Response to reviewer #1

General comments

The study by Ueda et al. addresses the effectadings on the absorptive properties of atmospheric
black carbon particles, which is important in ewatimg their radiative impacts. The authors
conducted a field campaign at Noto Peninsula, Japarsite that frequently receives pollutants
transported from mainland China. A variety of instrents, including PASS-3, SP2,SMPS, and TEM
were employed to measure the physical, chemicaicadpand morphology of aerosols. NOx and
NOy were also measured to assist photochemicaldagermination. The main conclusion is that
coatings on black carbon particles can enhanceatbsorption by uncoated black carbon by ~22%.
This observation adds to the limited database el fmeasurements of the lensing effect of black
carbon. The measurement and discussion are gegesalind but a number of details need to be
added or explained, most importantly the charririgaerosols in the thermodenuder and its impact
on the absorption enhancement measurements. | raeach publication of this manuscript after the

following concerns are addressed.

(reply)
We appreciate the valuable comments from the rearieWe have considered the comments

carefully and replies are described below.

Specific comments
1. Abstract, L13, the absorption enhancement i22%- This is not a range. | suggest to report
either 22% or 23%. The same comment applies tcEtdies of 1.22 — 1.23 in the conclusion. In

addition, please either use percentage or absaiutabers to be consistent throughout the text.

(reply)
We have corrected the descriptions on the averhgertion enhancement value throughout the

text in the revised manuscript.

2. Please use “thermodenuder” instead of “heatetirdughout the text to be consistent with

literature in this field.

(reply)
We have replaced the “heater” with “thermodentder

3. Abstract, L21-22, it is a bit surprising that staf the coatings on black carbon are sulfates,



given that organic materials dominate the aerosakm(Table 2). The measurement period is after
the intense coal burning season in northern Chswait is expected that the coatings are dominated
by organics.

(reply)
Yes, coating materials should include not only atelfbut also organics. In the EDS analysis, the
guantitative detection of C atoms is difficult dicethe large background signal from C-coated
collodion film. Therefore, there is a possibilityat the number of C-rich particles is actually

higher than that counted, as described in secti®rvVZe have revised the sentence as follows.

(original)

“The majority of the soot in all samples was fowrglmixed particles with spherical sulfate or as
clusters of sulfate spherules. For samples showiigp enhancement (>1.30) of BC light
absorption, TEM showed that the internally mixedtsmntaining particles tended to have a more
spherical shape and to be thickly-coated.”

(revised)

“The majority of the soot in all samples was foussl mixed particles with sulfate-containing
spherules or as clusters of such sphertessamples showing high enhancement (>1.30) of BC
light absorption, TEM showed that the internallyked soot-containing particles tended to have a
more spherical shape and to be embedded into Hagest

4. P25093, “Models often estimate Eabs assumingra-shell...” Many models simply apply a

constant Eabs value rather than estimating Eabs.

(reply)
We have revised the sentence according to the caimme
(original)
“Models often estimatd,,s assuming a core-shell (the BC core and coatingemadg) shaped
spherical particle (Bond et al., 2006; Ma et &012)”
(revised)
“Models often apply a constaRtysvalue or estimat&,,sassuming a core-shell (the BC core and

coating materials) shaped spherical particle (Baral., 2013 and references therein)”

5. P25093, the last paragraph. What are the valueported from these previous Eabs
measurements? These values should be summarizdrhaddition, two recent studies that address

Eabs via field measurements are missing and shmeilddded to the summary: “Healy, R. M., et al.



(2015), Light-absorbing properties of ambient blagtbon and brown carbon from fossil fuel and
biomass burning sources, J. Geophys. Res. Atm28,,6619-6633, doi:10.1002/2015JD023382"
and “Liu, S. et al. Enhanced light absorption byxed source black and brown carbon particles in
UK winter. Nat. Commun. 6:8435 doi: 10.1038/ncom#38§3(2015).”

(reply)
We have added the values of the enhancemengldf dbsorption due to coating and these new

literatures in the revised manuscript.

6. P25093-25094, “However, these studies were coiedu... has been reported.” The Liu et al.
study mentioned above was conducted at a rurabsitemeasured aged air masses. That study also
combines optical and morphology measurements. Tdreréhe author's statements need to be

removed or changed.

(reply)
We have revised these sentences in the revisedso@pt as follows.
(original)
“However, these studies were conducted in orradawban areas; therefore, the contribution of
the lensing effect in a well-aged air mass remaimdear. In addition, to our knowledge, no direct
comparison of the observed lensing effect with tbarticle morphology of individual
BC-containing particles has been reported.”
(revised)
“However, there have been very few observationadies reported the contributions of lensing
effect and their relation with morphology of indivial BC-containing particles in a well-aged air

mass.”

We have also added the following sentences inlig®ission section of the revised manuscript.
“Very recently, Liu et al. (2015) reported thesaageE.»{781 nm) of 1.4 for BC particles emitted
from fossil fuel and residential burning sourcesvinter at a rural site, Detling (45 km away from
London) in UK. The averagE,;,{781 nm) value obtained in the present study ghtly lower
than the value reported by Liu et al. (2015).”

7. P25094, the second paragraph is not discussingpiption enhancement and is not closely
related to the paragraphs before and after, thisagaaph should be moved forward where the

concept of black carbon is introduced.



(reply)
According to the comment, this paragraph has lbe@red forward in the revised manuscript.

8. P25095, the CE of 0.3 is very low compared &typical CE of 0.5. It says the CE was derived
by comparing the mass concentration of the ACSM dath filter data, but how the filter sample
was collected is not clear, e.g., what is the dorabf the sample collection, what is the sizeafut
the filter measurements, was the filter weighegdebthe mass concentration. In addition, the ACSM
does not measure refractory components, while gighw of the filter is a sum of all materials on

the filter. This could result in a low CE.

(reply)
The filter samples were collected using a 9-staggersen sampler (model AN-200, Tokyo Dylec
corp.) with a flow rate of 28.3 L/min. Sampling dtion was 1 week per sample. The mass
concentration was not obtained by weighing therfilinstead, the filters were extracted and water
soluble inorganic components were analyzed by imroatography. Ammonium and sulfate
concentrations were integrated for the smallestag8es (including backup filter) to obtain the
PM1.1 fraction. The CE was tuned so that the ACSvlved ammonium and sulfate match the

filter based analysis. We have added the informdtidhe revised manuscript.

