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Abstract: Studies providing quantitative information regaglisecondary organic
aerosol (SOA), the least understood subject in spimeric chemistry, are important to
evaluating secondary transboundary pollution. Tetaiobquantitative information of
long-range transported SOA in the air of Fukuoka, s@nducted simultaneous field
studies during December 2010 and March 2012 atad site in northern Kyushu and at
an urban site in Fukuoka City. During the studwes, collected airborne particulate
matter (PM) on filters and extracted the low-vdéatwater soluble organic carbon
(LV-WSOC) component, which is possibly dominatedS®A, from the filter samples
and analyzed it to determine the carbon conceatraind stable carbon isotope ratio.
Under the assumption that the LV-WSOC at Fukuoldbi@h transboundary and local
origins, we then applied end-member mixing analyEB®IMA) to the stable carbon
isotope ratio data from both sites to estimate fthetion of LV-WSOCs from these
origins in the Fukuoka air. Independently, we asalyzed the organic component of
fine PM (OA) using an aerosol mass spectrometer $ABt both sites during the study
periods, and further analyzed the OA mass spedirag yositive matrix factorization
(PMF) analysis. We then compared results from thiVEA and the PMF. Results from
the PMF analysis showed that the OA at Fukuokadeg®nvoluted into two loadings:
low-volatility oxygenated organic aerosol (LV-OOA)pssibly the long-range transport
origin, and hydrocarbon-like organic aerosol. Themparison of LV-OOA and
LV-WSOC estimated by PMF and EMMFA, respectivelypwed disagreement. Since
the m/z 44 signals produced by the AMS measuremamd the LV-WSOC
concentrations from the filter analysis were foubé correlated strongly, the
inconsistency suggests that the LV-WSOC observedrukiuoka during the study
periods predominantly consisted of SOA.



Introduction

The recent severe air pollution in China has teldigh levels of public concern
in neighboring countries in north-east Asia, beeah® prevailing wind during the fall,
winter, and spring seasons often carries polluéioross international boundaries. Air
guality in Japan can be strongly influenced by pgoflution. Fukuoka is the largest city
in the Kyushu region of Japan, which is the westerst region closest to the Chinese
continent. Approximately 1.5 million people residethe city, and thus with respect to
public health, it is important to quantitativelyderstand the influence of transboundary
pollution on local air quality. When evaluating giollution, assessments should not
only consider the primary pollutants, which are tégai directly from emission sources,
but also secondary pollutants, such as ozone, pacetyl nitrate, and secondary
organic aerosol (SOA) that are formed during transprhe estimation of SOA is
important due to the potential association withimgpact on climate and its adverse
health effects (Anderson et al., 2003; Dockeryletl®93), but this is difficult because
no unique molecular marker has been identifiedth€best of our knowledge, positive
matrix factorization (PMF) analysis of organic ambmass spectra obtained by aerosol
mass spectrometry (AMS) measurements is the onlyhade currently used for
assessing atmospheric SOA (Zhang et al., 2005 etNg., 2010). However, a recent
report demonstrated that stable carbon isotope @fiC) measurements of particulate
low-volatile water soluble organic carbon (LV-WSO&)rural sites in the Kyushu and
Okinawa regions captured evidence of SOA (Ireil.e2814). Due to the lack of a large
emission source of anthropogenic SOA precursors theasites and the transport of air
masses from the Chinese continent during the gbedyd, the SOA was concluded to
be transboundary air pollution, with a secondarngior It would be no surprise to
discover that significant amounts of SOA exist lire turban air of Fukuoka, but the
LV-WSOC may also contain primary particulate LV-WS@om local emissions. This
Is important to evaluate for the management ofjaality.

Our objective in this study was to quantitativdtermine transboundary SOA
in the urban air of Fukuoka. We analyzed LV-WSOGsgiloly containing primary
LV-WSOC and SOA formed during long-, middle-, ard&hort-range transport to
determine the carbon concentration &C. We then compared the results with those
previously published for a rural site in the north&yushu region to apportion the
transboundary SOA and the primary LV-WSOC using Bfember Mixing Analysis
(EMMA).

