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Abstract. Size distribution data of major aerosol constituents  Positive matrix factorization was applied to estimate the
are essential in source apportioning of visibility degrada-relative contributions of local formation and transport to the
tion, testing and verification of air quality models incorpo- observed ambient sulfate level through the use of the com-
rating aerosols. We report here 1-year observations of masiined data sets of size-segregated sulfate and select gaseous
size distributions of major inorganic ions (sulfate, nitrate, air pollutants. On average, the regional/super-regional trans-
chloride, ammonium, sodium, potassium, magnesium angort of air pollutants was the dominant source at this recep-
calcium) and oxalate at a coastal suburban receptor site itor site, especially on high-sulfate days while local formation
Hong Kong, China. A total of 43 sets of size-segregatedprocesses contributed approximately 30 % of the total sul-
samples in the size range of 0.056-18 um were collectedate. This work provides field-measurement-based evidence
from March 2011 to February 2012. The size distributionsimportant for understanding both local photochemistry and
of sulfate, ammonium, potassium and oxalate were characregional/super-regional transport in order to properly simu-
terized by a dominant droplet mode with a mass mean aerolate sulfate aerosols in air quality models.
dynamic diameter (MMAD) in the range of 0.7-0.9 um.
Oxalate had a slightly larger MMAD than sulfate on days
with temperatures above 2€ as a result of the process of
volatilization and repartitioning. Nitrate was mostly dom- 1 Introduction
inated by the coarse mode but enhanced presence in fine
mode was detected on winter days with lower temperaturelhe size distribution of aerosols records information of
and lower concentrations of sea salt and soil particles. Thisources and atmospheric processing of particulates. These
data set reveals an inversely proportional relationship becharacteristics of atmospheric particles directly influence
tween the fraction of nitrate in the fine mode and productlocal visibility and regional radiative forcing. Substantial
of the sum of sodium and calcium in equivalent concentra-knowledge has been gained on the size distributions of the
tions and the dissociation constant of ammonium nitrate (i.e.major inorganic ions, elemental carbon (EC) and organic
(1/(INa*] +2[Ca&™]) x (1/K])) when P fine is significant  carbon (OC), in the past decade in Hong Kong (HK) and
(> 10 %). The seasonal variation observed for sea salt aeros@lver the adjacent Pearl River delta (PRD) region in south-
abundance, with lower values in summer and winter, is pos-ern China (Zhuang et al., 1999a, b; Yao et al., 2003; Huang
sibly linked with the lower marine salinities in these two sea- et al., 2006; Liu et al., 2008; Yu et al., 2010; Lan et al.,
sons. 2011). The major species, including sulfate, ammonium, OC
and EC, predominantly resided in the droplet mode with
mass mean aerodynamic diameters (MMAD) in the range of
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0.56—1.0 um over this region while nitrate was often observedwith nitrate being a major species. Yang et al. (2011) reported
to have a dominant presence in the coarse mode (>3.2 umg higher [NQ]/ [Sof[] ratio in PMp 5 in Guangzhou than
over the coastal areas. In these past studies, however, theire other cities in China and implied that on-road automo-
is a lack of concurrent measurements of other data (e.g.biles could be the major contributor. Hence, investigation of
gaseous data) (Zhuang et al., 1999b; Huang et al., 2006; Ythe partitioning behaviors of nitrate between coarse and fine
et al., 2010; Lan et al., 2011) or only a short period wasmodes through size distribution measurements will help to
covered; e.g., the PRIDE-PRD (Program of Regional Inte-quantify factors and processes affecting RMitrate.
grated Experiments of Air Quality over Pearl River Delta)  The size distribution characterization work reported in this
campaign 2004 and 2006 during summer (Liu et al., 2008;work was conducted at the HKUST supersite. Hong Kong is
Yue et al., 2010). In this work, size-segregated aerosol majomfluenced by contrasting air masses in winter and summer
constituent data, together with integrated and comprehensivdue to the Asian monsoon system. The HKUST supersite is
observations of gaseous and bulk particulate pollutants, wertocated upwind of HK on the east coast. During most of time
obtained for 1-year, from March 2011 to February 2012 at thein winter the prevailing wind is from north/northeast. In sum-
Air Quality Research Supersitdt{p://envr.ust.hk/research/ mer, the dominant wind affecting the site is mainly from the
research-facility/background-materials.hindf the Hong  South China Sea with a relatively clean air mass. As such, it
Kong University of Science and Technology (HKUST). The is an appropriate place to study the influence of air pollution
comprehensive data set significantly improves the data utilfrom outside HK. The primary goal of this work is to under-
ity and data interpretation as compared with those in previ-stand the sources and processing of major ionic aerosol con-
ous size distribution studies. As it will be demonstrated laterstituents by analyzing their size distribution measurements
in this paper, the measurements of a number of gaseous arfdr a year at this coastal receptor site. The size distribution
particulate matter (PM) pollutants (e.g., CO,£503, PMy 5, characteristics of major ionic species are discussed in detalil
etc.) at the same site provide supplementary information foiin this paper. The year-long data has enabled us to look into
a more in-depth understanding of aerosol sources and prahe partitioning behavior of nitrate and the factors affecting
cessing. its abundance in the fine mode. Attempts were also made to
Much of this work’s focus is on sulfate and nitrate. apply positive matrix factorization (PMF) to apportion mea-
Sulfate remains a top contributor to aerosols over thesured size-segregated sulfate into locally formed and regional
PRD region (He et al., 2011; Huang et al., 2014a), al-sources. EC and OC in these size-segregated samples were
though a consensus on SCemission reduction was also measured. Their size distribution characteristics and the
reached between the Hong Kong SAR Governmentmajor contributing sources will be reported in a separate pa-
and the Guangdong Provincial Government in 2002per.
(http://www.epd.gov.hk/epd/english/environmentinhk/air/
prob_solutions/strategies_apc.html#point_This arouses
the interest in determining the relative contributions of local 2 Sampling location and chemical analysis
formation versus regional/super-regional transport to the
observed ambient sulfate loadings. A number of numericalA 10-stage Micro-Orifice Uniform Deposit Impactor
modeling approaches (e.g., observational-based models arfOUDI, nonrotating version, MSP Corp., Shoreview, MN)
source-oriented models) have been applied to identify theaerosol sampler was used to collect size-segregated sam-
source origins of sulfate over this region (Zhang et al., 2012;ples with nominal cut sizes of 18 (inlet), 10.0, 5.6, 3.2,
Wu, 2013; Xue et al., 2014). The accuracy of the results1.8, 1.00, 0.56, 0.32, 0.18, 0.100, and 0.056 um. The sam-
from these numerical studies heavily relies on whetherpler was located at the HKUST Air Quality Research Super-
the emission inventory and meteorological dynamics aresite (222015.72'N, 114163.23' E; Fig. S1 in the Supple-
properly represented in the models. In this work we attemptment). The inlet was-2m above the roof+ 14 m above
to use field measurements of size-segregated chemicalea level) and the sampler was operated at a flow rate of
composition data and select gaseous pollutants coupled witBO L min~—. The flow rate was checked before and after every
receptor modeling to estimate local formation vs. transportsampling event. The collection substrates were 47 mm quartz
contributions. fiber filters, prebaked at 55@ overnight before use. Special
Nitrate is a significant, although less abundant than sulspacers of 0.05 in. in thickness (MSP Corp., Shoreview, MN)
fate, component of Pl. It also often has abundant pres- were used between adjacent stages to compensate the shorter
ence in the coarse particles. A source analysis study by Yuajet-to-plate distance due to the thicker quartz filter substrate
et al. (2013) using receptor modeling of nearly 10-year spe-than aluminum foil, on which characterization of the cutoff
ciated PMg data found secondary nitrate in RMncreased  size and response factor of each impact stage is based. All
by 30 % from 1998 to 2007 in HK while a decreasing contri- the filter samples were stored-a.8°C in a refrigerator be-