9. Related to the question above, the CE can adsdebived by comparing ACSM with SMPS
measurements. Since the SMPS data are availald@pproach should be tested and may result in a
different CE.

(reply)
According the comment, the volume concentrationd\NBf components have been calculated
using the ACSM data and were compared to volumeaanations estimated using the SMPS
data. The volume concentrations estimated from SMERS are found to be about 1.7 times larger
than those calculated from ACSM data. While différeize-cut profiles of the ACSM, Andersen
sampler, and SMPS may have affect the result, meamunt uncertainty of SMPS may also
contribute to the difference. It should be noteat gelection of the CE value itself does not affect

the discussion in this study. We have added tlonmdtion in the revised manuscript.

10. P25096, more details about the thermodenudeuldhbe added, e.g., what are the dimensions of
the denuder? What is the residence time of pagtiitiehe denuder? These are important features as

a short residence time will result in incompletenceval of the coating materials on BC.



(reply)
The same type of TDs used in a previous study (&ual., 2014; Nakayama et al., 2014) was
used in this study. The TD consists of a staintabe (outer and inner diameters: 12.7and 10.2
mm, respectively; length: 600 mm) and electronikéd heaters (Heater Engineer, P-series). Flow
rates through the TD was 1.28 Ipm, and the resiléinte for the sample aerosols in the TD was
estimated to be 2.3 s, on the assumption of plogy flonditions (at 20°C). We have added the

information in the revised manuscript.

11. P25097, it is surprising that there is no peliloss in the thermodenuder as the ratio is not
significantly different than 1. This is inconsidtevith many previous studies, e.g., the Cappa .et al
2012 paper cited in the manuscript and the refegsriberein. Could this be due to the generation of
brown carbon in the thermodenuder? This could leeitical problem as it affects the calculation of
Eabs.

(reply)

The ratios of mass concentration of rBC meashyethe SP2 without heating to that after heating
(1.08 and 1.03 at 30TC and 400°C, respectively, on average) include contributiohboth loss
and formation of rBC in the TD. Considering theirasted particle loss in our T,17% and
[(20% at 300°C and 400C, respectively (Guo et al. 2014), our results gstythat non-negligible
amount of rBC (10-2% of ambient rBC) were formed in the TD, possiblyedo charring by
heating. In the present study, tBg values were estimated by taken these effectsaotount,
assuming that light absorbing property of ambi&€ is same with that of rBC generated in the

TD and detected by the SP2, using the equation,

baps 0\‘25 °C)/babs (}\'T)
mrpc(25 °C)/mepc(T)

Eaps(, T) =

where /. and T were measurement wavelength and TD temperatuspectévely. If mass
absorption cross section at 781 nm for rBC genératehe TD would be different by $0with

that for ambient rBC, the lensing effect could melerestimated or overestimated by 0.05-0.10,
The information and equation to calculdig,s have been added in the revised manuscript
(sections 2.2 and 3.1).

12. P25097, L1, references are needed after “sdatiesignal”.

(reply)
Areference (Moteki and Kondo. 2007) has been addé#tk revised manuscript.



13. P25097, was a NO2 scrubber installed upstreéiihe PASS-3 instrument? If not, NO2 could
influence the absorption measurement at 405 nmadsal the Eabs calculation at 405 nm. This
needs to be examined as it may influence the hggpisthof brown carbon formation in the

thermodenuder.

(reply)
The influence of light absorption of NChas been evaluated based on the estimation using
transmittance of N&through filter and inlet tube as well as mixingjogaf NO,, and confirmed to
be small (<0.05 M at 405 nm and <0.04 Miat 532 nm). The effects have been taken into

account for the determination lof,sin the revised manuscript. The information hastedded.

14. P25097, the detection limit of the PASS-3 nreasents. Are the data reported as 3-h averages,
e.g., the data presented in Fig. 2? If not, theedidn limit should be calculated using data wite t

same time resolution as the real measurements.

(reply)
Yes, we used 3-h averages data in Fig. 2 and3Fighis explanation has been added in caption
of Fig. 2.

15. P25097, “Using babs values after the aboveosgtiit is not clear what this sentence means. In

addition, how was the particle loss accounted for?

(reply)
As described in the reply for the comment 11 tigbuations of both loss and formation of rBC in

TD were taken into account. We have corrected émtesice and added the equation to estimate

Eapsin the revised manuscript.

16. P25099, L11, “a prior test”. What test is it?hHéh was the test? More information is needed

here.

(reply)
The description was not correct. We used spdotraon-particle areas measured between each
sample analysis as background spectra. This senkarscbeen revised as follows.
(original)
“In this classification, a spectrum larger thamw ttimes the standard deviation of the background

spectra measured in a prior test was used as thetalgle spectrum of the particles to eliminate



background noise effects”

(revised)

“In this classification, a spectrum larger than tioes the standard deviation of the background
spectra, which are spectra for non-particle areaasored between each sample analysis, was

used as the detectable spectrum of the particlebninate background noise effects.”

17. P25100, “the Eabs values at all wavelengths extpected to be greater than 1.0". This is not
true given the sequential bypass and thermodenum@asurements in this study. Values smaller than
1.0 are likely due to the atmospheric variabilig tBC concentration.

(reply)
As commented by the reviewer, we cannot ruletbatpossible contributions of the temporal
variation of BC concentration to the variation s values, while the observed wavelength
dependence d&,,svalues cannot be explained by the temporal variatf BC concentration. We

have removed this sentence in the revised manascrip

18. P25100, L17, “This can be explained by thedase of absorbing materials by heating.” The
formation of brown carbon in thermodenuder is ie&ting, is there any literature on this topic?
Later it says in P25112 that the formation of brogarbon is “probably due to the condensation of
non-volatile organic.” Under the 300 — 400 C comaglit in the thermodenuder, how can

condensation occur?

(reply)
Thank you for the valuable comment. While sevétafatures reported the charring of organic
carbon by heating as described in section 2.2, uo kmowledge, there is no report on the
formation of brownish materials by heating. Althbu@e formation process of brownish materials
by heating is unclear, the brownish materials may e generated by condensation but by
incomplete charring process. We have revised thiesee in P25112 as follows.
(original)
“Therefore, the spherical, carbon-rich partiateight be formed by heating, probably due to the
condensation of non-volatile organic compounds iwitthe particles, and could be brown in
colour.”
(revised)
“Therefore, the spherical, carbon-rich particlegmibe formed by heating, probably due to the

incomplete charring of organic compounds, and cbeltbrown in colour.”



