex located in Port Talbot is the
main industry in the study area and a major soafd&M emissions (AQEG, 2011). The site covers
approximately 28 ki contains ~50 km of roads, 100 km of railway, drb 25,000 vehicle
movements per day. The production capacity is atdumillion tonnes per year with the main
processes in the steelworks being iron-making €smg, blast furnace and raw materials), steel-

making (basic oxygen steel-making (BOS) and cokiagyl rolling mills (hot and cold mills)
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(Moreno et al., 2004; Dall'Osto et al., 2008). Fgud shows the sampling site (Fire Station) in Port

Talbot where the ATOFMS instrument was located.

2.2 Aerosol Sampling and Instrumentation

Single particle sampling during the four-week camgpgApril 18-May 16, 2012) at Port Talbot
was carried out using the TSI ATOFMS (Model 380@ TiXed with an aerodynamic lens inlet).
The ATOFMS instrumentation has been well descripeard et al. (1997). Particles passing the
aerodynamic lens are accelerated into a vacuunm,tthasit time between two low powered lasers
giving a measure of particle size. The particlesthen ionised by a Nd:YAG laser at 266 nm, the
ionised fragments entering positive and negativetof-flight mass spectrometers. Size calibration
was achieved by ranges of polystyrene latex spi{@®k) in the diameter range 0.1-1.3 um. These
were introduced from a medical atomizer. Masskarge (m/z) calibration was done with NaCl
and graphite powder. A solution containing Li, N&,and Pb was also introduced for mass
calibration. Upon calibration, the data is loadeid ithe MS Analyse program to obtain a better fit

curve for both size and mass.

During the four week campaigh,162,018 particles were sized of which 580,798veerccessfully
ionized (hit particles). Successfully ionized pads were imported into the ENCHILADA software

(Gross et al., 2000; Giorio et al., 2012) for asay

Size distribution of ATOFMS counts were scaled wiimm optical particle (model 1.108)
counter operated simultaneously with the ATOFMSrument at the same sampling site (Fire
Station). The Grimm data was used for inlet efficie (inverse transmission efficiency, E)
calibration. The scaling is spread across theee®TOFMS data generated during the campaign.

Inverse transmission efficiencly,is calculated therefore as:
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E = Naimm/NaTtorus

where, Nsrimm IS the Grimm particle number concentrationsrdtvs is ATOFMS particle number
concentration. ATOFMS particles are defined by namiounts of total hit and missed particles
that correspond to same size range as the Grimticlpacounter. The size range of ATOFMS
particles during the campaign is 0.2-1.9 um whike tbtal size range of the Grimm was 0.3-20 pm.
The particle sizes where E was calculated to fihvihe Grimm size range are in the intervals 0.3-
0.4, 0.4-0.5, 0.5-0.65, 0.65-0.8, 0.8, 1.0, 1.0-ar&l 1.6-2.0 pum. The inverse transmission
efficiency curve follows an inverse power law pattevithin the particle diameter range of 0.39-1.8

pm, in line with the findings of Dall'Osto et aR{06).

Mass concentrations of the particle clusters wedleutated from the scaled ATOFMS particle
counts assuming spherical geometry and a densitgnitng on the particle type. In the published
literature, some authors have used a common padehsity value to quantify the single particle
mass (Prather, 1998; Healy et al., 2013). In thiglys we adopted different density values to
calculate mass concentrations because PM in Ptyoflia influenced by multiple factors including
the steelworks, sea salt, crustal, traffic and loagge transportation (AQEG, 2011). These values
were selected from the published work of Phillipsl &erry (1995) and Chemical Book (2008).
The values of particle density were 1.55 g°dor K-CN, 2.11 g crit for K-NOs, 2.56 g crit for K-
CI-PO,, 2.26 g crit for Na-NQ; g cni®, 2.61 g cnit for silica dust, 2.66 g cthfor K-HSO, 1.72 g
cm” for AIO-NOs, 2.50 g crit for Ca-NQ, 2.1 g cn? for EC or black carbon, 6.89 g &hfor Mn-
OC and 5.0 g cit for Fe-PAH-NQ. The densities of aromatic and polyaromatic hyaroons
were obtained from Mackay et al. (2006) as 0.78 8@ g crit respectively. The value of OC was

also taken as 1.40 g ch{Gysel et al., 2007).
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3. RESULTSAND DISCUSSION

31 ATOFMS Chemical Composition

The chemically analysed (hit particles) represeidte@% of the total sampled particles. Out of the
total ionized particles, ENCHILADA utilised 96% (5598 particles) in a k-means clustering
program to generate 20 clusters which were redteéd clusters (by merging similar clusters with
related spectral peaks and diurnal or temporalatians). The scaled mean diameters as well as
percentages represented by these particle clusterseported in the Supplementary Information,
Table S1. Most of the particle classes definedheydusters exhibited mean particle diameter (Dp)
less than 1.0 um (scaled mean diameter), excepi®a-which occurred at Dp >1.0 um. These
clusters were categorized as: (1) K-rich partisidsch comprisedK-CN, K-NO3, K-EC, K-CI-
PO3;, and K-HSO,) classes,(2) Silicate Dust,Na-HSIO,, (3) Ca-rich particles,Ca-NQOg3, (4)
Carbon-rich particlesMn-OC, Metallic-EC, EC and OC-EC and (5) Aromatic Hydrocarbon
(Arom) and PAH particlesarom-CN, Fe-PAH-NO3; and PAH-CN, (6) Aged Sea SaltNa-NOs,
and (7) Al Nitrate-rich particlesAlO-NOs;. The mean mass spectra of all the particle clsister
identified are shown in Figure 2. The polar plotsnalividual particle types that are related to the
steelworks emissions are shown in Figure 3, whiheopolar plots are depicted in Figure S1 in the
Supplementary Information. The polar plots showtipe@ abundance as a function of wind
direction (angle from centre) and wind speed (distafrom centre of plot) and are a valuable aid to

identifying particle sources.