Theory: EMMA



EMMA is a mass balance approach that is often usebtope chemistrye(g.,
Phillips et al., 2005; Yevenes and Mannaerts, 20@&2yen that the stable carbon
isotope ratio of the LV-WSOC mixture sampled inamkair §°Cwmix) consists of i types
of LV-WSOCs, which have distincdd**C values, thed*Cwix can be expressed as
follows:

3 Cyy = D W, 37°C,

where w and 8°C; are the fraction and stable carbon isotope rafidhe type i
LV-WSOC, respectively. For a binary mixture, thaiation above can be written as:

613CMix =W [Blgc + (1_ WLocaI) |Bl?’CTrans (1)

Local Local

wheredCuroca, 8Crrans and wocaiare the stable carbon isotope ratios of LV-WSOCs
from local emissions and transboundary origins, #red fraction of LV-WSOC from
local emissions in the LV-WSOC mixture, respectivdlo solve for Woca, the known
values ofd*3Crocal andd**Crrans Need to be introduced. Note that #éC values of the
source organic carbon would reflect #€Cioca because particulate primary LV-WSOC
originates from anthropogenic emissions (i.e., ¢émeissions from high temperature
combustion processes), while t&°Crans varies depending on the extent of the
production reaction(s). By applying a variety ofspible 3 Ciocal values from the
literature and th&Crrans of the particulate LV-WSOC observed at a backgdosite in
northern Kyushu, equation (1) is solved fanaal.

Experiment

We conducted simultaneous field studies at the &umospheric monitoring station
(32.8°N, 128.7°E) and at Fukuoka University (33.6180.4°E) (Figure 1) during two
periods: from 6 to 16 December, 2010 and from 81 March, 2012. The
measurements and results of the field studies 19 2@ both sites and those in 2012 at
Fukue have been presented and discussed previdueslet al., 2014; Irei et al. 2015).
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Figure 1. Map showing the locations of measuremesites.

Therefore, only the experiments conducted during $tudy at Fukuoka 2012 are
described here. Total suspended particulate (TS& wollected every 24 h on
pre-baked (773 K for 12 h) quartz fiber filters&0 inch Tissuquartz, Pall Corp., New
York City, NY, USA) using a high-volume air samplgtV-1000: Sibata Corp., Saitama,
Japan). We used a quarter of each filter sampléhioLV-WSOC analysis. The details
of the preparation procedure for LV-WSOC extra@s heen described previously (Irei
et al., 2014). Briefly, LV-WSOC was extracted withtra-pure water (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) via soioica The extract was filtered
(PURADISC 25 TF, Whatman Japan K.K., Tokyo, Jaarg then concentrated to ~0.1
mL using a rotary evaporator (R-205 and B-490: Nidichi K.K., Tokyo, Japan) and
a gentle flow of 99.99995% pure nitrogen (Tomoe KanoTokyo, Japan). The final
volume of the concentrated extract was determineddighing the extract, assuming
unit density. An aliquot of the concentrated extraas pipetted into a 0.15-mL tin cup
for elemental analysis (Ludi Swiss AG, Flawil, Sxitland) and then completely dried
under a gentle flow of pure nitrogen. Finally, aglof 0.01 M hydrochloric acid (Wako
Pure Chemical Industries, Japan) was spiked irgodtied sample for the removal of
carbonate, and the sample was re-dried. Extraetegles prepared in this manner were
analyzed by an elemental analyzer (Flash 2000: mibe$cientific, Waltham, MA,
USA) coupled with an open-split interface (Confib Thermo Scientific), followed by



an isotope ratio mass spectrometer (Delta V Adygnt@ihermo Scientific) to determine
the carbon mass ar¥C value. Hered'3C is defined as follows:

13
C
(%) sample

13
C
(%) reference

oC= -1],

where {3C/%C)sampie and {3C/A°C)reterenceare the'3C/A2C atomic ratios for the sample
and the reference (Vienna Pee Dee Belemnite), casply.