19. Charring in the thermodenuder could produceradatal carbon, how can formation of elemental
carbon be excluded? This could affect the calcotatf Eabs at 781 nm, and could also be related

to the observation that the Eabs at 781 nm is ieddpnt on NOx to NOy ratio.

(reply)
As described in the reply for the comment 11, ébations of both loss and formation of rBC in

TD were taken into account for the estimatiorEgf; Discussion on the possible contributions of

for the formation of rBC by heating has been addeskction 3.1 in the revised manuscript.

20. P25101, L11, “north and west of the site.” Ténés a significant fraction of air mass coming

from northeast section of the site.

(reply)
We have removed the sentences in the revisedsoapu

21. P25101, L25, the location of Shanghai shouldatééed to the figure as it is the origin of air

masses.

(reply)
The location of Shanghai was already shown in Bag

22. P25103, L1-2, the photochemical age can betljrealculated using NOx and NOy.

(reply)
Quantitative estimation of the photochemical age theen removed according to the Referee #2's

comments.

23. P25104, L14, “a mechanical issue”, it is nog¢at what issue results in the inability to calcelat

BC coating thickness.

(reply)
Mechanical issue is that one of detectors in th2 @& not work well. This detector can measure
the scattering light signal to estimate the absobatsition of particles in the laser beam, we dalle
“split detector”, which is important information tmnduct the fitting to estimate the BC coating
thickness. Therefore, we could not obtain the B@tiog thickness, unfortunately. We have added

the information.



24. P25105-25111, section 3.3.2 and 3.3.3. Thera i&st amount of information in these two
sections (6.5 pages). While the information is wisef understand the aerosol properties, much is
not related to the absorptive properties of BC, ahhis the theme of this paper. | think these two
sections can be substantially shortened, or sorfeenration and related figures can be moved to Si

information so that the main text is more succinct.

(reply)
According to the reviewer’s comments, some infation, one table, and one figure in section
3.3.2 and 3.3.3 were moved to supplemental mase(&d-S4).

25. Fig 1 e-f, the green and blue traces cannaliffierentiated visually. Please make separate

panels.

(reply)
We have remade the figure, according to the camume

Technical corrections

1. Abstract, L14, change “under high absorption ficent conditions” to “under high absorption
coefficient periods”

2. Abstract, L18, remove “coefficient”

3. P25092, L12, change “defined operationally” togeerationally defined”

4. P25093, change “noncoated” to “uncoated”

5. P25093, L22, change “estimated” to “measured”

6. P25094, L18, change “absorbing” to “absorption”

7. P25094, L19, remove “suspended in air”

8. P25098, L5, remove “a”

(reply)
According to the reviewer's comments, we reviseovatall technical corrections.



Response to reviewer #2

The authors study black carbon (also called soollected in Noto Peninsula, Japan. SP2 was used
to evaluate the particle absorption of soot-conitagnparticles under ambient air and through one
heater denuder. The study found absorption enhaeeeimve not changed or decrease after the
hearting process. The phenomenon is contrast texpectation. The TEM was employed to observe
the particles and provided the direct the evideheee. They found that the heating process can
make particle charring and brownist which can entemarticle absorption in short wavelength.
Finally, the authors suggest the 781 nm was saldateeflect soot coating/shell.

In this study, the authors also characterize thetiple CF, AR, and RP. These parameters can
indicate soot mixing structure. Also, these resalis be used to explain the SP2 results. These
results are interesting and improve the understagdihe links between soot-containing particle
optical properties and mixing state. | would likerhake one minor revision before the paper can be
published in ACP.

(reply)
We appreciate the valuable comments from the rearieWe have considered the comments

carefully and replies are described below.

P25092 L1 leeward — downwind

(reply)
We have replaced the word according to the comimen

P25097 Eabs should be expressed by on formular

(reply)
We have added the equation to calculateethgvalues.

P25096 L10 what kind of diffusion dryers? After thger, what is the air humidity? Please give

more description.

(reply)
We have used diffusion dryers with silica gel anel relative humidity in the cell of the PASS-3
was lower than 11% throughout the observation pee have added the information in the

revised manuscript.



P25098 In figure 1, what place can be installedgmgle particle sampler? Please mark it.

(reply)
The sampling line for TEM analysis was placed dsiream of the PM10 inlet. We have added
the explanation in section 2.3. The lines for amnius measurement in Fig. 1 and the sampling
line for TEM analysis were separated in downstre&the PM10 inlet to stabilize the flow rate of

continuous measurement.

P25098 L19-22 where did the authors used the exearis?

(reply)
The sentence was not correct. We thank your caorhrtrethis study, shapes of Pt/Pd shadow were
used to discriminate morphological types, but wee it measure the shadow length and particle

height. We have corrected the sentence.

P25100 make definition for brownish particles

(reply)
We have replaced the brownish particle with thenmish materials and added the definition at
the first appearance, as follows.
“This can be explained by the increas€'lmfownish materialsby heating. Here, th&rownish
materialsare defined as the materials which were generajedieating in the TD and had
significant light absorption at shorter visible vetengths, to distinguish with ambient brown

carbon particles.”

Section 3.2 it is difficult to understand the saatil would like to suggest the authors shortes thi
part. 1 know that the authors want to make soudEntification. But | dont think NOx/NOy can
indicate the air aging because of the complicatewleather during the long-range transport. From
the continent to japan over East China sea, theitlilyntemperature changed a lot. Therefore, it is
better to delete L11-22 P25101. Figure 3b shoulddmoved. Other can be kept depending on the
authors.

(reply)
We have removed these sentences in section 3.Reirevised manuscript, according to the

comments. The quantitative estimation of the plage using NGNO, data in section 3.3.1 has



also been removed in the revised manuscript.
P25102 “In the present study, no clear negativerelation between the Eabs and the ratio of NOx

to NOy was observed, although the Eabs was expéatigtrease in the aged air mass if BC was

thickly coated during transport.” That’s why thethars could find good negative correction.

(reply)
We have removed the sentence in the revised mapuscr

3.3.2 section. Could the authors make more clearcgire? For example, type 1 could be one

paragraph. And next type 2...

(reply)
We have moved most of the section to Sl sectioordarg to the comments by Referee #1 and

revised the structure of the manuscript.