bution from vehicle emissions was observed. It is observedore analysis. The sampling was carried out for 24 h, from
that the improvement due to reductions of PM in local emis-midnight to midnight, every 12 days from 1 March 2011 to
sions has been offset by an increase in nonlocal contribution29 February 2012. An additional 12 sets of samples were
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collected on an ad hoc basis to target high-pollution days3 Results and discussion
including one set in July, three in August, one in September,
three in October, one in November, and three in February3.1 Comparison between MOUDI and
respectively. One field blank sample was taken during each PM2 5 measurement
sampling event and analyzed in the laboratory together with
the samples. The average gravimetric &Moncentration  lonic species measurements (CISC;, NOj, Czozzf,
was 259+ 17.6 pg T3 on the sampling days (Huang et al., Na*, NH;, K*, Mg?*, and C&*) by MOUDI and by the
2014a). Among the 12 ad-hoc samples, one sample was comid-volume PM s sampler were compared in Fig. 1. Con-
lected on 4 August 2012. On this day, relatively low £M  centrations for the ions in individual size bins of up to 3.2 um
(8.8 ug nT3) was recorded, as the predicted influence by thewere added up and compared with those inRM500d cor-
severe typhoon Muifa did not happen. The PjVconcen-  relations were found between the two sets of measurements
tration for the other 11 ad hoc samples ranged from 17.6 tdor SO}[, Na', and Nl—[f, with R2>0.90 and the slopes in
61.8 g 73, the range of 0.9-1.1. Measurement uncertainties aside, addi-
The MOUDI samples were analyzed for ionic species.tional factors — such as particle bounce, sample handling, and
One-quarter of each filter substrate was extracted with 3 mlLthe different size cut points (i.e., 2.5um vs. 3.2 um) — could
of double deionized water in an ultrasonic bath for 30 min also contribute to deviation from a unity slope (Stein et al.,
and the extract was left at°€ in a refrigerator overnight 1994; Howell et al., 1998; Chang et al., 2000; Duan et al.,
to ensure complete extraction. The extracts were filtered us2005). Na~ was dominated by the coarse mode (>2.5um)
ing a PTFE (polytetrafluorethylene) syringe filter (0.45 um, and the amount of Nain the size range of 2.5-3.2 um could
Millipore, Billerica, MA, USA) and then analyzed for ionic be significant relative to Nain PMys. For the less abun-
species using ion chromatography (IC; Dionex DX-500, dant species (i.e.,£02~, KT, and CI"), the correlation be-
Thermo Fisher Scientific, MA, USA). The anions (i.e.;Cl  tween the MOUDI (PM2) and PM s measurements were
NO;, SG;~, C;03") were separated using an AS-11 col- still reasonably good&2>0.6). R? values for Mg+ and
umn and a gradient elution solution of NaOH. The cationsC&*t were 0.48 and 0.36, respectively. The weaker correla-
(i.e., Na, NH}, K+, Mg?t, C&t) were separated using a tions than those of Sﬁ), Na' and NH} could be explained
CS-12A column and methanesulfoinc acid as the elution soby the larger measurement uncertainties as a result of their
lution (Yang et al., 2005). Full calibrations were carried out much lower concentration levels.
in every batch of the ionic analysis. The species concentra- The comparison of nitrate between MOUDI and M
tions were field-blank corrected. measurements indicates undersampling by MOUDI (Fig. 1),
Daily PM, 5 sampling was conducted using a mid-volume which is an expected result of the semi-volatile nature of
sampler equipped with five sampling channels (SASS, Memitrate. The volatile loss of particulate nitrate is anticipated
One Instrument, OR, USA) in the same period. The col-due to the pressure drop in the lower 7-10 stages of the
lection substrates installed in the five channels include oneMOUDI sampler while such a loss was avoided in the
Teflon filter for gravimetric determination of PM mass and  PM, 5 sampler as the nylon filter substrates effectively retain
element analysis, one nylon filter preceded by a MgO-coatechmmonium nitrate. A strong temperature dependence was
denuder for IC analysis of ionic species, and three prebakedlso observed in the correlation of nitrate between the two
quartz fibers for EC and OC thermal analysis.f\lement  sets of measurements. The correlation in winf# £ 0.96,
data (i.e., silicon) used in this study were obtained from theslope=1.17) was much better than that in summe? &
Teflon filters through analysis using an energy dispersive X-0.13, slope= —2.58), reflecting the increased dissociation of
ray fluorescence spectrometer (ED-XRF, Epsilon 5, PANa-ammonium nitrate, and thereby more volatile loss of nitrate
Iytical, the Netherlands). The analytical details of gravimet- at higher ambient temperatures.
ric measurements, ionic and XRF analyses of the Pbam- In summary, the comparisons indicate that the MOUDI
ples were given in the paper by Huang et al. (2014a). measurements for the less volatile ionic species are reliable
Criteria gaseous pollutants were measured by variouwhile nitrate measurements by MOUDI were subjected to
gas analyzers including SG100A, API Inc.), CO (300A, sampling artifacts due to volatile loss. The undersampling
API Inc.) and Q (400E, Teledyne Instruments Inc.) from of nitrate was more significant for summer samples than for
June 2011 to February 2012. Continuous measurements afinter samples.
inorganic species and their related gas-phase components
in the ambient air were provided by a MARGA (Monitor 3.2 Size distribution characteristics
for Reactive Gases and Aerosols; Metrohm Applikon, the
Netherlands) (Huang et al., 2014a). Relative humidity (RH), Ambient aerosol size distribution is characterized by mul-
temperature, wind speed and wind direction were recordediple modes — i.e., nucleation mode, condensation mode,
by an automatic weather station installed on a 10 m tower atiroplet mode and coarse mode — each of which corre-
the site and are shown in Fig. S2 in the Supplement. sponds to distinct aerosol sources and formation pathways.
For example, particles in the condensation mode are usually
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[NH;{] in particles of <3.2 um (PNl2) was 1.04, indicating
—min that fine sulfate mainly existed in the form of ammonium sul-
?11 189 ¢cl fate_
. Air masses influencing HK vary with the shift of synoptic-
e scale meteorology in the PRD from season to season. In this
- study, the season breakdown adopts the definition by Louie
et al. (2005); that is, spring is from March to May, summer
is from June to August, fall is from September to November,
- oosortsn and winter is from December to February. No significant sea-
<0826 sonality in size distribution pattern was observed foﬁrSO
2 1s and Nl—ﬁ. Sulfate and ammonium were most abundant in the
v spring, mainly due to the increase of mass concentration in
s the droplet mode.
toass czoi— shows a similar size distribution pattern to that
of sulfate. The MMADSs of the condensation, droplet, and
coarse modes were 0.1-0.2, 0.7-0.9 and 4.0-5.0 um, respec-
tively, and the mass percentages were 0-8.1, 73—-82 and 18—
Figure 1. Comparison between MOUDI measurements (<3.2Um) 21 95, respectively. Several sources are known to contribute
and PM 5 measurements with the SASS sampler. Orthogonal dis-+q, the atmospheric presence of oxalate, including secondary
tance regression is app_lled to examine the comparison. Data po_'mﬁjrmation through the oxidation of oxygenated VOCs (e.g.,
are color-coded py amblenttemperatures on the individual samplin lyoxal) (e.g, Warneck, 2003; Carlton et al., 2007); biomass
days. A segregation of data points by temperature was observed f% y . 9, ! ’ 2 ’
nitrate; see text for details. urnmg_(_AIIen et al., 2004; Kundu et al., 2010), and meat
charbroiling (Rogge et al., 1991). Yu et al. (2005) observed
good correlations between ambient oxalate and sulfate mea-
surements across a wide geographical span in eastern Asia
nd argued that a common dominant formation pathway,
ikely in-cloud processing, could explain the close tracking
of the two chemically distinct species. For the samples taken
in this work, the correlation between the two species in the
0.56-1.0 um size bin was goo®q = 0.69), in agreement
with the suggestion of the common in-cloud processing for-
mation process.
It is noted that the MMAD and standard deviatien ( of
(%Ee droplet-mode oxalate in summer were noticeably larger
an those of sulfate while the MMAD ang values of the
0 species were similar in the other seasons. This prompted
s to examine the mass concentration ratios of both oxalate
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relatively fresh aerosols while the droplet-mode patrticles
may have gone through in-cloud processing and are mor
likely linked to regional/super-regional transport (Meng and
Seinfeld, 1994).