During the study period, we also used a quadeupelrosol mass spectrometer
(AMS, Aerodyne Research Inc., Billerica, MA, USAp tmeasure the chemical
composition of fine aerosol (~PN during the study at Fukuoka in 2012. The detzils
these instruments and the theory for determinimgctbncentration of chemical species
have been described previously (Jayne et al., 28081 et al., 2004). The details of our
AMS measurements are described elsewhere (Irdi,etubmitted). Briefly, the AMS
was set to output mean concentrations of chemipatiss every 10 minutes. The
scanning range afYzwas from 1 to 300, and the AMS flash vaporizer setsto 873 K.
The AMS was calibrated with 300-350-nm dried ammoninitrate particles at the
beginning of the study period for quantitative gsed. The ionization efficiency was
6.2 x 107 counts molecul@. The collection efficiency used for the calculatiof the
concentrations was one.

Results and discussion
Concentration and &*C

In this paper, our fundamental data analysis fesus the data acquired during
the study in March 2012 since such analysis forstiuely in December 2010 has been
published already (Irei et al., 2014). A time serd the carbon concentration abidC
of LV-WSOC during the field study in March 2012 skex that the concentrations at
Fukue were typically higher than those at Fukudkgure 2). The carbon concentration
of the sample collected on March 13th was not abél due to a failure in the weighing
procedure of the final extract that should havecieined the extract volume. The
higher concentrations at Fukue could be due toprsximity to the source(s) of
precursor(s) of LV-WSOC: the closer to the sourdbég, less dilution of airborne
substances. Th&3C values of LV-WSOC at Fukue were consistently bigihan those
at Fukuoka (except for March 9). This can be ex@diby the additional LV-WSOC
from the local source(s) having lowd¥°C values than the transboundary LV-WSOC.
We found the same overall trend in the LV-WSOC emtiations during the study in



December 2010. Th&3C trend was similar, but there were some exceptiemng, the
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Figure 2. Time series plot of the concentration and'*C of LV-WSOC observed at
Fukuoka and Fukue during the field studies in (a) @Bcember 2010 and (b) March
2012.The data points of December 9, 14, and 15 and M&Bcht Fukue and of March
are not available at Fukuoka.



samples collected on December 11 and 16 had h&jf@rvalues at Fukuoka than at
Fukue. These invertedC values likely indicated a contribution of LV-WSG@m a
different source at Fukuoka.

A time series of OA andvz 44 during the two study periods at Fukue showed
that their variations coincided and that the veratof fa2 (m/z 44 divided by the
organics) was small (Figures 3a and 3c). This iegpthat the composition of OA at
Fukue was simple and made of carboxylate-relatédtance(s), an indication of aged
organics. The plots at Fukuoka also showed coingiglariations, but there was a larger
variation infss. This can be explained by both the carboxylic @jidontribution to the
OA concentrations at Fukuoka, and the contribufrmm primary emissions of OA,
with a local origin. Sharp rises and falls in tHeserved OA concentrations indicate a
contribution from local sources. This explanati@tdmes more convincing as the data
obtained from the two sites were analyzed more @tail two-hour averaged
concentrations ofw/z 44 at Fukue x-axis) were correlated with those at Fukuoka
(y-axis) (Figure 4a). The linear regression obtamady = 0.375 £ 0.032 + 0.224 +
0.031 (f = 0.507). Such plots of OA also showed a propoaidncrease, but more
scattered and a larger slope (Figure 4b). Thediregression obtained wgs= 0.456 +
0.04&% + 2.61 + 0.27 &= 0.395). The larger slope with lower correlationthe OA is
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Figure 3. Time series plot of OA (green filled) andn/z 44 (red cross) concentration
observed during the field studies in 2012 by AMS nasurements at (a) Fukue in
December 2010, (b) Fukuoka in December 2010, (c) ke in March 2012, and (d)
Fukuoka in March 2012.
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Figure 4. Scatter plot of two-hour averaged conceration of OA (a) and m/z 44 (b)

at Fukuoka as function of Fukue.