P25109 L 21 ile?

(reply)
This should bé&percentilé. We have corrected the word.

Figure 2, make large clear and large graph.

(reply)
This figure has been revised, according to thmeroent.
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Abstract

The coating of black carbon (BC) with inorganictsand organic compounds can enhance
the magnitude of light absorption by BC. To elutédhe enhancement of light absorption
of aged BC particles and its relation to the mixsigte and morphology of individual

particles, we conducted observations of partictesaAsian outflow site in Noto Peninsula,
Japan, in the spring of 2013. Absorption and saagecoefficients at 405, 532, and 781
nm and mass concentrations/mixing states of refrg®C in PM2.5 were measured using

a three-wavelength photoacoustic soot spectronagtéra single-particle soot photometer

1
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(SP2), respectively, after passage througheamodenuder (TDaintained at 300 °C or
400 °C or a bypass line maintained at room temperd25 °C). The average enhancement
factor of BC light absorption due to coating was estidaby comparing absorption
coefficients at 781 nm for particles that with amthout passing through theD at 300 °C
and was found to bé&.22. The largest enhancementsl (30 were observed under high
absorption coefficienperiodswhen the air mass was long-range transported frdranu
areas in China. Aerosol samples were also analym@dg a transmission electron
microscope (TEM) equipped with an energy disper3ivay analyzer. The morphological
features and mixing states of soot-containing glagiof four samples collected during the
high absorption events were analyzed by comparilgophotographs before and after the
evaporation of beam-sensitive materials by irrdaiiatvith a high density electron beam.
The majority of the soot in all samples was fousdraxed particles witlsulfate-containing
spherulesor as clusters afuchspherules. For samples showing high enhancemérd>

of BC light absorption, TEM showed that the intdisnanixed soot-containing particles
tended to have a more spherical shape and tiibey-coated.The SP2 measurements
also suggested that the proportion of thickly-cdateot was greater. Thus, the observed
enhancement of BC light absorption was found ttediiccording to the mixing states and
morphology of soot-containing particles. The enleanent of BC light absorption in our

situ measurements and its relation with individual dees of soot-containing particles will
be useful to evaluate direct radiative forcing e tlownwind areas of large emission

sources of BC.

1 Introduction

Black carbon (BC) is contained in particles emittedm fossil fuel combustion and
biomass/biofuel burning. It is known as a strongaaber of visible spectrum solar radiation
in the atmosphere (e,gRamanathan and Carmichael, 2008; Bond et al.3)2@imilar to

greenhouse gases, this absorption by BC is thdogktd to large positive radiative forcing;
however, this assumption remains uncertain (IPC@L32 In the estimation of direct
radiative forcing by BC particles, understandingvhim treat the mixing state and optical
properties of the BC and other materials are paeity important factors for reducing this
uncertainty (Ma et al., 2012)n relation to the global effect of BC, marked laopogenic

emissions of pollutants by recent economic devebgmn eastern Asia is an important
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consideration (Streets et al., 2003; Ohara e280D7; Kurokawa et al., 2013). In addition to
BC, precursor gases of secondary aerosol mat&iaais been heavily emitted in eastern Asia
(Bond et al., 2004; Kurokawa et al., 2013).

BC is operationallydefined as a carbonaceous material with a deef blagearance caused
by a significant imaginary portion of the refraetivndex. It roughly corresponds with
elemental carbon (EC), which refers to the nonielatarbon present below a certain
temperature (typically 550 °C) (Andreae and Gelén@)06, Bond and Bergstrom, 2006).
Carbonaceous particles originating from fossil fgembustion are observed as soot by
electron microscope (e.g., Murr and Soto, 2005pt3@s an aggregation morphology of
globules with a diameter of tens of nanometres ttaisist of concentrically wrapped
graphitic layers (Poésfai et al., 2004; Murr andd&S@&005). Although the definitions of soot
and BC are different, they were considered equntaler the purposes of this work. Soot
particles that are freshly emitted by fossil fueibustion are attached/coated with secondary
aerosol materials, such as sulfate, nitrate, agdmics, through atmospheric aging processes
(Weingartner et al., 1997; Zuberi et al., 2005)mAspheric aging processes of aerosol
particles include adsorption and condensation ohis®latiie materials, coagulation of
particles with other pre-existing aerosol particlesterogeneous reactions at the particle
surface with gaseous species, and cloud processitige atmosphere (Fuchs, 1964; Husar
and Whitby, 1973; Mamane and Gottlieb, 1989; Mend Seinfeld, 1994; Ueda et al., 2014).
Several studies using electron microscopy havertegpdhat soot particles tend to be coated
with large amounts of secondary materials in ardagemass, whereas air masses in urban
areas contain somencoatedsoot particles (Posfai et al., 1999; Hasegawa. e2@02; Vester

et al., 2007; Ueda et al., 2011; Adachi et al. B0Weda et al. (2011) reported that in leeward
areas, soot-containing particles were internallxadiwith the largely soluble materials in
polluted air masses transported from eastern Ataeover, a fraction of the soot-containing
particles had an irregular shape due to mixing veitsters of spherical sulfate, that is,
considered to be generated by coagulation processks dry and high aerosol concentration

conditions.

The presence of coatings on BC particles is knowrenhance the magnitude of light
absorption by the BC particles, referred to as“kesing effect”. The enhancement of light
absorption by BC particles by coatinBaf9 is expressed as the ratio of light absorption of

coated BC particles tancoatedBC particles. Models ofteapply a constaniE,,s value or
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estimateEaps assuming a core-shell (the BC core and coatingemads) shaped spherical
particle (Bond et al.2013 and references thergillowever, several studies have indicated
that estimation assuming a core-shell structurb witlear shell tends to overestimateEqg
values (Lack and Cappa, 2010; Adachi et al., 20183k and Cappa (2010) estimateg of

BC particles coated by brown carbon based on aiouls using core-shell Mie theory. They
showed that the lensing effect can be reduced fremon-absorbing coating case by up to
25%-30% when averaged across the visible radiapectrum. For Mexico City, Adachi et
al. (2010) obtained three-dimensional shapes oft-cmataining particles embedded in
organic matter and sulfate using electron tomograpth atransmission electron microscope
(TEM), and calculated the optical properties using &rdie dipole approximation. They
reported that the core-shell model overestimatgilt labsorption by ~30% compared to the

model for irregularly shaped soot-containing pésc

Recently, theé=;,svalues havdeenmeasuredyy several studies based iorsitu measurement
of optical propertiesusing photoacoustic spectrometers (PAS) witheamodenuder (TD).
The reportedEaps values are from non-detectable to lid3Toronto(Canada)Knox et al.,
2009, Chan et al., 201Healy et al., 2015)1.38 inBoulder (USA) (Lack et al., 2012),06 in
California(USA) (Cappa et al., 2012),.10 (August) and non-detectable (JanuarjNagoya
(Japan)Nakayama et al., 20143nd 1.4 at Detling (UK) (Liu et al., 2015). Ireie studies,
Eanswas estimated as the ratio between absorptiombfeat particles and particles heated in
a TD to remove non-BC materialslowever, there have been very few observationaliesu
reported the contributions of lensing effect aneirthelation with morphology of individual

BC-containing particles in a well-aged air mass.