The continuous size distributions were inverted from mea-
surements for the limited number of size bins by adapt-
ing the Twomey algorithm on the known response function
of the cascade impactor (Twomey, 1975; Winkimayr et al.,
1990). Trimodal log-normal distributions were used to fit
the measured data in this work on the assumption that th
ambient particle population is a superposition of three log-
normal modes (i.e., condensation, droplet, and coarse modeg
(Dzubay and Hasan, 1990; Dong et al., 2004). The moda i .
concentrations and MMADs are listed in Table 1. The fitted 21d Sulfate between the two size bins of 1.0-1.8 and 0.56-
size distributions fall into two groups: a group with a domi- 1.0 “r_n (F'Q- 3). Itis clear that the %9 rat_lo between _the
nant condensation mode (Fig. 2a), and a group with a promi{Wo Size bins was lower than the;0; ™ ratio on sampling

nent coarse mode (Fig. 2b). More details are discussed in th@@ys with temperatures higher than°22(mostly in sum-
ensuing sections. mer) while the ratios for the two species were comparable in

the other seasons. Oxalic acid was reported to partition be-
3.2.1 Size distributions of NH{-, 3031', Czoﬁ' and K+ tween the gas phase and particles under ambient conditions
(Limbeck et al., 2001). The enhanced presence of oxalate in
The first group of ionic species, including §H SCG;—, the size range of 1.0-1.8 um could be explained by evapo-
o N - . ration of oxalic acid from the smaller-size particles followed
C20, and KT, sharg the common chqragterlstlc of a domi- by condensation onto larger particles due to their higher alka-
n%r;t_droplet mode (Fig. 2a). The size distribution pattems forjiniy This evaporation-and-recondensation process was pro-
SQ; ~ and NFE are very similar, with MMAD of~0.2 um posed by Yao et al. (2002, 2003), Mochida et al. (2003) and
for the condensation mode; 0.8 um for the droP'et mode, Sullivan and Prather (2007). Another possible explanation
and 4.0-5.0 pm for the coarse mode. The fractions cﬁSO for the increased supermicron oxalate is more active photo-

in the;e three modes were 3.0-5.9, 75-81 and 14-21%, "€hemical oxidation in the gas phase in summer followed by
spectively. The percentages of I$Mere 3.4-4.7,81-89 and

4.2-16 %, respectively. The molar ratio of><2{SO§‘] and

Atmos. Chem. Phys., 14, 9013027, 2014 www.atmos-chem-phys.net/14/9013/2014/



Q. Bian et al.: Inorganic ions and oxalate

9017

Table 1.Mass mean aerodynamic diameters (MMAD, um), standard deviatiorafd modal concentrations of ionic speci€g( ug n3)
in spring (V = 8, N represents number of samples), summee{11), fall (¥ = 13) and winter { = 11).

@

Condensation mode

Droplet mode

Coarse mode

Cm MMAD Cm MMAD Cm MMAD
(ugn3) (um) o (ugm3) (um)  og (ugm3) (um) o

Sl
*Spring 0.59 024 131 9.51 084 151 2.64 5.07 2.07
Summer 0.32 0.25 1.34 5.30 0.83 1.54 0.91 5.13 2.06
Fall 0.56 0.28 1.30 7.30 0.80 1.38 1.63 438 231
Winter 0.26 0.26 1.25 6.78 0.84 1.50 1.62 5.03 2.16

+
NH,
Spring 0.26 0.24 1.38 3.79 0.82 1.49 0.63 492 214
Summer 0.14 0.26 1.35 1.94 0.82 1.53 0.09 5.02 2.35
Fall 0.23 0.30 1.30 2.64 0.78 1.36 0.20 425 251
Winter 0.12 0.26 1.26 2.86 0.84 1.50 0.56 5.06 2.17
K+
Spring 0.03 0.22 2.18 0.23 0.81 1.49 0.10 5.09 2.05
Summer 0.00 0.16 2.17 0.12 0.78 1.63 0.07 573 1.77
Fall 0.01 0.28 1.25 0.22 0.81 1.46 0.08 589 1.81
Winter 0.02 0.28 1.27 0.34 0.79 1.49 0.09 470 2.16
Co03~
Spring 0.02 0.22 1.35 0.30 0.80 1.66 0.08 458 1.81
Summer 0.00 0.12 151 0.18 0.92 2.02 0.04 525 1.64
Fall 0.03 0.11 259 0.27 0.84 1.66 0.07 483 1.81
Winter 0.01 0.29 1.28 0.21 0.77 1.49 0.06 458 212
(b) Droplet mode Coarse-mode | Coarse-mode Il