3.1.1 K-rich particle types
This category includes K-CN, K-NQK-EC, K-CI-PQ, and K-HSQ, and comprised 40% of the
total ionized particles. The high abundance of kKhgch particles is partially explained by the

extreme sensitivity of the ATOFMS instrument tolegly et al., 2013).
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The K-CN particle class is characterised by an elevated positivesignal at m/z +39 [K] and
intense negative signal at m/z -26 [CNDther weaker peaks are found at m/z +23 Najz -46
[NO2]', m/z -62 [NQ] °, m/z -97 [HSQ] *, m/z -35 [CI], m/z -42 [CNO] m/z -48 [G]’, m/z -60
[Cs] and m/z -72 [€]". The polar plot shows multiple source areas for plrticle class suggesting
much influence from diffuse local sources (FiguyeEidence for a steelworks contribution can be
seen in the elevated concentration of the clustesatds the south-easterly and southerly wind-
direction. The mills (hot and cold) and cokemakurgts of Port Talbot steelworks are located in
the 150-190 wind sector. Table 1 shows the wind sectors ligkilifferent steelworks processes
with the Fire Station monitoring site where the AANIS instrument was located. Contributions
from the steelmaking section were indicated fors tparticle type. K is a notable biomass
burning/woodsmoke marker but has also been rep&dedthe steelworks sinter plant (Hleis et al.,
2013). An ATOFMS K-CN particle sampled in Athe@&gece, by Dall’Osto and Harrison (2006)
was attributed to vegetative debris. The [CNh, as suggested by Tao et al. (2011), might not
necessarily indicate the presence of cyanide batdion and nitrogen within an organic particle.
In this study the CNion may have an origin in cokemaking emissions.st&&ater from
cokemaking at the steelworks has been reportecomdain significant amount of cyanide and

thiocyanate (http://www1.eere.energy.gov/manufactidresources/steel/pdfs/roadmap_chap4.

pdf).

TheK-NOj3 particle class showed strong peaks for potassium (m/z aB@NQ and NQ™ (m/z -
46 and -62). Smaller peaks were also presentGdl[(m/z -26), [CI] (m/z -35), and [HSE)
(m/z -97). The polar plot reveals that the originK-NOg3 particles is located to the north of the
sampling site. This may be related to traffic emiss from the major roads as well as residential

woodsmoke (see Port Talbot map in Figure 1).
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The K-EC particle class shows strong peaks for potassium (m/z +3@)edemental carbon, EC
(m/z [G)]’, n=2-9). Smaller peaks from nitrite and nitratéZr46 and -62), sodium (m/z +23) and
[Cs]" (m/z +60) are also observed in this class. Tharpalbts of the K-EC and K-CN clusters are
very similar suggesting a common emission sourgee.tyHowever, the temporal correlation
between the two clusters is weak%r0.13). K is a widely used tracer of woodsmokel&/EC is
emitted from traffic and coal combustion (Dan et aD04; Harrison et al., 2012a) as well as in
woodsmoke. The wind sector plot (Figure 3) suggestdributions from the mills (cold and hot) as
the largest emitter of K-EC particles. Possiblessioins from the cokemaking ovens and residential
combustion to the north and west are also suggdstedtie polar plot. The earlier work at Port
Talbot did not report the K-EC patrticle (Dall’Oséb al., 2012). This particle type was however
reported by Healy et al. (2013) at an urban backgplosite in Paris and was attributed to local
biomass combustion. The study of Bi et al. (20hlthe Pearl River Delta urban area also attributed

this particle type to biomass combustion.

The K-CI-PO; particle class is characterized by strong peaks observed/zaB9 [K], m/z -35
[CI], m/z -79 [PQ]” and m/z -96 [HPg)". Possible sources are the sinter plant or biornassng

(Li et al., 2003; Dall'Osto et al., 2008, Hleisadt, 2013). The recent work of Hleis et al. (20038%
reported KCI as a good indicator of sinter plantssions. The polar plot also established the sinter
plant (located between 190-276f the sampling site, Table 1) as the most lilsglyrce. The source
of phosphate is unknown. The study by Dall'Ost@let(2008) linked phosphate emissions to the

rolling mills which is not consistent with the wirséctor polar plot in this study.

K-HSO, particletype
The sulphate-rich particle class is characterisg@rb elevated negative peak of m/z -97 [HEO
plus other weak peaks at m/z -26 [CN}6 [NOG] 7, -62 [NG;] ~ and -80 [SG . The positive

spectrum is dominated by the presence of m/z +39 éKd other smaller peaks at m/z +23 [\a]

10
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+43 [AIO]" and +59 [AIQ]". This class constituted 5.4% of the total analysadicles. The polar

plot (Figure 3) suggests the steelworks cokemakmgiion as the major source of this particle
class. There also appear to be significant corttobs from the sinter and blast furnace plants
evident in the polar plot, and elevated concermnatiof this particle observed at the north-easterly
wind sector are suggestive of long range transpiosiecondary sulphate (Figure 3). Sulphate has

also been linked to cokemaking emissions (Konieskiyet al., 2012; Pancras et al., 2013).