To elucidate the enhancement of light absorptioag#d BC particlesf Asian outflowand
their relation with the amount, morphology, and position of coating materials, we
conducted atmospheric observations of continentdfloov at Noto Peninsula, Japan, in
spring 2013. This atmospheric observation siteldeen previously used to study continental
outflow (Maki et al., 2010; Iseki et al., 2010; iigdima et al., 2015). In the present study, the
absorptionand scattering coefficients of aerosol particlesendirectly measured using & 3
photoacoustic spectrometer (Droplet MeasuremenhAi@ogies, PASS-3) with and without
passage through @D, and the contribution of the lensing effect watinested. Specific
attention was given to the relations between tHeaecement of light absorption and the

coating condition of individual soot-containing peles based on the TEM analysis.
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2 Field observation and laboratory analysis methods

2.1 Observation site and instrumentation

Atmospheric observations were conducted at NOTOufdbased Research Observatory
(NOTOGRO) in Suzu City, Japan (37.5 °N, 137.4 TE)m April 17 to May 14, 2013. Suzu
City is located on the north coast of Noto Peniasiihe physical and chemical parameters of
aerosol particles and the concentrations of gasgoerses have been continually monitored at
the site. Ambient air was sampled through a PM1é ithat was placed 14.7 m above the
ground. Each measurement system was set in a rommcannected to a flow-splitter
downstream of the PM10 inlet. Chemical constituaithe aerosols were assessed using an
aerosol chemical speciation monitor (Aerodyne ReseadACSM) capable of monitoring the
bulk chemical components (organics, NHSQ?, NO;, and CI) of non-refractory
submicrometer-sized aerosols (NR-PMA PM, s cyclone (with a cut off size of 2/m at a
flow rate of 3 L mift) was installed upstream of the ACSM inlet to remawvarse particles.
The ionization efficiency of nitrate and the relationization efficiency of ammonium were
determined by the standard calibration procedurg €éNal., 2011) using NANO; (99.5%,
Strem Chemicals). A collection efficiency (CE) aBGvas applied to the ACSM data. The
value of CE was determined by comparing the massardration®f ammonium and sulfate
derived by the ACSM to those measured by a conweatifilter based off-line chemical
analysis. The procedures to determine the CE value are destrin the Supplemental
Material (S1). It should be noted that selectiontted CE value itself does not affect the
discussion in this study, although the uncertasnittemass concentrations of NR components
may be large (see section SData for the chemical constituents were obtainesye80 min.
During our observation period, more than 90% ofrtteasured non-refractory materials were
SO27, NH4", and organics by mass. A particle size distributi@tween 8 and 346 nm in
diameter was measured by a scanning mobility parsizer (SMPS) (TSI, model 3936L76)
placed downstream of the PM10 inlet. We set aduifiosystems in the flow-splitter
downstream of the PM10 inlet during this observattampaign, as shown in sections 2.2 and
2.3.

The concentrations of NOand NQ were measured using a NOs-Ghemiluminescence
detector (Thermo Fisher Scientific, model 42i-TLjwa near-UV LED photolytic converter
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and a molybdenum reduction catalyst (Mo conver(@hermo Fisher Scientific, part No.
9445) heated to 598 K, respectively. Detailed imation for these measurements of NO
(Sadanaga et al., 2010) and N@Sadanaga et al., 2008; Yuba et al., 2010; 20a¥%$ fbeen

given previously.

2.2 In situ measurements of optical and physical properties of particles with
and without passage through the TD

A schematic diagram of the experimental setup tasuee the optical and physical properties
of particles with or without passage througlia is presented in Figure 1. Coarse aerosol
particles were removed by a RMcyclone (URG, URG-2000-30EH). After being dried by
diffusion dryerswith silica ge| the sample air was introduced alternately tofareace line
and twoTD lines to measure, respectively, ambient partidiesctly and after the evaporation
of volatile materials under high temperature caondg. The same type GiDs used inour
previousstudies(Guo et al.,, 2014Nakayama et al., 20)4vas used in this studythe TD
consists of a stainless tube (outer and inner diansiel2.7and 10.2 mm, respectively; length:
600 mm) and electronic jacket heaters (Heater EmgjrP-series). Flow rates through the TD
was 1.28 Ipm, and the residence time for the samtesols in the TD was estimated to be
2.3 s, on the assumption of plug flow conditions2@°C). The temperatures of the tWds
were maintained at 300 °C and 400 °C. The linegewaitched every 10 min using two-way
ball valves. Then, the sample air was introducethéeoPASS-3, another SMPS (TSI, model
3936L72), and a single-particle soot photometeofat Measurement Technologies, SP2).
The sampling flow rates of the PASS-3, SMPS, ané &Bre 1.0, 0.2, and 0.08 L rifin
respectivelyThe relative humidity in the cell of the PASS-3 wawer than 11% throughout

the observation period.

The SMPS was used to measure the particle sizebdisbn between 18 and 982 nm in
diameter every 5 min. The SP2 was used to measemnass concentration, size, and mixing
state of single refractory BC (rBC) particles. TB&2 is based on the laser-induced
incandescence (LII) method. The basic measurememtiple of SP2 has been described
previously (Gao et al.,, 2007; Moteki and Kondo, 200Before and after measurement,
calibration of rBC was performed by measuring thiesignal intensities from size-specified

fullerene particles (Alfa Aesar; stock 40971, |@0W054) generated by an atomizer through
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a differential mobility analyzer (DMA) (TSI, mod&080). The size of rBC was derived by
assuming sphericity and a fixed density of 1.8 §/chihe mixing state of rBC-containing
particles was qualitatively estimated by the lagetiof the LIl peak with respect to the peak
of the scattering signgMoteki and Kondo, 2007)Use of the SMPS in our measurement
system was ended on 13 May, while use of the PAS8d3SP2 was ended on 14 May.