Cm MMAD Cm MMAD Cm MMAD
(ugn3) (um) o (ugm3) (um)  og (ugm3) (um) o

NO3
Spring 0.74 091 155 2.28 418 1.42 2.50 7.38 124
Summer 0.09 0.77 2.18 0.44 340 1.49 0.87 7.19 1.42
Fall 0.14 1.03 261 1.47 403 1.45 1.54 7.33 1.25
Winter 1.43 0.88 1.44 0.84 296 153 1.56 6.83 1.44
Nat
Spring 0.43 0.90 2.06 1.00 4.07 1.43 1.36 749 1.28
Summer 0.14 1.21 161 0.66 3.62 151 0.95 7.37 1.35
Fall 0.16 117 161 0.72 348 151 1.45 7.64 1.32
Winter 0.11 1.10 1.73 0.22 340 1.38 0.85 7.67 1.39
Mg2+
Spring 0.01 124 145 0.11 332 150 0.22 6.92 1.39
Summer 0.01 1.15 154 0.06 3.09 151 0.15 7.06 1.47
Fall 0.01 1.28 154 0.08 3.25 153 0.18 7.62 1.33
Winter 0.01 1.11 157 0.03 3.15 151 0.11 7.62 1.45
cat
Spring 0.11 1.04 212 0.27 3.44 1.45 0.50 6.99 1.40
Summer 0.01 1.14 150 0.09 3.11 145 0.33 7.68 1.47
Fall 0.04 0.85 1.35 0.16 3.96 151 0.24 7.59 1.28
Winter 0.02 116 1.81 0.10 3.34 1.43 0.33 753 1.44
ClI—
Spring 0.09 1.35 1.87 0.26 3.84 1.26 1.67 7.76 1.28
Summer 0.04 1.48 1.76 0.81 3.89 1.46 1.34 749 1.32
Fall 0.04 159 152 0.24 356 1.25 1.96 7.89 1.33
Winter 0.05 1.27 1.79 0.10 3.37 1.25 1.01 8.09 1.39

* Spring is defined as the period from March to May, summer is from June to August, fall is from September to November, and winter is from
December to February.
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Figure 2. Continuous log-normal size distributions @) species associated with in-cloud processingi(SCNH*, KT, czof() and

(b) species associated with crustal and sea salt particleg (W@, Mg?t, Cat, CI7) in the four seasons. The size distributions are
inverted from measured MOUDI data, which are shown in histograms.

preferential condensation onto the more-alkaline larger par3.2.2 Size distributions of nitrate, sea salt species,
ticles (Rinaldi et al., 2011; van Pinxteren et al., 2014). and crustal species
The dominant presence of'Kin the droplet mode could

be explained by the fact that the"Kcontaining particles can  The second group of ionic species, including NONa*,

be easily cloud-activated. The good correlati®? & 0.64) Cl-, c&t, and Mg, share the common size distribution

between K and S(ﬁ_ in the size bin of 0.56-1.0 um sup- characteristic of a prominent coarse mode (Fig. 2b). Both bi-

ports the suggestion of in-cloud processes. The condensatiomodal (one fine mode and one coarse mode) and trimodal

mode of K", accounting for a small fraction (1.1-8.6 %), (i.e., one fine mode and two coarse modes) fitting of the mea-

may be mostly from fresh biomass burning emissionsitK  surement data were carried out. In the case of bimodal log-

the coarse mode (20—37 %) might originate from sea salt, soihormal fitting, the Twomey algorithm would result in skewed

or the coagulation of small biomass-burning particles ontolog-normal distribution curves (Fig. S3 in the Supplement).