3.1.2 Silicate dust particle

The Na-HSIO, particle class occupies 5.2% of the total particles. Itharacterized by intense
signals at m/z +23 [N&]in the positive spectrum and m/z -61 [H8iOn the negative spectrum
(Figure 2). Evidence of internal mixing of thisrppee with EC was found with smaller peaks
occuring at m/z -36, -48, -72 and -144. Nitratekse@/z -46 [NQ] and -142 [NH(NOs),]), and
peaks at m/z -16 [Q]-79 [PQ]’, and -97 [HSG]  were also identified in this spectrum. Multiple
emissions of this particle class from sources @&cthe blast furnace plant, mills and crustal matte
are suggested by the polar plot (Figure 3). Silca raw material used in a relatively small
proportion (0.3-0.9%) in a blast furnace duringebteroduction (Ricketts, 2013). Silicate particles
could originate from erosion and abrasion of logablogical materials as well as construction
activities (Moreno et al., 2004). The previous watkPort Talbot by Moreno et al. (2004) using
scanning electron microscopy revealed silicateigastto constitute 2 and 12% of the total mass of

PM,sand PM .16 respectively.

The polar plot of the Na-HSiparticle (Figure 3) shows that the presence aftype of particle is

associated with higher windspeeds than the Na-RN@ticle type. The main particle size is
intermediate between that of aged sea salt (>)1 pn@) the combustion-generated particles
suggesting that marine aerosol as well as the pessgon of crustal material may be a contributory

source.
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3.1.3 Ca-rich particletype

The calcium-rich particle class constituted 2.8%tha total analysed particles. This particle type
shows intense spectral peaks at m/z +40[G4p [NQ,]” and -62 [NQ]". The particle is internally
mixed with elemental carbon: m/z -24,]C-36 [G], -48 [G], -60 [G], -72 [G], -84 [C]', -108
[Cq]’, organic carbon: -m/z -43 }H30], phosphate: m/z -79 [RDand sulphate: m/z -97 [HS[2

A relatively smaller sodium peak m/z +23 [Naccurs in this cluster. The polar plot suggests th
blast furnace steel production unit as the mainrdmrtor to this particle class. Limestone (CaO
and dolomite (CaMg(Cé¢),) are key raw materials used in the basic furnaué of the steel

industry (Machemer, 2004).

3.1.4  Carbon-rich particle types
The carbon-rich particles comprise the followingtigée classes: Mn-OC, OC, Metallic-EC, OC-
EC, EC and EC-N@and account for a total of 24% of analysed pasiclThe mean aerodynamic

diameters of carbon class particles are less titaprh (Table S1).

The Mn-OC particle class is characterized by strong positive peaks at n32 and +55. A lone
strong negative peak was observed at m/z -26pattd to [CN] (Figure 2). Manganese is a
notable emission from the steel industry from treninaking production unit (Dall’'Osto et al.,

2008; Mazzei et al., 2008).

However, the spatial pattern of emissions is maresistent with a distributed local low-level
source (Figure S1). The spectral peaks at m/z #A89+&5 could possibly be due to hydrocarbon
fragments of [GH3]" and [GH;]", and this seems more plausible than a steel indsstrce.
Published work has reported m/z +55 as an orgagiatire co-existing with peaks such as m/z
+27 [GH3] ¥, +43 [GH7] ¥, +63 [GH3] " and +77 [GHs]” (Bi et al., 2011; Dall’Osto and Harrison,

2012). Occurrences of m/z +39 [Kind +55 [Mn] peaks in particles sampled in Shanghai, China
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have been attributed to biomass burning (Tao.e@ll1). The origin of this particle type, which

has a mean diameter similar to the other carbon&gearticle types (Table S1), remains obscure.

The Metallic-EC particle class shows positive spectral signals at m/z +28°[N-27 [Al]", +48
[Ti]", +56 [Fe], +59 [AIO,], +72 [FeOJ] and +84 [ZnO]. An elevated peak observed at m/z +41
might be related to organic carbonsHg]". The negative spectrum is characterized mainly by
elemental carbon [ where n=2-9. This particle-type may be relatecnussions from the hot

and cold mills as indicated by the polar plot (Fe8).

The EC particle class shows notable peaks at m/g{Gn = +2-10). Other peaks occur at,JC
(n=11 and 12) and m/z +23 [NaJAmong the carbonaceous species, the EC partiats ¢s the
most abundant. This particle has a chemical sigaedtigure 2) and a polar plot (Figure S1) highly

consistent with a source in local traffic emissions

The EC-OC particle classexhibits notable characteristic peaks at m/z #3§[ +48 [C]", +60
[Cs] %, -47 [GH14], -72 [G]', -94 [GH1] and -97 [HSQ@". The presence of m/z -47 and -94 could
also suggest signatures of carbon-containing-hal@geticles which are [CCland [(CCD]". See

further discussion in the Supplementary Informatibable S2)

TheEC-NOg particle class is another particle observed within the caalbeous species. The peaks
of this particle type occur at m/z +364C +48 [C)]*, +60 [G]*, -24 [C)], -46 [NOQ]', -62 [NQy], -

72 [Cg] and -97 [HSG)". This particle type is moderately correlated théhwhe EC class with
correlation (f) of 0.45. The polar plot (Figure S1) indicatesfftc as the probable source with a

possible influence from NCGemissions from the ironmaking section of the steets.
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3.1.5. Aromatic hydrocarbon (Arom) and PAH particle types
Three particle classes are found within Arom andHP#article types (Aromatic-PAH-CN, Fe-

PAH-NO; and PAH-CN) which constitute 12.3% of analysediplas.