The PASS-3 instrument was used to measure the @lmsofbapd{))] and scatteringlsc{A)]
coefficients at 405, 532, and 781 nm. Details efglrformance and calibration procedures of
the PASS-3 have been described elsewhere (Nakagarah, 2013, 2015). Note that the
absolute values of the calibration factors do néitence to thee,s values, which are used
for discussion in the present study. The(532 nm) data were not used in this study because
of a strong particle size dependence of the cdidrdactor at 532 nm (Nakayama et al.,
2015). For background interpolation, measuremehtiitered air were conducted using a
particulate filter (Balston) for 3 min every 10 mihhe influence of light absorption of NO
was found to be small (<0.05 and <0.04 Mat 405 and 532 nm, respectively) based on the
estimation using transmittance of Nerough filter and inlet tube as well as mixingigaof
NO,, and was taken into account for the determinatibb,ys values.The 3-hour averaged
values for each sampling line were estimated fromssts of 10 min data. By taking two
standard deviations 2 of each signal during the filtered air measureisiethe typical
detection limits for the 3-hour averaged datd®f (405 nm),baps (532 NM),baps (781 NM),

bsca (405 nm), andbsca (781 nm) were estimated to be 1.0, 1.9, 1.1, &nd 0.3 Mm",
respectively. Note that these detection limitse@uaepending on the magnitude of the drift in
each signal.

In our system, particle loss and charring can oasuthe TD lines. Using thermal/optical

methods, some analytical studies of elemental agdnic carbon in atmospheric particles
reported that the degree of increase in light giigwr of particles by charring differed among
different organic material compositions (Yang and, 2002; Yu et al., 2002). Based on the
measurement of absorption at 680 nm wavelengthruddenduced conditions, Yang and Yu
(2002) showed that charring of a sample includirlgrge amount of water soluble organic
carbon can increase from around 400 °C. The clipeiifect can vary depending on the
aerosol composition and, therefore, with time. lirs tobservation, the ratios of the mass
concentration of rBC measured by the SP2 withoatihg[mzc(25 °C)] to that after heating

[Mmec(T)] (T = 300 and 400°CYaried depending on time with averagesl¢) of 1.08 + 0.28
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and 1.03 £ 0.3@&t 300 °C and 400 °C, respectiveBionsidering the estimated particle loss in
our TD ([17% and [R0% at 300 and 400C, respectively (Guo et al. 2014)), our results
suggest that non-negligible amount of rBC (10%8426f ambient rBC) were formed in the
TD, possibly due to charring by heating. In thespré study, th&;,s values were estimated
by taken these effects into account, assuminglitifattabsorbing property of ambient rBC is
same with that of rBC formed by hearting in the il detected by the SP2,

babs(h25 OC)/babsO\)T)
mygc (25 °C)/mepc(T)

Eaps(A, T) =

: (1)

wherel andT were measurement wavelength and TD temperatiggecgvely.

2.3 Samples of individual particles and TEM analyses

Aerosol particles were collected for morphologiaaklysis using TEM (JEM-1400; JEOL).
The sampling line for TEM analysis was placed ddvaasn of the PM10 inlefTo analyze
particles under the same conditions as PASS-3 &2d &ied aerosols (after passage through
diffusion dryers) were collected using a two-stagscade impactor (50% cutoff aerodynamic
diameters of the two stages were [n§ and 0.3um at a flow rate of 0.7 L mil) on carbon-
coated nitrocellulose (collodion) films. In thisudy, samples from the second stage (50% cut
off diameter of 0.3um) were analyzed. Aerosol samples were collected1®-20 min.
Typically, 1-2 samples were taken per day durirggadampaign. A fraction of the samples
was collected after passing the particles throdgghsgame type of Ds used for then situ
measurements (section 2.2) maintained at 300 or°@00The TEM samples were stored
under dry conditions at room temperature until geed. According to thie,psvalues, the four
samples obtained without passing the particlesutiitaheTD and one sample obtained after

passing the particles through the maintained at 400C were selected and analyzed.

To obtain stereoscopic information of particles nira2-dimensional microphotograph,
particles were coated with a Pt/Pd alloy at a stvaatp angle of 26.6° (arctan 0.5), according
to the method of Okada (1983). The Pt/Pd coatingktiess was about 7 A. The scanned
image was processed using image analysis softWdire Roof; Mitani Corp.) to estimate the
projected area of the particles. Elemental compostof individual particles were analyzed
using an energy-dispersive X-ray spectrometer (E&8hg with the TEM. The EDS was
operated at an accelerating voltage of 120 kV. Elgal analyses were performed for C, Na,
Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, NEn, Sn, and Pb. The X-ray spectrum was
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obtained using a detector with a counting time®&2er particle. The peak intensities of the
elemental compositions in individual particles weareantified from the spectrum after
deduction of the background spectrum near the gbesti Based on the peak intensity,
compositional particle types were classified agasedrich, carbon-rich, sea salt-rich, aged sea
salt-rich, crustal-rich, or others. Carbon-richtudes have the largest C peak. Sulfate-rich
particles have the largest S peak and are absé¥d.dbea salt-rich particles have the largest
Na peak or are Na-containing particles having éngdst Cl peak. Aged sea salt-rich particles
are Na-containing particles having the largest &p€rustal-rich particles have the largest
peaks of Al, Si, or Fe. Particles having peaks motih@n those above, or not having a
detectable peak, were classified as others. Indlasssification, a spectrum larger than two
times the standard deviation of the background tepewhich are spectra for non-particle
areas measured between each sample anavassused as the detectable spectrum of the
particles to eliminate background noise effectsweler, it should be noted that the standard
deviation of the background C spectra is high beeaf the use of C-coated collodion film;
therefore, there is a possibility that the numbe€Cw@ich particles is actually higher than that
counted. To overcome this, the ratio of C to anoglement before elimination of the noise
was utilized as an index of carbon content (Se@i82).