coarse particles. On the other hand, trimodal data fitting is able to capture
the measured size distributions with three log-normally dis-
trusted particle populations (Fig. 2b). The inverted size dis-
tributions for this group of species are therefore represented
with one fine and two coarse modes. The underlying physical
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' ' L al., 2009). Itis plausible that the higher salinity of seawater in
o o spring and fall explained the higher abundance of the sea salt
1 ionic species in the atmosphere. Current regional air quality
models only consider the influence of wind speed and RH on
. the sea salt concentration in the coastal surf zone (Kelly et al.,
* 2010). Our results suggest that the oceanic salinity may need
B to be considered in the parameterization of sea salt emissions
in air quality models.
s Soluble C&" is the product of soil components (i.e., cal-
i cium carbonate) reacting with acidic gases (e.g., HN@
0.0 0.4 08 12 co-existing acidic aerosol components (e.¢SBy, HSO;).
Ratio of Sulfy .1 g,rm/Sulfo s6.1.0um The larger coarse mode (MMAD: 7.0-7.7 um) accounted
for a dominant fraction (55—77 %), the smaller coarse mode
Figure 3. Comparison of mass c_oncentration ratios of oxalate and(MMAD: 3.1-4.0ym) accounted for 21-37%, and a mi-
sulfate petWeen the two size b|n5-1.0—1.8 and 0.56-1.0 um. Th?]or fraction (2_12 %) was in the fine mode (Table 1) The
Qata pglnts are color-coded according to ambient temperature durémaller coarse-mode &a is likely associated with long-
ing their collection. . .
range-transported dust particles while the larger coarse mode
is mainly associated with locally produced soil particles.
Such a differentiation of two coarse-mode dust particles
basis for the presence of two coarse modes will be discussedith respect to different source origins was previously sug-
in detail in a later section. gested by Husar (2004) and VanCuren et al. (2005%Ca
The droplet-mode MMAD values for all five species in the fine and in the smaller coarse modes was found to
ranged from 0.8 to 1.5 um. The MMAD of the smaller coarse correlate strongly with Si in the collocated BM samples
mode (I) ranged from 3.0 to 4.2 um and the larger coarsgR? = 0.54 and 0.80, respectively) (Fig. 4) while &ain the
mode (Il) ranged from 6.8 to 8.1 um for sea salt specieslarge coarse mode had a much weaker correlation with Si in
(Nat, Mg?*, and CI"). Andreas (1998) summarized that sea PM, 5 (R? = 0.24). This result further supports the hypoth-
spray droplets fall into three types and their respective sizeesis that the smaller coarse-mode?Canight be associated
ranges are film droplets (0.5-5um), jet droplets (3—50 um)with long-range-transported dust particles. The mass concen-
and spume droplets (>20 pum). Film droplets are ejected duération of C&*1 in spring was~ 1.4-2.2 times higher than
to the rupturing of the film-thin top of oceanic bubbles on those in other seasons, indicating the increased influence of
the surface of the sea; jet bubbles are formed from the botdust transported from the North China Plain on HK in this
tom of surface bubbles after their burst; and spume dropletseason (Lee et al., 2010).
are produced when the wind tears seawater right off the wave Nitrate is closely associated with sea salt and dust parti-
crests. The two coarse modes retrieved for the sea salt speciekes as a result of its formation process through the reactions
likely correspond to film droplets and jet droplets. Sea saltof acidic HNG; gas with alkaline components (e.g., Harrison
particles of spume droplets are not expected to be capturednd Pio, 1983). Fitting the measured nitrate size distributions
by MOUDI sampling as this sampler only collects particles with three log-normal distributions produces a droplet mode
of up to 18 um. This sea salt particle formation theory alsoof MMAD in the range of 0.8-1.0um (2-13 %), coarse-
explained the small amount of sea salt in the droplet modenode | of MMAD in the range of 3.0-4.2 um (22-47 %),
(<2.5um). and coarse-mode Il of MMAD in the range of 6.8—-7.4 um
The mass concentration of sea salt aerosol was averagely#1-62 %). Unlike other ionic species, the relative abundance
lower in the summer and winter than in the spring and fall of nitrate in different size modes is highly variable between
(Table 1). Wai and Tanner (2004) suggested that sea salt pathe seasons. The average percentage of aerosol nitrate in the
ticle concentration is closely dependent on wind speed andine mode (<1.8 um), denoted ®s_fine hereafter, was sig-
seawater salinity. The wind speed at the site was lower in thanificantly higher in the winter samples (37 %) than those in
summer while the speed in the winter was similar to thosethe spring (13 %), summer and fal @ %).
in the spring and fall (Fig. S2 in the Supplement). Thus, it
is unlikely that the wind speed was a dominant factor affect-3.2.3 Factors affecting fine-mode nitrate
ing the concentration of sea salt aerosols at the sampling site.
Thiyagarajan et al. (2002) reported that salinity in eastern HKFine-mode nitrate is mainly in the form of NNO3 while
was the highest (34 %o) in spring, the next highest (32 %o) inthe coarse-mode nitrate is the product of a heterogeneous re-
fall and lower (30 %o) in the summer and winter. The lower action between gaseous NOr HNOz and alkaline species
salinity around HK waters in summer and winter is due to such as C& and Na (Pakkanen et al., 1996; Yoshizumi
the input of fresh water plumes from the Pearl River and theand Hoshi, 1985). NENOs is a thermally unstable species
Yangtze River, respectively (Guan and Fang, 2006; Gan eand its abundance in aerosols is governed by the following

121

2

. 2-
Ratio of C,0, 1.0‘1.8um/c204 0.56-1.0pm

0.4

0.0

www.atmos-chem-phys.net/14/9013/2014/ Atmos. Chem. Phys., 14, 9@I27, 2014



9020 Q. Bian et al.: Inorganic ions and oxalate

1.80 ] 1 1 1 ] 1

y=0.51x+0.07 0.4 a) -6
R?=0.80 + 24
3 1.40 ® Coarse mode | ' ° °q o [Na]+2[Ca ]
3 : O Fine mode O Ke' 5
£ 0.3 o
Q —
£ 100 | i @ 4
3% S %
5 F 0245 ° -3
® 2060 ~ %%
= _ Lic} ce)
f= y=0.07x+0.01 Z P e .
£ R*=0.54 o o 2
& o020 01 8%x08 o
S 28 o ° 1
O? [eXd OO O@O ° 8 © °
-0.20 ! - : 00 PO OO O o 0 L,
0.0 1.0 2.0 3.0 0, , T : ; .
PM, 5 Si (pg/m?) 0.0 0.2 0.4 0.6 0.8 1.0
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0.6
thermodynamic equilibrium:

2
0.4
<

NH4NOz(s, ag) < HNOz(g) + NH3z(9). (R1) o

The amount of aerosol NPNO;3 is dependent on RH, tem- 0.2

perature 1), and concentrations of gas-phase nitric acid and

ammonia (Mozurkewich, 1993). Under the RH conditions at T . T — T

the sampling site (normally larger than 80 % during the sam- 20 “ /f(‘;,)xl /([sﬁa+]+ f["Caz+])1°° 120

pling period) (Fig. S2 in the Supplement), calculations using

the thermodynamic equilibrium model (i.e., ISORROPIA) Figure 5. (a) Relationships of aerosol nitrate fraction in the

show that the nitrate particles were in the aqueous status. fine mode €y fine (<1.8um) with a modified NENO3 dis-
The dissociation constan() is inherently dependent sociation equilibrium constantk()) and equivalent amounts of

on RH andT (Mozurkewich, 1993). In addition, the ionic [Na*]+2[Ca&*]in the size range >3.2 unh) empirical relation-

strength of the aerosol aqueous phase also influences the ga¥liP betweerPy fineand (¥K;) x 1/(INa] +2[Ca*]).

particle partitioning of NEHNOs. For instance, coexistence

of SO;~ in particles reduces. in the NH[/NO3 /SC;~ sys-

tem and helps to retain nitrate in the aerosol phase (Stel-

son and Seinfeld, 1982; Seinfeld and Pandis, 2006). FORaCy(s) + N»Os(g) — NaNOs(s) + CINOz(g) 1, (R3)

this reason, a modified dissociation const#fjt is intro-

duced to take into consideration of the ionic strength ef-CaCQ(s) + 2HNO3(Q)

fect. K, is defined to be the product &, and Y, where

Y is [NH4NOs] / (INH4NOgz] + 3[(NH4)2S0q4]). Our calcu- — CaNO3)2(s) + H20+COx(9) 1 - (R4)

lations showed thak’ varied from 0.06 to 5.1 pgb(parts . . .

per billion squared) f(e)r individual samples and was less thanThe sum of the t_WO major |c_)ns_(Ntaand C&") (in equiv-

1.5 ppt3 for most of the samples collected in spring and win- ale_nt conce_ntratlons) is indicative qf the _abundar_lce of al-

ter (Fig. S4 in the Supplement). The plot &, vs. Pr fine kaline species on sea salt and soil particles. It is plotted

(Fig. 5a) shows a clear inverse relationship between the tw@9aINSt Pn_fine IN Fig. 5a and a clea_r Inverse relat|0n§h|p
variables, andPy fine is significant (> 10 %) only wherk’ is observed. The coarse-mode equivalent concentration of
' — e

falls below 1.0 ppb. Na' and C&* was the highest (above 0.2 peq#in spring

Due to the tendency of gaseous HNR,Os reacting with (Fig. S4 in the Supplement), which explains the less signif-

alkaline sea salt and soil particles (Reactions R2—R4) (Yadca‘r_]t presence Of_ fme_-mode nitrate n sampl_e S collect_ed n
ring than those in winter. The following empirical relation-

and Zhang, 2012), the alkaline species compete for gaseou¥’, ' ,
HNOj3 and thus the abundance of the alkaline species is e;—g:'p is found betweew_fine and the product of (K.) and