The Aromatic-CN particle class is characterised by significant spectralagat m/z +39 [eH3]",

+51 [CH3]", +63 [GHa]", +74 [GH1N]", +87 [GH1aN]", -26 [CN], -35 [CI], -42 [CNO], -46
[NO,], -49 [GH], -62 [NGs], -73 [GH] and -97 [HSQ . This particle class shows peaks
characteristic of an amide functional group at w74, +87, -26 and -42. The occurrence of m/z -49
and -73 in this particle class also indicates fragtation of PAH and unsaturated organic carbon
(Silva and Prather, 2000; DallOsto and Harriso@12). Traces of PAH could be seen in this
cluster at m/z > 100. The m/z +39, +51 and +63 mad$o suggest the presence of [V]* and
[Cu]’. The polar plot of this particle (Figure 3) showslear steelworks emission from the blast
furnace (BF) plant (190-27Dand possible contributions from the cokemaking hasic oxygen
furnace steelmaking (BOS) sections (170°19Gble 1). The presence of V might be indicatife

a contribution from shipping in the docks area.

TheFe-PAH-NOg particle class Elevated peaks of m/z +23, +43, +56, +63, +1892+2@215 and
+226 are found in the positive spectrum of thistduwhile the negative spectrum has peaks at m/z
-35, -46, -62, -79 and -97. This patrticle classvehtow intensity signals for PAH (m/z>100) but
strong peaks for Fe (m/z +56), nitrate (m/z -46 &®) and sulphate (m/z -97). The previous study
at Port Talbot reported strong m/z peaks for Fe R@¢l (FeP particle), which was attributed to
emissions from the rolling mill section (Dall'Osét al., 2008). In the Fe-PAH-N®article class,
there is also evidence of internal mixing of FermitQy (m/z -79); though the phosphate peak is
weak. A relatively weak peak at m/z +207 appeairmghis particle cluster is suggestive of Pb
which has been reported by Dall’Osto et al. (2008 directional dependence of this particle type

(Figure 3) is similar to that of the Arom-CN pal®idrom the steelworks. Temporal correlation is
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also quite strong between the Fe-PAH-N&nhd Arom-CN (f = 0.64) particle classes. PAH
emissions have been associated with steelworkssemssin many published studies (Tsai et al.,
2007; Baraniecka et al., 2010; Brown et al., 2QIE81g et al., 2013). Fe is also a notable emission
from the blast furnace (Oravisjarvi et al., 2003;adfiemer, 2004; Moreno et al., 2004).
Characterisation of particles sampled downwindrofralustrial area using a combination of single
particle techniques has revealed a particle tymeposed of an internal mixture of iron oxides and

marine-derived particles coated with an organietgobanska et al., 2014).

The PAH-CN particle class This particle class has a resemblance to both toenACN and Fe-
PAH classes (temporal correlation coefficientspfr0.57 and 0.87, respectively) but with a strong
m/z signal at +202, +226, +252, -26, -46 and -3akB are also clearly observed at m/z +43, +63,
+189, +215, +276, -35, -49, -62 and -73. This phatis a typical PAH cluster internally mixed with

inorganic constituents.

The PAH species represented by m/z +202, 226 a@ca@ most likely to be pyrene (mass=202),
chrysene (226), benzo[a]pyrene (252), benzo[k]anthene (252) and benzo[b]fluoranthene (252).
Some of these PAH constituents have also beentegpto be associated with emissions from
diesel engines, wood and coal combustion (LakH012). The polar plot of the PAH-CN patrticle
class shows an association with steelworks (BFB@&) emissions and no evidence of a traffic
contribution. These similarities among the Arom-G-PAH-NQ and PAH-CN classes suggest
common emission sources with probable origins frdm blast furnace, sinter, BOS and

cokemaking sections of the steelworks.

3.1.6 Aged seasalt particles
The Na-NOj3 particle class represents 5.3% of the total hit partictebas a mean aerodynamic

diameter greater than 1.0 um (Table S1) and is mat@d by sodium (m/z +23) in the positive
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spectrum and nitrates in the negative spectrum (d8zand -62). Smaller peaks are also found at
m/z +39 [KT, +62 [NaO]", +81 [NaCl]", -16 [O], -35 [CI[, -93 [NaC}],, -120 [NaCINQ] and -

147 [Na(NQ),]". See detailed discussion in the Supplementaryrrdton (Table S2).

3.1.7  Al-Nitrate (AIO-NQO3) particle type

Abundance of nitrate spectral peaks at m/z -46,JN&hd -62 [NG] ~ as well as m/z +43 [AlO]are
features of this particle class (Figure 2). Smalleaks are also observed at m/z -97 [HSénd
m/z +137 [Ba]. This particle accounted for 4.9% of the totallpsed particles. The evidence for a
mixed source of secondary nitrate and crustal mastepeculiar to this particle type. Some
published work has interpreted m/z +43 as oxidmeghanic matter [@H3;O] or nitrogen-containing
organics [CHNO] (Dall’Osto et al., 2007; Dall'Osto and HarrisorQ12; Smyth et al., 2013) but
the unique m/z +137 [B&]occurring in this cluster could also suggest atatusr traffic source.