probably due to the irregular contribution of OArr the local sources in Fukuoka. It
should be noted different degree of the atmospltiution between the two sites also
causes lower correlation. Nevertheless of suclgutee sources, the overall trend<.(

the slopes of the linear regressions) at FukueFarkdioka were similar and significant,
implying that transboundary OA is predominant ewerfrukuoka City. Modeled back
trajectories of air masses arriving at Fukue ankubBka during the study period of

March 2012 by HYSPLIT (Draxler et al.,

2013) wemnitar (Figure 5), suggesting the

same air masses in macro scale and possibilitgfifeince of transboundary air to the
local air quality at Fukuoka. The similar patteastbeen observed in the previous study

in December 2010.
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Comparison of LV-WSOC with OA

If LV-WSOC predominantly consisted of SOA, a highrrelation between the
LV-WSOC concentrations and thm/z 44 concentrations would be observed. As with
the results reported for December, 2010 (Irei et28l14), the LV-WSOC concentrations
determined by the filter sample analysis and the 44 or OA concentrations
determined by the AMS measurements were stronghgleted at both Fukue?(= 0.91
and 0.94, respectively) and Fukuoka (0.75 and G&gpectively) (Figures 6a and 6b).
The m/z 44/LV-WSOC and OA/LV-WSOC ratios were 0a®l 1.7ug ugC? at Fukue,
respectively, and 0.30 and 2@ pgC! at Fukuoka, respectively. We compared the
OA/LV-WSOC ratios with the organic mass (OM) to angc carbon (OC) ratios of OA
in (see the following sub-section) to evaluatedtierences in LV-WSOC between TSP
and PM.o.
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Figure 6. Plot of LV-WSOC concentration from the fiter sample analysis versus

the OA concentration (blue) and m/z 44 concentratio (red) measured by AMS at
(a) Fukue and (b) Fukuoka, March 2012.

We observed previously that td&’C values of LV-WSOC had a proportional
relationship with the photochemical age of )NGut that a similar relationship with the
faa of OA was case-dependent (Irei et al., 2014;dtal., 2015). We hypothesized that
f44 could be an oxidation indicator if LV-OOA with agh fa4 (i.e,, an SOA origin) is
mixed with a constant amount of hydrocarbon-likgamic aerosol (HOA) with a lofa.

If this hypothesis were correct, thevalues of OA during the field study at Fukuoka in
March 2012 could be used as an oxidation indichemause, as discussed in the next
section about the PMF analysis, the OA during teiady was a mixture of
low-volatility oxygenated organic aerosol (LV-OOand HOA. Indeed, plots of the
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&'3C values of LV-WSOC versus ttigof OA (Figure 7) indicated a positive correlation
(r? = 0.646). The linear regression obtained W&€ = (138 + 34)%o0 Xfas — (40.1 +
3.8)%0.. Compared to the linear regression obserueithgl an earlier field study at Cape
Hedo, Okinawa (Irei et al., 2014), the slope wasarban five times steeper. The slope
depends on kinetic isotope effects (KIEs) during lbss and production of particulate
carboxylic acids. The steeper slope may imply thedpction of SOA via different
processes. Given that theof OA is ~0.08 or lower at emission, tB¥C derived from
the linear regression at teof 0.08 (-29.0%o), is expected to represent the upydt

of the &'3C for the background LV-WSOC or for the SOA at ayvearly stage of
oxidation processing.
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Figure 7. Plot of 8C of LV-WSOC from the filter sample analysis versusfss of
organic aerosol measured by AMS at Fukuoka, March @12.