+ + ia. .
pected to affect the amount of NNO3 partitioning onto the (1/INa*] + 2[Ca*]) (Fig. 5b):
fine particles:

1
Pn_ﬁne= 0.006 x <?>

e

NaCl(s) + HNO3z(g) — NaNQs(s) + HCI(g) 1, (R2)

1
— — ) +0069R?=073
) ([Naﬂ +2[Ca2+]> -
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Due to the limited sample size and the negative sampling arThe fine-mode nitrate concentration was 0.58, 1.01 and
tifact in nitrate by MOUDI, there is a significant degree of 1.43 ugn73 in the three periods, respectively. The average
scattering in the plot. As shown by Fig. 5b, the fitting equa- concentration of the gaseous precursor {N®as~ 7.7 ppb
tion is largely driven by data points whéfy _fineis significant  in the winter of 1999 and 2000y 13.8 ppb in the winter of
(>10%). As such, whether this equation is applicable to sce2008 and~ 10.3 ppb in this study, respectively. The increas-
narios of smallP,_fine Can only be evaluated after more and ing concentration level of NPQwould lead to higher local
better quality measurements are made in this regime. Nevemroduction of HNQ. It is likely that alkaline species were
theless, this result indicates that, in coastal environments, seiasufficient to neutralize the increased HROr NO; and
salt plays an active role in modulating the amount of nitratethus a larger proportion of HNgpartitions to the fine parti-

residing in the fine-mode particles. cles.
No oxalate concentration was reported in the data set
3.2.4 Relationship of coarse-mode nitrate formation of 1996-1997. MMADs in the condensation mode, droplet
and chloride depletion mode and coarse mode of this species were comparable in

2008 and in 2011-2012.
Coarse-mode nitrate formation and chloride depletion on sea
salt particles are closely linked through Reaction (R2). The3.3 PMF analysis of size-segregated sulfate with
percentages of the chloride depleted{(il..;,,%0) for size selected gaseous pollutants
bins larger than 3.2 um were calculated and summarized in
Table 2. Generally, the extent of Cldepletion is progres- Multivariate receptor modeling has been widely used to iden-
sively higher on relatively smaller particles, which is an ex- tify the underlying emission sources and formation processes
pected result of more abundant acidic species on the smalleind to estimate source contributions to measured ambient
particles. The equivalent ratios of [CH-NOz]/[Na*] on  particulate concentration. Several studies have succeeded in
coarse particles ranged from 1.20 to 1.88, which were closepplying factor analytic algorithms (PMF and multilinear en-
to the [CI"] / [Na*] ratio in seawater (1.174). Itis suggested gine (ME-2)) to size distribution measurements to retrieve
by Yao and Zhang (2012) that this similarity indicates that source contribution on the assumption of a unique size dis-
the overall chloride depletion could be largely explained tribution for each contributing source and linearity between
by the coarse-mode nitrate formation. MARGA data alsoparticle number and mass concentration over time at a fixed
showed that the measured Hi(@®) and HCI (g) were mod-  site (Kim et al., 2004; Zhou et al., 2004, 2005). In the follow-
erately correlated in the regime of loi_fine (P€rcentage of  ing analysis, the PMF approach was adopted to estimate the
fine-mode nitrate <30 %) (Fig. S5 in the Supplement), sup-relative contributions of local formation and regional/super-
porting Reaction (R2) as a significant pathway for @e-  regional transport to the observed ambient sulfate.
pletion.

3.3.1 PMF analysis of size-segregated sulfate
3.2.5 Comparison of size distributions of secondary

ionic species with previous studies The 43 sets of size-segregated sulfate concentrations were

combined with the gaseous pollutant measurements (CO,
Table S1 in the Supplement lists the measurements Of\;o2 and Q) for PMF analysis using EPA PMF3.0. $@&
MMAD of SO;~, NO3, NHj and GOj~ at the HKUST  the gaseous precursor of particulate sulfate. (e sum of
site in the past decades. The MMAD of the condensationN02 and Q) is usually used to evaluate the oxidation ca-
mode slightly increased frony 0.2 um in 1996 (Zhuang et papility of ambient atmosphere. CO is generally considered
al., 1999b) to~ 0.3 um in 2008 (Yu et al., 2010) and in this a5 an anthropogenic combustion tracer. Diurnal variation of
study. The MMAD of the droplet mode for sulfate increased co at our measurement site was almost flat and no rush hour
from ~0.6 um in 1996 to 0.8-0.9 um in 2008 and in 2011- neak was observed (Fig. S6 in the Supplement). This was
2012 (this study). It is difficult to discern whether this ob- cjearly different from the diurnal patterns of elemental car-
servation of shift of the droplet mode to a large size was in-pgn and NQ as observed at a roadside location in Hong
cidental (due to the limited measurements and the low teMkong showing concentration peaks during local rush hours in
poral resolution in the MOUDI measurements) or reflectedine morning and in the early evening (Huang et al., 2014b).
increased contributions of sulfate via regional transport inHence, the diurnal pattern of CO rules out vehicular emis-
the recent measurement periods.;S@vas neutralized by  sjons from nearby roads in the vicinity of a few kilometers
gaseous NHlin the atmosphere and NHhus has the similar  as a major contributor to at HKUST. This is reasonable in
variation of size distribution as ﬁo (Zhuang et al., 1999b; view of that the roads near HKUST do not carry heavy traf-
Louie et al., 2005). fic as the university is located in a low population density

In the winter of 1996-1997, coarse-mode nitrate was dom-+esidential district in Hong Kong. To the best of our knowl-

inant, with a MMAD of 3.95 um while in the winter of 2008 edge, there are no other obvious combustion sources near the
and in 2011-2012, nitrate exhibited bimodal distributions. sampling location. When seasonal variations were examined,

www.atmos-chem-phys.net/14/9013/2014/ Atmos. Chem. Phys., 14, 9@I27, 2014



9022 Q. Bian et al.: Inorganic ions and oxalate

Table 2. The percentage of Cl depleted in aged sea salt aerosglgp(gﬁlon%), relative acidity, and ionic ratios in each season.