Further discussion can be found in the Supplemghtéormation (Table S2)

3.2 Comparison with Previous Studies at Port Talbot

A summmary of particle types observed in this preséudy and that of previous studies is shown
in Table S3. Comparing this study with the previstigdies involving ATOFMS in Port Talbot
(Smith, 2007; Dall'Osto et al., 2008; 2012), newhserved particle types in this study were: K-EC,
Mn-OC, metallic-OC, and AlO-Nitrate. The FeP pdeditype reported by Dall’Osto et al. (2008)
has many mass spectral peaks in common with theAFeNO; particle type observed in this
study. However, the Pb, Zn, Fe-rich and Ni pagtigipes reported by Dall'Osto et al. (2008) have
no direct analogues. This is surprising especitythe Zn particle type, as elemental analysis
revealed significant emissions of this elementbsFantial improvements to the emission abatement
processes on the steelworks have been implemewngdiee period since the work of Dall’Osto et
al. (2008) and may account for some of the diffeesn The m/z signals occurring at m/z +43

[AIO] "and 59[AIQ]" are also new (from different particle classeghis present study compared to
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Dall'Osto et al. (2008; 2012). However, an Al padi was reported in the Smith (2007) study.
Commonly observed patrticle types in all these studire sulphate, aromatic and PAH particles.
The evidence of internal mixing of Fe and Mn was feoind in this study as also observed in the
previous studies possibly due to the instrument di@tection efficiency for Mn (Dall’Osto et al.,

2008).

3.3 Temporal Variations and Polar Plot of Total Particle Number Concentration

Figure S2 shows the temporal variation of totakipler number concentration over the four week
campaign. Periods with elevated particle countsaigr than 2000 per hour), highlighted with the
red circles, were observed on April 19-20, 23-23.28, May 1-2, 6-7 and 9-10. The time series
plot of the particle number concentrations for undiual particle type is shown in Figure S3.
Episodes driven by K-rich particle types appeanulghout the sampling period. Four notable peaks
were observed for carbonaceous particles on Aprarid 24, and May 2 and 4. Distinctive episodes
were also observed for Arom-PAH particle classeakB in the sea salt and silicate dust classes
appeared together during some, but not all periddese results indicate the episodic nature of
particle pollution in Port Talbot, and the polaotpbf the total ATOFMS patrticle counts shown in
Figure S4 highlights the multiple emission sourckgarticles. Elevated concentrations observed
in the northerly wind sector suggest traffic andidential emissions. At the centre, a high
contribution to total particles indicates localffi@emissions. The high particle count in the SE
sector suggests steelworks emissions from the hdt @ld mills, while elevated particle
concentrations from the SW wind sector signify esioiss from the steelworks ironmaking section

as well as fresh marine aerosol.

34 Sour ce Contributionsby ATOFMS Particles
A summary of particle classes identified by ATOFMSpresented in Table 2. The table also

includes the most probable particle sources.
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From Table 2, the sources of the ATOFMS particlasebs can be broadly categorised into
steelworks, traffic, marine, crustal and secondsyosols. Source contributions of these particle
clusters were calculated from their scaled massammations calculated as: Mass = density x
volume, assuming spherical particle geometry. 8galas carried out as described by Dall'Osto et
al. (2006) and outlined in the experimental secwdrthis paper. Detailed procedures of mass
reconstruction of single particles outlined in D@#to et al. (2006), were not applied to individual
chemical elements. Results for the source contabstto the sampled particles are shown in Figure
4. The combined steelworks (BF/Sinter+/Mills/Cokdéimg+Mills) shows the highest contribution
(45%) to the total (ATOFMS) particles followed affic (28%) and marine sources (14%). The
Al-Nitrate(Al-NO3) account for a total contribution of 4%. As deptttin their polar plots (see
Figure S1) nitrate particles were related withficagdmissions. Crustal matter contributed 9% to the
total single particles during the sampling. Suduls are inevitably subject to much uncertainty as
many of the particle types reflect mixed sourcestdouting to a single particle, or multiple sousce

of a particle type.

35 Comparison of ATOFM S with Receptor Models
ME-2 receptor modelling of filter-based measurendata (Partisol and Streaker) has been reported
elsewhere (Crawford et al., 2005; Amato et al. 2@¥@ato and Hopke, 2012), and this method has

been applied to data from the Port Talbot steelw¢flaiwo et al, 2014b).

The ME-2 source apportionment study was based hpany data derived from samples collected
on a Streaker sampler and daily samples collecidd avPartisol instrument co-located with the
ATOFMS at the Fire Station site. The mass conegéntr of PM s derived from the Partisol filters
was 7.4 pg m averaged over the entire campaign. In comparitom,sum of particle masses
derived from the ATOFMS data amounted to 9.8 i indicating a reasonable agreement but

some over-estimation in the ATOFMS data. Sinceldingest particles measured by the ATOFMS
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were 1.9 um aerodynamic diameter and the Partizelcut was at 2.5 pum, it would be expected
that the Partisol measurements would be somewghehthan those estimated from the ATOFMS
although the proportion of PMmass in the 1.9-2.5 um diameter range was rebatsreall (Taiwo

et al., 2014a). The over-estimation from the ATCGE-Mata most probably therefore relates to the
choice of density for the various particle typesyhaps allowing inadequately for the internal

mixing of the metallic particles.