3 Results and discussion

3.1 Temporal variation of optical properties

Figure 2 shows the temporal variations in absonptjb,,{A)] and scattering bsc{A)]
coefficients and enhancement of light absorptids{).)] observed during April 17-May 14,
2013. Averages diapd)) andbsc{)A) during the entire observation period are listedable 1.
Theba,d405 nm) anda,d781 nm) at 25 °C varied from close to 0 to 10 Mamd 0 to 5 Mrh

! respectively. Highb.dA) events (higher than 5 Mirat 405 nm) were observed on April 19,
22, and 27-29 and on May 6, 10, and 13-14.&het 25 °C was almost synchronous with
baps but the values were about ten times larger (Tahlé-or sample air that passed through
the TD at 300 °C and 400 °C, averaged.values were, respectively, one-seventh and one-
eighth of those at 25 °C at 405 nm, and one-fooftihose at 25 °C at 781 nm (Figure 2b and
d). In contrast, the values bf,{405 nm) andda,d 781 nm) at high temperature (300 °C and
400 °C) were only slightly different from those2& °C (Figure 2a and c).
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Most of the Expd405 nm) values on April 19, 22-23, 26-29, and Ma$ were less than 1.0
and also less than th®,{532 nm) andE.{781 nm) valueswhile the Expd)) values on May
13-14 were greater than 1.0 at all wavelengths.raged Exnd)) for the data above the
detection limit during the entire observation pdrave also listed in Table 1. Similar averaged
Eand)) values between 300 °C and 400 °C were obtainedat wavelength. Because brown
carbon is considered to absorb light only at shatigble and UV wavelengths (Andreae and
Gelencsér, 2006; Moosmiuiller et al., 2008),{405 nm) was expected to be larger than
Eand781 nm) if light absorption by organic material@porated at temperatures below 300 or
400 °C contributed to the total light absorption at 406. However, this study produced the
opposite result. This can be explained by the mmmeof’brownish materials by heating.
Here, the'brownish materialsare defined as the materials which were genetatdueating

in the TD and had significant light absorption hoder visible wavelengths, to distinguish

with ambient brown carbon particles.

In this study, as explained in the previous sectiggA) was corrected for the effect of loss
and formation of rBC inside theéDs using the mass concentration of rBC measured?2y S
However, the absorption by ownish materialshat was potentially formed in thieDs might
not be corrected accurately using this method lseraf the difference in wavelength
dependence of light absorption between BC lammdvnish materialsAccording to the above
explanation Eqpd405 nm) andEapd532 nm) might have been particularly underestichahee
to the absorption byprownish materialformed in theTDs. Because the influence of the
formation of brownish materialson E;pd781 nm) should be minimalE,,{781 nm) is

considered to represent the lensing effect in ldiussions.

It should be noted thd,,{781 nm) was calculated using eq (1) on the assompitat the
light absorbing property of ambient rBC was sam#what of rBC generated in the TD. If
mass absorption cross section at 781 nm for rB&rgéed in the TD would be different by
50% with that for ambient rBC, the lensing effect ablble underestimated or overestimated
by 0.05-0.10, considering 10%-%00f rBC were generated by heating in the TD (sectio
2.2).

3.2 Relations between backward air mass trajectories and optical properties

Figure 3 presents (a) the location of NOTOGRO, @€ the 3 day backward air trajectories

for air masses reaching the observation site. Tdukward trajectory data were computed

10
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using the Hybrid Single-Particle Lagrangian Intégda Trajectory (HYSPLIT 4) model
developed by the National Oceanic and Atmosphedmifsistration (NOAA) Air Resources
Laboratory (ARL) (Draxler and Rolph, 2003; RolpH)03). The trajectories are colored
according tdaps (405 nm) andbaps (781 nm), and t&.p{405 nm) andEa,d 781 nm)calculated
from baps values at 25 °C and 300 °C. The trajectorieEfgecalculated fromb,,s data below

the detection limit are presented as thin lineSigures 8 ande.

The baps tended to be greater in air masses from the EastnAcontinent and lower in air
masses from the north, such as from the Okhotsk Béeen the greatedi,,s value was
observed on the morning of May 14, the air masgimaited from around Shanghai and was
transported over the East China Sea. Large am@afnBC and precursors of secondary
aerosols are considered to be emitted from thesinidiiareas facing the Yellow Sea and East
China Sea in eastern China (Streets et al., 2008¢ Bt al., 2004). Pollution events involving
large amount of aerosols have been reported arithenichdustrial areas in eastern China (Gao
et al., 2009) and their leeward areas (Takami.eR@05, 2007).

The Eaps at both 405 and 781 nm tended to differ accordinthe origin of the air mass: the
Eaps was high (1.3-1.4 at 405 nm and 1.3-1.5 at 781 wh®n air mass originated from
around Shanghai and was transported over the Easa Gea (May 13-14), and was low (<
1.0 at 405 nm and 1.0-1.3 at 781 nm) when the agsnoriginated from northern China or
Siberia and was transported over northern Korepela and the sea of Japan (April 19, 22,
27, and 28), or from the sea of Japan or a redidheomain island of Japan (April 22 and 29
and May 6 and 10). Th&g,s values for the air mass from the Okhotsk Sea were
determined because the absorption coefficients ey the detection limit.

3.3 TEM analyses

3.3.1 Physicochemical properties of aerosols

The four samples collected during highs events in May were analyzed using TEM. The
start times of the sampling are shown with thewasré—D in Figure 2a. The details of the

samples are listed in Table 2. For all samplesatrerageE,,{405 nm) values were smaller

than the averagé.,{781 nm) values by 0.1-0.4.

11



a b~ W N P

© 00 N O

10
11
12
13
14
15

16
17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32

Ratio of NQ to NO, has been used as an indicator of photochemicabbge mass (e.g.,
Cappa et al., 2012). The rafior samples A, B, C, and D were 0.43, 0.67, 0.3®] @.24,
respectively.The results suggest that the plume ages for sandplesd D are greater than
those for samples A and B, although quantitatitanegion of the plume age is difficult due
to the possible contributions of wet and dry dejpmss of NQ.

Figure 4 portrays the 72-hour horizontal backwaagettories of air parcels for samples A, B,
C, and D, starting at 500 m above sea level atNBFOGRO site. The trajectories for
samples A and B showed that the air masses wenspiwaed slowly and reached the
observation site over the north coast of the msland of Japan. The air masses for sample C
were from northern China and were transported ¢iverKorean Peninsula and the Sea of
Japan, while those for sample D were from the Shaingrea and were transported over the
East China Sea and the Sea of Japan witBimlays. Combining these trajectories with the
results of the ratios of N&o NG, indicates that samples A and B were likely afdcby
emissions from the main island of Japan, while dasma@ and D could be considered to be
mainly affected by continental outflow.