3.2-5.6um 5.6-10pym 10-18pum >18pum

Spring
1 —

Cldepletion% 68.73 42.82 34.58 39.34
2Relative acidity 1.42 1.26 1.28 1.30
([CI71+[NOg]) /[Nat] 1.26 1.38 1.35 1.21
Summer
Clgepletion% 53.76 34.57 28.28 30.81
Relative acidity 1.22 1.21 1.33 141
([CIT1+[NOg]) / [Nat] 1.20 1.36 1.39 1.34
Fall
Clgepletion% 51.04 28.49 18.50 6.27
Relative acidity 1.05 1.07 1.00 1.06
([CIT1+[NOg ) /[Nat] 1.20 1.29 1.34 1.42
Winter
Clgepletion% 47.24 29.06 18.81 29.67
Relative acidity 1.16 1.15 1.16 1.17
([CIT1+[NOg ] / [Nat] 1.88 1.53 1.55 1.41

3 Clgepletion” = (1.174[Na ] — [CI7]) / 1.174[Na'] x 100%.

b Relative acidity = (INH] + [Nat] + [Ca?t] + [Mg?+] + [K 1) / (SO3~] +[NO3 | +[CI~]).

CO concentrations were observed to be higher in winter andhose in the based run. Fpeak value fref5 to 0.5 was ex-
lower in summer (Fig. S7 in the Supplement), consistent withamined. Positive Fpeak values were applied to sharpeh the
the seasonal pattern of pollutants transported from outsidenatrix and to achieve cleaner source profil@svalues (the
HK to this site. Therefore, CO is used as a tracer for trans-objective function for PMF model optimization) as a function
ported pollutants in this study. of Fpeak values are plotted in Fig. S8a in the Supplement.
The minimum sample sizeM) needed for obtaining sta- An examination of source profiles shows the application of
tistically reliable results by factor analysis is3QV +3)/2, Fpeak of 0.1 gives the best result.
whereV is the number of input species (Henry et al., 1984). The first factor consists of all sulfate in the size range
In order to reduce the input variables, data from adjacenof 0.056-0.32 um, 72 % of sulfate in the size bin of 0.32—
size bins were grouped together, reducing the input size9.56 um, 48 % of S@and 66 % of Q. Particles in the size
segregated data to the following five size categories: (1)bin of 0.056-0.32 um are associated with the condensation
0.056-0.32 um; (2) 0.32-0.56 um; (3) 0.56—1.0 um; (4) 1.0-process. The abundant presence of sulfate in this size bin
3.2um; and (5) >3.2um. The data set of 8 measured variindicates that this factor is associated with freshly formed
ablesx 43 samples was then organized as input matrix foraerosols. The reaction of SQvith the OH radical was the
PMF analysis. The uncertainty prepared for PMF analysismajor pathway of sulfate formation in the gas phase while
was set as the sum of analytical uncertainty and one-thirdH,O, is the dominant oxidant for SQOoxidation in the
of the detection limit for lumped sulfate species (Reff et al., aqueous phase (Seinfeld and Pandis, 2006; Miyakawa et al.,
2007) and 30 % of the corresponding concentration for CO,2007). The ratio [SﬁY] / ([SO2] + [SOﬁ‘]) is calculated to
SO and Q.. Three-to-five factors were tested in PMF anal- be 0.30, close to the sulfate conversion extent near power
ysis and the three-factor solution was found to best explairplant sources (Wilson, 1981). This further supports the asso-
the sulfate formation (Fig. 6). In the four- and five-factor so- ciation of this factor with the freshly formed sulfate particles.
lutions, sulfate in the size category of 1.0-3.2um forms a The second factor accounts for more than 60 % of sulfate
factor without association with any gas tracers, leaving thisin the size from 0.56 to 3.2 um and nearly 100 % of CO. The
factor unexplained. Five different seed values were tested andonversion factor of Sgxo sulfate in this factor is 0.97, much
similar results were obtained. The seed value was eventualljarger than that in the first factor. It is noted that nearly all the
set at 123. Bootstrapping on the base solution reported stablgulfate in the size range of 1.0-3.2 um is associated with this
results, with >85 out of 100 bootstrap factors mapped withfactor. A close examination of the size distribution of sulfate
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Figure 7. (a) Comparison of PMF-modeled sulfate with the mea-
Figure 6. PMF-resolved source profiles (percentage of total sured sulfate(b) seasonal variation in contributions of the three
species) for size-segregatedﬁo sources of sulfate

(top row in Fig. 2a) indicates that the droplet mode of sul- set), the regional/_super—regional pollutant transport played a
fate was broad and dominant, encompassing most of the suk®Y role, accounting for an average of 68 % of total sulfate
fate in the 1.0-3.2 um range. The abundant presence of th@"d 78 % of sulfate in fine mode.
supermicron droplet-mode sulfate particles suggests a ma-
jor contribution from aged air masses, which makes possible3.3.2 PMF analysis of coarse-mode sulfate
significant growth in particle size (Guo et al., 2010). These
characteristics indicate that this factor is associated with agedo further understand the formation pathway and sources of
sulfate, i.e., sulfate transported from outside HK. sulfate in the coarse mode, sulfate and other ionic species
Nearly all of particulate sulfate on particles >3.2um ap- (Na*, Mg?*, NO3, C&+, K* and NH)) in the coarse mode
peared in the third factor. This factor is therefore identified were organized as input matrix for PMF analysis. 2\bi
as sulfate in the coarse mode and its further apportionment tas a tracer for bulk soil particles (no coarse Si data available)
different sources/formation pathways is discussed in the nextvas also included as input data, as its inclusion significantly
section. improves the agreement of PMF-reconstructed and measured
The sum of apportioned sulfate explains well the ambi-C&t data. Uncertainties for these variables were set as the
ent sulfate measurements (Fig. 7a). The seasonal averagem of analytical uncertainty and one-third of detection limit.
contributions from the three PMF-resolved sources are plotfpeak values from-0.5 to 0.5 were examined and zero was
ted in Fig. 7b. Locally formed sulfate ranged from 0.11 chosen for the final solution (Fig. S8b in the Supplement).
to 6.7ugnt3 in individual samples with the higher val- Four factors were found to reasonably explain the physical
ues occurring in the spring and fal~@.0 ugnt3), con- meaning of each source (Fig. 8). The seasonal variations in
sistent with the high oxidant potential {Dduring these source contributions are shown in Fig. S9 in the Supplement
two seasons (Fig. S7 in the Supplement). Transported sulfor individual source factors.
fate was in the range of 0.10-17 pugfnin individual sam- Prominent N&, Mg, K+, CI~ and~ 13 % of the coarse-
ples with the highest seasonal average occurring in springmode sulfate appear in the first factor. Nag?t and some
The seasonal average of sulfate in the coarse mode ranga¢™ on particles larger than 3.2 um are considered to be the
from 0.3 to 1.3pgm?3 with the highest value in spring. tracers for sea salt particles. Major ions in seawater with
The annual average contribution was estimated to be 309%alinity of 35%. are Ct (55.29% in the mass percent-
(2.5pgnr?) associated with local oxidation of $O59%  age), N& (30.74 %), Mg+ (3.69%), SG~ (7.75%), C&*
(4.9 ug nT3) due to sulfate transported from outside HK, and (1.18 %) and K (1.14 %) (Millero and Sohn, 1992). The rel-
11% (0.9 pg m3) sulfate in the coarse mode. In the high- ative abundance of individual species resolved by PMF in
sulfate cases (total [Sfp] >14.4ugnr3, the value corre-  this factor agreed fairly well with that in the seawater ex-
sponding to average 1 standard variation of the whole data cept that the PMF-derived §OWas about half of that in the
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Figure 9. (a) Total sulfate in the coarse mode versus PMF-model
FIEESF TS estimated sulfate(b) Relationship of coarse-mode sulfate appor-
tioned to the NHHSO4-containing coarse particles (i.e., Factor 2)
Figure 8. PMF-resolved source profiles (percentage of total with Ca2t concentration in either coarse-mode I (blue open circles)
species) for coarse-mode data. P4/5i as a surrogate for bulk dust or coarse-mode Il (yellow filled circles). There are two exceptional
particles is also included as input data. data (filled circles with blank outline) that do not fit in either of the
two groups.
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Coarse sulfate
associated with Factor 2 (ug/m3)