It is not straightforward to compare the ATOFMS massignments to those derived from the ME-
2 source apportionment since the particle classedifferent. Particle classes which might be
expected to be comparable between the ATOFMS an® M&a are the traffic and marine particle
classes. The ME-2 analysis attributed 13% of,PMhass to the traffic source whereas the
attribution from the ATOFMS data is 28%. A slightletter agreement is seen for marine aerosol
with 20% from ME-2 and 14% for the ATOFMS. A lardéference is seen in relation to emissions
from the steelworks, although a definitive compamiss not possible as the ME-2 results attribute
27% of PM s mass to a mixed ammonium sulphate and steelwadterf ME-2 also attributes
14% of PM s mass to other steelworks sources while the ATORM8butes in total 45% of
measured mass to the steelworks sources. Condbquesven if the ammonium
sulphate/steelworks factor from the ME-2 were tabsumed wholly from the steelworks, it would
still give a lower estimate of the mass contribatioom the steelworks than from the ATOFMS
data. The largest difference relates to the searyrebmponent. The ME-2 analysis attributes 20%
of PM, 5 mass to ammonium nitrate and 27% to the mixed amumo sulphate/steelworks factor
giving a potential total of 47%. However, the ATI@§ results show the presence of sulphate and
nitrate in many of the particle classes includiragtigularly those attributed to road traffic and to
emissions from the steelworks. Consequently, ttrébation of mass to secondary particles based

upon the ATOMFS data is very small (4%) and clearlyery substantial under-estimate of the
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secondary particle contribution which is known ® dubstantial at this site (see e.g. Taiwo et al.,

2014a).

The ATOFMS instrument has assisted in identifyimportant steelworks marker elements which
have been used for source apportionment by filkesed measurement. Fe, Mn and Ca are important
steelworks emissions from the BF plant (Machem@042 Mazzei et al., 2008; Hleis et al., 2013).
Ca-rich particles were identified by the ATOFMStmsnent with the polar plot revealing the blast
furnace unit as the source. A Ca-rich particle typpresented approximately 3% of the total
analysed ATOFMS particles (Table 2), and was coatgarwith the blast furnace factor of the
Streaker ME-2 for PMs. Ca is the third most abundant element (18% of MBEiodelled
concentration) apportioned to the blast furnaceofaafter Fe (52%) and Mn (51%). The scaled
ATOFMS mass size distribution of Ca shows two paakthe fine and coarse modes indicative of
emissions from the steelworks and crustal soureggectively. However, the elevated fine peak of
Ca demonstrates dominance of steelworks emissivam (the blast furnace). This trend was
observed for silica particles but with a relativelyall peak in the fine mode probably due to the
relatively small use in steel production (Ricke2813). The Fe-PAH-N©Oparticle type was also
identified by the ATOFMS and indicated BF/Sinterigsions. Fe and Mn might not have occurred
in the same particle type with Ca but not be dettadue to low detection efficiency of the
instrument for these metals compared to Ca (Dalt@4 al., 2008). It should be however, noted
that the ATOFMS instrument was able to identify &hnd Fe spectral signals in other particle types

(e.g. Mn-OC and Fe-PAH patrticles).

The carbon and aromatic/polycyclic aromatic hydrboa particle groups accounted for 24% of the
number of classified particles (Table 2). Most loé tcarbon type particles were associated with
local traffic emissions. The aromatic/PAH partigeoups revealed the cokemaking and BOS

sections of the steelworks as the major emittenes@ organic constituents were not included in the
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analysis of Partisol filters and hence do not aldivect comparison with ATOFMS apportioned
particles. However, the evidence for steelworks ssion of organics such as aromatic and
polycyclic aromatic hydrocarbon from the ATOFMS tmsnent is strong. A number of studies
based on filter and single particle measurementg Ipaeviously reported elevated concentrations
of organics around steelworks sites (Yang et 8022 Manoli et al., 2004; Liberti et al., 2006; Cho

et al., 2007; Tsai et al., 2007; Dall'Osto et 2012).

4. CONCLUSIONS

Single particle analysis using the ATOFMS is usébulsource identification and apportionment of
particulate matter. With the assistance of ENCHIAABoftware, 20 clusters, which were
subsequently grouped into 17 clusters, were idedtifThese clusters were classified into 8 particle
groups viz: K-rich, sea salt, silica dust, sulphatérate, Ca-rich, carbonaceous and Arom/PAH,
which accounted for 96% of successfully ionizedtipkes. Among the species identified by
ATOFMS, K-rich particles represented the highesteet (52%), followed by carbon-rich particles
(24%). Arom/PAH, aged sea salt, silica dust, suiphaitrate and Ca particles constituted 12, 5, 5,
5, 5 and 3%, respectively. This apportionmenhasyever, likely to be influenced by the extremely
high sensitivity of the ATOFMS to potassium, whit&s not been controlled for. The polar plots of
individual clusters indicate that fine PM in PorlBot is mainly from marine, steelworks, traffic
and mineral dust sources. The steelworks showedjretest contribution to ATOFMS patrticles
representing 45% of the apportioned particles. Qfuthe 17 particle clusters, 11 exhibited a
signature associated with the steelworks; thedadec K-CN, K-EC, K-CI-PQ@, K-HSQ,, Ca, Mn-
OC, Metallic-EC, Arom-CN, Fe-PAH-N©and PAH-CN. The unscaled ATOFMS particle number
concentration showed temporal variations largelyesr by K-rich particles. The single particle
analysis using ATOFMS has provided further inforimraton the contribution of the steelworks to
PM pollution in Port Talbot with BF/Sinter plantgepresenting the major emission sources.

Emissions from the steelworks cold and hot millstie@, which had not been identified with the
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ME-2 receptor model, were clearly revealed by ATCGE-Mhe rapid response of the ATOFMS
allowing particles to be associated with specifindwdirections is a major benefit compared to bulk

analytical methods.