PMF analysis of OA mass spectra

We performed PMF analysis on the organic aerosalsmnspectra using a PMF
evaluation tool (Ulbrich et al., 2009). The resufsthe PMF analysis during the field
studies in December 2010 at Fukue and Fukuoka, ancM 2012 at Fukue, and in
December 2010 to May 2011 at Fukue are discussetttal elsewhere (Irei et al.,
2014; Irei et al., 2015; Irei et al., submittedjielly, with respect to spectral patterns, a
two-factorial analysis gave the most feasible tssolr the dataset of December 2014 at
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Fukue and Fukuoka, and these loadings were oftentifted as LV-OOA and HOA
(Figures 8a and 8b). For a longer time period oflgtin this season (from December
2010 to May 2011), the PMF analysis resulted ineasible solution with the
two-factorial analysis, comprising HOA and LV-OOdaldings. For the study in March
2012 at Fukue, one-factorial analysis resultechenrmost reasonable solution, with the
extracted loading identified as LV-OOA (Figure 8c).
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Figure 8. Loading (m/z 12 to m/z 120) yielded fron®MF analysis on organic mass
spectra for (a) the two factorial solution of FukueDecember 2010, (b) two factorial
solution of Fukuoka December 2010, (c) one factotissolution of Fukue March
2012, and (d) two factorial solution of Fukuoka Mach 2012.The extracted loadings
shown are LV-OOA (green) and HOA (red).

PMF analysis of the organic mass spectra obseidvedg the field study in
March 2012 at Fukuoka showed that a two-factomallysis gave the most reasonable
results: loadings corresponding to LV-OOA and HORig(re 8d), with average
fractions of 72% and 28%, respectively. In this P&ffalysis, the signal at/'z 27 was
excluded due to the large amount of noise caused:bythe edge of the slightly wider
peak width atm/z 28. A comparison of the extracted loadings at Bukuwith the
loading at Fukue referred to in the earlier Marbi2 studies revealed that the LV-OOA
at Fukuoka coincided with the LV-OOA at Fukue. TH®OA at Fukuoka was then
explained by OA of local origin.

According to the method used by Zhang et al. (2008 calculated the

11



OM/OC ratios for the deconvoluted loadings produbgdhe PMF. The OM/OC ratios
for LV-OOA and HOA during the study in March 2012Faukuoka were 4.7 and 2@
ugCl, respectively. According to these OM/OC ratios el previously determined
fractions of LV-OOA and HOA, we calculated the ale©OM/OC ratio for the OA (i.e.,
the mixture of LV-OOA and HOA) to be 4| ugC?. The OM/OC ratios for LV-OOA
and HOA observed at Fukue and Fukuoka during tfierent field studies are listed in
Table 1.

We compared the overall OM/OC ratio at Fukuoka wtité linear regression
slope for the plots in Figure 6 and the OA/LV-WSQ@&tio of 2.0ug pgCt The
comparison provides information regarding the ddfee between the LV-WSOC in
TSP filter samples and the OA in RMmeasured by the AMS. The OA/LV-WSOC ratio
was half of the OM/OC ratio, indicating that forrpele sizes larger than PM there
was more than twice as much OC as was measurdok®MS.

Table 1. OM/OC ratio calculated for PMF loadings

Field studies LV-OOA HOA
December 2010, Fukue® 3.6 1.2
December 2010, Fukuoka® 3.5 1.2
December 2010, Hedo® 3.8 n.a.2
March 2012, Fukue® 4.3 n.a.@
March 2012, Fukuoka 4.7 2.9
December 2010 through May 2011, Fukue® 5.0 2.8

2 Not available because the PMF analysis endedamihthe LV-OOA loading.
®Adopted from Irei et al. (2014%Adopted from Irei et al. (2015JAdopted from Irei et
al. (submitted).