seawater (Fig. S10 in the Supplement). This factor therefore
was identified as fresh sea salt. [SO; lc_ra. We next examine correlations of [§0c_r2

The second factor consists of 98 % of {IH64 % of SG~,  with [C&®"]cwi and [C&F]cwir. It is found that the sam-
23% of NG;, 13% of Na', and 11% of Si. The equivalent Ples fall into two groups. For samples with lower [$0c_r2
ratio of NH, SCZ~, and NQ (1.5:1.0:1.0) in this factor ~ (roughly <0.4pgm?®, n = 28), [SG1c_r2 strongly corre-
indicates that sulfate mainly exists as M5O, and nitrate  lates with [C&+]cmi (R? = 0.68) (Fig. 9b) while the correla-
as NHNOz. The alkaline species (i.e., &3 Mg?+, and  tion with [Ca*]cmy is significantly weakerk? = 0.49). For
Na*) in dust and sea salt make it difficult for ammonia to par- samples with higher [SPY]c_r2 (roughly >0.5ugm?3, n =
tition into dust and sea salt particles (Xu and Penner, 2012)13), however, a moderate positive correlatidt? & 0.53,
Considering the abundant presence ofleH this factor, Fig. 9b) exists between [SZO]C_annd [C&]cmn while the
we therefore attribute coarse-mode sulfate apportioned t@orrelation with [C&t]cwmi is much weakerg? = 0.23). The
this factor (termed as [SP]c_r2 hereafter) to coagulation correlation results indicate that both the coagulation process
of fine NHsHSOs and NHINO;s particles with coarse sea and resuspended dust particles could be significant sources
salt/dust particles or resuspension of dust particles that confor [soff]c £2. That PMF failed to resolve these two sources
tain NHsHSO; and NHNOg, the presence of which in dust  is most likely due to the limited number of sample sizes.
could come from dry or wet deposition of ambient aerosols. The third factor is characterized by the abundant presence
As C&* in the smaller coarse mode (i.e., Bacm) rep-  of nitrate, C&*, Si and chloride-depleted sea salt species
resents long-range-transported dust particles, an associatiqat, Mg?+, and K"). Heterogeneous reactions of sulfuric
between [S@ ]c_rz2and [C&*]cwi is anticipated if coagu-  acid and nitric acid on sea salt or dust particles (e.g., Reac-
lation of NH4HSQy fine particles is a significant source for tions R2 and R4) are mainly responsible for this source of
[SO;]c_r2 However, an association between fS@ r2  coarse-mode sulfate. The covariation of nitrate and chloride-
and C&" in coarse-mode Il (i.e., [Gd]cmi) is expected depleted sea salt species suggested the existence of Reaction
if resuspension of dust particles is a significant source forR2; i.e., chloride in the sea salt was replaced by nitrate in
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the polluted atmosphere over certain period®Cand Siare  inversely proportional relationship was established using the
the tracers for dust, which may be amalgamated with localdata set between the fraction of nitrate in the fine mode
aged sea salt after long-range transport. This factor was thuand (¥[Nat] + 2[C&*]) x (1/K); i.e., the product of the
identified as the mixture of aged sea salt and dust particles. sum of alkaline ions in equivalent concentrations {Nand
The fourth factor is identified as fresh dust particles thatCat) and the modified dissociation constant of ammonium
have not undergone atmospheric processing (such as acidifititrate. This relationship explains the variable characteristics
cation), as this factor is characterized with abundant Si andn nitrate-size distribution. Due to the limited sample size and

C&t but little sulfate and absence of nitrate. sampling artifact of nitrate, more measurements are needed
The comparisons of PMF-reconstructed and measuredo further study the relationship.
coarse-mode concentrations sh&fwvalues of linear regres- The local formation and transport contribution of sulfate

sion better than 0.95 for NQ CI~, NH;{, Na', and Mg, were estimated by applying PMF analysis on the combined
and 0.83 for C&" (Table S2 in the Supplement). The agree- data sets of size-segregated sulfate and select gaseous air
ment for coarse sulfateR€ = 0.79) is weaker but still rea- pollutants (S@, Ox and CO). The regional/super-regional
sonable (Fig. 9a). This result indicates that the PMF solu-source dominated the observed sulfate at HKUST, especially
tion captures most of the variation in the coarse-mode sulon high-sulfate days. On average, the regional source con-
fate while it also suggests that it is likely there are sourcesiributed 59% (4.9 ug m*) while the locally formed sulfate
or processes not properly represented by the input speciegccounted for 30% (2.5 ugm), and the remaining sulfate
The small sample size and lack of direct coarse dust particlé0.9 ug n3) was on coarse-mode particles. Further PMF
tracer data may be the contributing causes for the limitationanalysis of the coarse-mode chemical composition data sug-
in the PMF solution for the coarse sulfate. gests that most of the coarse-mode sulfate were contributed
The PMF results show that on average two-thirds ofby NHzHSO4-containing coarse particles. This source of
coarse sulfate is NHHSO4-containing coarse particles coarse sulfate was its origin in fine NHSO, particles,
(~0.5ugnT3) while the other three sources (i.e., sea saltwhich shifted to the coarse mode through coagulation and/or
sulfate, dust sulfate, and aged sea salt/dust particles) mak@eposition followed by resuspension. Results from this study
comparable contributions to the remaining one-third of demonstrate the importance of understanding both local pho-
coarse sulfate. tochemistry and regional/super-regional transport in order to
properly model sulfate aerosols.

4 Summary and implications
The Supplement related to this article is available online
Size distributions of nine ionic species @O NO;, CI7, at doi:10.5194/acp-14-9013-2014-supplement
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