The comparison of the source apportionment of gartnass from the ATOFMS data with that
derived from application of the ME-2 receptor model simultaneously collected chemically
speciated PMs data reveals important differences. Most impdlyathe extensive internal mixing

of sulphate and nitrate with other constituentpanticles detected by the ATOFMS makes it very
difficult to identify clearly a contribution of seadary particles to the ATOFMS mass data. Both
constituents are regularly measured but the nitrstérequently associated with carbonaceous
particles with an evident traffic source. Sulphappears in many particle types including a number
which originate from the steelworks and it is ulacl® what extent the mass should be attributed to
the local steelworks source or to regional transpbrsulphate aerosol. As a consequence the
ATOFMS attributes a greater percentage of measuorass to the traffic source than the ME-2
receptor model while ME-2 identifies a substan#almonium nitrate contribution to mass which
far exceeds the secondary nitrate contribution esiggl by the ATOFMS data. The attribution of
mass to marine aerosol is broadly similar betwéentwo methods. It would appear that the main
strength of the ATOFMS when combined with wind se@nalysis is in identifying particle types
originating from the steelworks. However, due tgbstantial internal mixing of particles,
guantitative attribution of particle mass at theasweement site to steelworks emissions remains
extremely difficult. Judging from the comparisonittwthe ME-2 receptor model data, the

ATOFMS attribution of particle mass to the steelkgois probably substantially over-estimated.
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TABLE LEGENDS

Table1:

Table2:

Wind sectors linking the steelworks processeh tie ATOFMS sampling site.

Summary of the particle cluster emission sources.

FIGURE LEGENDS

Figure1:

Figure 2:

Figure 3:
Figure 4:

Port Talbot sampling station and the steelwprkgessing unit.

Attribution of particle clusters to source catege

Polar plots of steelworks patrticle clusters

Source contribution of particles derived from ARI@S types.
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842 Tablel: Wind sectors linking the steelworks processes MihATOFMS sampling site
843

Sector/plant Fire Station
Ironmaking 190-270
Sinter plant

Blast furnace
Raw materials

Steelmaking/cokemaking 170-196
BOS plant
Cokemaking

Mills 150-170
Hot mill
Cold mill

844

845
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Table 2: Attribution of particle clusters to source catagsr

1=}

Do

Particle Clusters All Emissions Source Strong Emissiong % of
Classes Sources Particles
1 | K-rich K-CN Cokemaking/Mills Cokemaking/Mills 11.49
2 K-NOg3 Traffic/Biomass Traffic 16.69
3 K-EC Cokemaking/Mills/ Cokemaking/Mills 7.2%
Biomass
4 K-CI-POs BF/Sinter/Mills BF/Sinter 11.19
5 | Sea Salt Na-N© Marine Marine 5.3%
6 | Silicate Dust | Na-HSi® | Crustal Crustal 5.29
7 | Sulphate K-HS® Cokemaking/Mills/ Cokemaking/Mills 5.4%
Secondary
8 | Nitrate AlO-NG; Traffic/Secondary Traffic 4.99
9 | Ca-rich Ca BF/sinter BF/sinter 2.8
10 | Carbonaceous Mn-OC Cokemaking/Mills Cokemaking/Mills 0.3¢
11 Metallic-EC | Mills Mills 3.7%
12 EC-OC Traffic Traffic 2.6%
13 EC Traffic Traffic 9.1%
14 EC-NG; Traffic Traffic 2.0%
15 Aromatic- BF/Sinter/BOS/ BF/Sinter 4.5%
Arom-PAH CN Cokemaking
16 Fe-PAH- BF/Sinter/BOS/ BF/Sinter 4.5%
NOs Cokemaking
17 PAH-CN BF/Sinter/BOS/ BF/Sinter 3.3%
Cokemaking

BF-blast furnace, BOS-basic oxygen furnace steelmaking
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Figure1l: Port Talbot sampling station and the steelworke@ssing units
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Figure 2: Mean mass spectra of particle clusters deriveu tite k-means clustering
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SOURCE APPORTIONMENT OF SINGLE PARTICLES
SAMPLED AT THE INDUSTRIALLY POLLUTED TOWN OF
PORT TALBOT, UNITED KINGDOM

BY ATOFMS

Adewale M. Taiwo, Roy M. Harrison, David C.S. Beddows and
Zongbo Shi

HIGHLIGHTS

» ATOFMS used to characterise over 500,000 single particles.

» Clustering revealed 17 distinct particle classes.

» Polar plots reveal source locations and identities.

> Estimate of steelworks contribution is compared to independent datasets.

» Cokemaking and blast furnaces contribute substantially to particle
loadings.
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Table S1:Abundance, size-association and notable massospepeaks of particle classes.