EMMA for the evaluation of the mixing state of LV-WSOC

We applied the EMMA presented in the theory sectio the 3°C values
observed at Fukue and Fukuoka to evaluate tbgawn the LV-WSOC mixture
collected from Fukuoka. In this calculation, thegmeterd**Crocal had to be derived
first; therefore, we tested&3CLocal Value between -34%. and -27%o to determine if the
calculation gave a reasonableow, i.e., between 0 and 1. The results showed that,
except for December 11 and 16 in 2010 and Marchd1® in 2012, the wca values
varied in a feasible range when ®€CLocal vale was lower than -28%o. (Figure 9). This

12



range was consistent with tB&Crocal Of -29%o indicated by the intercept of the linear
regression of the plot @f*C againsffas shown in Figure 7. It is likely that tRg3C of
organic carbon from the vehicular emissions is ketw-27%. and -26%. (Kawashima
and Haneishi, 2012), and therefore this does ndicate a possible local source of
LV-WSOC. Compared to the literatud&’C values, the possible source may be biomass
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Figure 9. Calculated fraction of LV-WSOC from the local origin (Wioca) USINg
different &°Cioca Values during the field study in (a) December 201@nd (b)
March 2012. Thed™*Cyqcal Values used are shown in the legend.

burning, but this is highly speculative. Under thesumption that the observed
LV-WSOC concentrations are a binary mixture of L\E@®C, with transboundary and
local source origins, and th&3CLocal of LV-WSOC is -29%. (using the previously
determineddC as fas = 0.08 in Figure 7), we estimated the fractions toé
transboundary and local source origins using EMM#&re 10). Except for the four
data points referred to previously, the calculaiimiicated that a transboundary origin
was slightly more predominant than the local oriduming the study in December 2010,
with almost the same magnitude for both originsrduthe study in March 2012. To
determine if the results of the EMMA were feasiblee compared the fractions
determined with the results of the PMF analysis were discussed previously.

We used the wcal values to estimate the concentrations of LV-WSOQ &
transboundary origin (LV-WSOfang, and the LV-WSOGans values were then
compared to the LV-OOA concentrations extractedti®y PMF analysis. For March
2012, the correlation between the LV-OOA determineg the PMF and the
LV-WSOCrrans determined by the EMMA {= 0.330) was significantly lower than that
between the LV-OOA and the LV-WSOC2& 0.753), indicating that the EMMA
produced less consistent results. For the studpanember 2010, both correlations
were weak (Figure 11). Overall, the fractions deteed by the EMMA were
inconsistent with the results for fine OA produceg the PMF analysis. This
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inconsistency likely indicates that in Fukuoka mostthe LV-WSOC observed was
comprised of a single component, which had a traunsthary origin.
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Figure 10. Calculated fractions of LV-WSOC from thetransboundary (green) and

the local origin (red) using two EMMA with the 83Coca Of -29%oduring the field
study in (a) December 2010 and (b) March 2012.
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Figure 11. Plot of LV-WSOC (yellow) or LV-WSOCtyans (blue) concentration as
function of LV-OOA concentration extracted by PMF analysis (24-average) during
the field study in (a) December 2010 and (b) MarcR012.

Summary
We conducted simultaneous field studies at theuEukonitoring station and

Fukuoka University during December 2010 and Mar€i22 During the studies,
LV-WSOC from the TSP filter samples were analyzgdb off-line method and OA in
fine PM was analyzed by AMS. The measurements stiow®t LV-WSOC
concentrations at Fukuoka were lower than thodeuktie, indicating the proximity of
an emission source of precursor organics in theppase and/or condensed phase at
Fukue. Thefss values of OA at Fukuoka were significantly lowdram at Fukue,
indicating a contribution of OA from local primagmissions at Fukuoka. The PMF

14



analysis of OA mass spectra revealed that the ORuktioka consisted of HOA and
LV-OOA. As with the plots previously observed atp@aHedo, Okinawa, th&C
values of LV-WSOC were proportional to tl, indicating a strong association of
LV-WSOC with SOA.

We estimated the daily fractions of LV-WSOC withtransboundary origin,
LV-WSOCans using EMMA, and compared the quantitative resuligh the
magnitudes of LV-OOA extracted from the PMF anaydihe LV-WSOGians values
estimated by the EMMA were more inconsistent thanenthe LV-OOA concentrations.
Because the total LV-WSOC concentrations were nstrengly correlated with the
LV-OOA concentrations, the results of our analysiply that the LV-WSOC observed
at Fukuoka predominantly consisted of material \aithansboundary origin.
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