Particle Clusters | Notable Peaks Scaled Number | % of
Classes ATOFMS of Particles
aerodynamic | Particles
diameter
(Lm)
1 K-CN m/z +23, +39, -26, -46, -62, -97 0.44 63459 11.4%
2 K-NOs m/z +39, -26, -46 , -62, -97 0.37 92318 16.6%
3 K-rich K-EC m/z +23, +39, +60, -24, -26, -46, -48,0.42 39931 7.2%
60, -62, -72, -84, -96, -108
4 K-ClI- m/z +23, +39, -35, -46, -60, -62, -79,|-0.49 61513 11.1%
PGO; 96
5 Sea Salt Na-N© | m/z +23, +39, -62, -46, -120, -147 | 1.05 29394 5.3%
6 Silica Dust Na- m/z +23, +39, -16, -26, -36, -46, -48, 0.82 29137 5.2%
HSIO, 61, -72,-79, -97, -142, -144
7 Sulphate K-HSQ® | m/z +23, +39, +43, -26, -46, -62, -80,0.37 29845 5.4%
-97
8 Nitrate AlO- m/z +43, +137, -46, -62, 97 0.35 27358 4.9%
NO;
9 Ca-rich Ca m/z +23, +40, -26, -36, -46, -47, -60,0.41 15303 2.8%
-62, -72, -79, -84, -97, -108
10 Mn-OC | m/z +39, +55, -25 0.49 1742 0.3%
11 Metallic- | m/z +23, +27, +41, +48, +56, +59, - | 0.43 20339 3.7%
EC 24, -36, -48, -60, -72, -84, -96, -108
12 OC-EC | m/z +36, +60, +48, -24, -47, -72, -94| 0.49 14619 2.6%
-97
13 | Carbonaceous g m/z +36, +48, +60, +72, +84, 96, | 0.42 50657 | 9.1%
+108, +120, +132, +144, -24
14 EC-NQ | m/z +36, +48, +60, +39, -24, -46, -62| 0.51 10953 2.0%
97
15 Aromati | m/z +39, +51, +63, +74, +87, +98, -| 0.34 25242 4.5%
c-CN 26, -35, - 46, -49, -62, -73, - 97 (for
m/z>100, strong peaks were + 188
+200, +202, +224, +250)
16 Fe-PAH-| m/z +56, -46, -62, -97, (for m/z >100, 0.34 24980 4.5%
Arom-PAH NO; strong peaks were +226, +250, +202,
+250)
17 PAH- m/z +39, +43, +63, +152, +165, +189,0.35 18460 3.3%
CN +202, +215, +226, +239, +252, +276| -
26, -35, -46, -48, -62, -73, -80, -97
Total 555,250




Table S2:Particle types of Na-N§ Al-nitrate, EC, OC-EC and OC-N@uring Port Talbot
campaign

The EC-OC particle

Halogenated carbon has proved very difficult toesbs in the negative spectrum and has L
rarely observed in the positive spectrum (Silva &rdther, 2000). EC-OC exhibits a clo
temporal relationship with metallic-EC 40.80) than any other carbonaceous particle g

suggesting a common emission source. The EC-OG slasws a relatively weak association W

the OC particle class® 0.22) and a moderate relationship with ECsN©®= 0.33). The polar plot

is very similar to that of the EC class, and ismsijly suggestive of a traffic source.
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The Aromatic-CN particle

Traces of PAH could be seen in this cluster at mf00. The m/z +39, +51 and +63 might also

suggest the presence of [K[V]" and [Cu]. The polar plot of this particle shows a cleaebterks
emission from the blast furnace (BF) plant (190°278nd possible contributions from t
cokemaking and basic oxygen furnace steelmakingS)B€ections (170-190 Table 1). The

presence of V might be indicative of an emissi@mfrshipping in the docks area.

Aged sea salt particles
The strong nitrate and weak chloride peaks arecattfle of considerablaging of the particle type
The chloride depletion in sea salt calculated fid@UDI samples (Gard et al., 1998; Taiwo et
2014) was 70%, supporting this interpretation. $pectral characteristics displayed by this clu
are related to features of fresh and aged saltsridled by Dall’Osto et al. (2004). However, t
polar plot (Figure S1) indicates a range of wingclions and suggests that the particle is maih

aged sea salt and may have been long-range traedpor

al.,
ster

he
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Al-Nitrate (AIO-NQOs) particle type
Barium and aluminium could be associated with ica#missions from brake wear and d
resuspension respectively (Gietl et al., 2010; idamr et al., 2012b). The small elevation

concentration of this cluster at the centre ofgloe is often indicative of local traffic emissio(see

Lst

in




below) (Figure S1). A higher concentration of themeticles to the north-east suggests tra
emissions from the local major highways. AlO-N@articles show a strong temporal relations
(r*=0.70) with K-NQ particles consistent with a common emission squbcg its identity is

unclear.

ffic

hip



Table S3:Comparison among particle classes observed inTRd¢lvbt from 2004-2012.

Particle Type Smith, 2007 Dall’Osto et al., Dall’Osto et al., This Study
2008* 2012*
1 K-CN X v X v
2 K-NG; % X Vv
3 K-EC X X X %
4 K-CI-PG; X v X v
5 Na-NQ % X X Vv
6 Na-HSiQ v X X v
7 K-HSQ, v v v v
8 AlO-NO; X X X %
9 Ca V X X v
10 Mn-OC X X X %
11 Metallic-EC X X X v
12 EC-OC v X V %
13 EC V X X v
14 EC-NQ v X X v
15 Aromatic-CN v V v v
16 Fe-PAH-NQ V 4 V %
17 PAH-CN V v v v
18 S X X V X
19 HOC-CI X X % X
20 Zn X 4 X X
21 Pb v X X
22 Ni X % X X
23 FeP Vv Vv X X
24 Amine v X X X
25 Be-Sea Salt v X X X
26 Mg Dust v X X X

* These papers are complementary as they reporhétallic (2008) and non-metallic (2012)

constituents respectively.
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Figure S1:Polar plots of particle clusters
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Figure S2: ATOFMS total particle number concentration [Reatleis indicate the periods with

elevated particle counts (> 2000/hr)].
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Figure S3: Temporal variations of hourly counts of particlasses.
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Figure S4:Polar plot of ATOFMS total particle counts
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