For samples A, B, and D, 96%, 88%, and 97%, repmigt of the mass concentration of
non-refractory materials measured by the ACSM atedi of S@, NH,", and organics
(Table 2). The organic mass ratio for samples A,aBd D were 62%, 62%, and 24%,
respectively. The BC mass concentrations measy&PR were 4%, 3%, and 2% of the total
submicron particle mass (sum of the mass concenisabf BC and non-refractory materials)
for samples A, B, and D, respectively. The inlaelof the ACSM system was connected to a
different line from 12:00 May 12 to 17:30 May 1313, and the data for this period are not
used in this study.

Figure 5 presents number—based size distributip®S &C, 300 °C, and 400 °C, and the cross
sectional area- and volume-based size distribut@n®5 °C of aerosol particles during
samplings A-D, as measured by SMPS. Because uee MPS (TSI, model 3696L72)
placed downstream of the heating system (shownguar& 1) was ended on May 13, the 8—
346 nm size distribution measured by another SMWIFSI,( model 3936L76) placed
downstream of the PM10 inlet is used on May 14. Nemsize distribution at 25 °C shows
that number concentrations were higher in the <rifidraction for samples A and B, but for
samples C and D were higher in the > 100 nm fracfide inlet line of the ACSM system
was connected to a different line from 12:00 Maytd27:30 May 13, 2013, and the data for

12



o 001~ W DN B

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

29

30
31

this period are not used in this study. By passi@gparticle through th&D maintained at
300 °C or 400 °C, the total particle number con@in decreased by one-fourth to one-half
and the distribution had peaks in the < 100 nmtisador samples A—C. In contrast, particles
with diameters between 100 to 400 nm mainly conted to the total cross-sectional area and
volume of particles for all samples, and this iasidered to contribute mainly to their optical

properties.

Figure 6a presents the mass equivalent size distriis of rBC measured by SP2 for samples
A-D together with their log-normal best-fitting eas. The peak diameters were around 200
nm for all samples and were slightly larger for pees C and D compared to those for
samples A and B. Figure 6b presents the normatoeait distribution of lag-time for rBC
with a mass equivalent diameter of 2000 nm. Unfortunately, the coating thickness of rBC
could not be obtained directly by SP2 in this stumbcause of a mechanical issoe a
detector to determine absolute position of padidgtethe laser beanmstead, the lag-time is
treated as an index of the mixing states of rBCtaioing particles because the scattering
signal of the thicker-coated rBC core is detectetbte the incandescence signal from the
rBC (Moteki and Kondo, 2007). The bimodal distribut of lag-time could be reasonably
fitted by combination of two Gaussian functionseThg-time value of the uncoated fullerene
soot particle employed in the calibration was @.8.5 us, indicating that uncoated BC
particles also should be within this range. Theeftag-time peaks for rBC with a diameter
of 200% 10 nm in the range 0.6-1.8 and 2.3-2.@s in Figure 6b should be non/less-coated
and thickly-coated, respectively. The fractionsto€kly-coated rBC were 73%, 65%, 81%,
and 88% for samples A, B, C, and D, respectivelgilavthe peak lag-times of non/less-
coated rBC and thickly-coated rBC were similardtirsamples. The greater count fraction of
thickly-coated BC for samples C and D compared hos¢ for samples A and B was
consistent with the expectation based on the t@jes of the air masses: samples C and D
were considered to be influenced mainly by contialautflow and samples A and B were

likely influenced by emissions from the main islasfdapan.

3.3.2 Morphological types and mixing states

Figure 7 shows examples of electron microphotoggaphthe same magnification, before and

after EDS analysis of samples A and D. Most of fgheticles in all samples had a rounded

13
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shape or were clustered into boll shapes. The rquarticles and spherical portions of
clustered particles in sample A were smaller tHaoseé of sample D. Comparing particles
before and after EDS, a large particle mass wapaated or sublimated due to beam
damage by the high density electron beam, whileescirain-shaped residues (shown by
black triangles in Figures 7a’ and 7b’), which @bule characterized as soot, were often
found in the particles after EDS. In sample A, soot residues were also found in most
particles after EDS. This non-soot residue mostipwed a weak contrast against the
background collodion film, such as the materialevahm by white triangles in Figure 7a’. A

fraction of soot-like particles coexisted with theakly contrasting residues. Particles of

samples B and C resembled those of sample A anelspectively.

According to the methods used by Ueda et al., (Rab#& particles were classified into seven
types based on their morphological features, asepted in Figure 8. The pie chart for each
type (Figure 8) indicates the number fraction oftipees for each compositional type based
on EDS analysis. The number below the pie graghdsnumber of particles in each type.
Detailed information on the classification and teat of each morphological type and

estimation of volume-equivalent diameter is desdilm the Supplemental Material (S2).

For type 2, 3, 4, and 5 particles, EDS analysiscatds that most were composed mainly of
sulfate. However, some of them also contained caidad sulfur, and the mixed ratio of
carbon in the particle differed between particleety. The averaged peak intensity C to S ratio
for sulfate-rich particles was 0.45, 0.13, 0.88] &3 for types 2, 3, 4 and 5, respectively.
This result suggests that coccoid sulfate (typav&3 less mixed with organic matter, while
dome-like sulfate (type 4) was mixed with a largerount of carbon.

The mixing states of particles were classified bynparingparticle shape and morphology
before and after irradiation by the high, densalgmse electron beam of the EDS analysis.
Some materials, such as ammonium sulfate and suHoid, evaporate or sublimate due to
irradiation by the intense electron beam, whereasvolatile materials, including soot, sea
salt, and crustal particles, remain on the filmemaitradiation (e.g., Li et al.,, 2003, 2010;
Posfai et al., 2003; Adachi et al., 2014). The $ypé mixing states are shown in Figure 9.
Detailed information on the classification of migistates is described in the Supplemental
Material (S3).Based on the EDS analysis, tyagarticles are composed mainly of carbon
and silicate. Typd particles were mostly classified as sulfate-rgda salt-rich, or aged sea

salt-rich. For the sulfate-rich tyge particles, the C to S ratios in the peak inteesitivere
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relatively high (0.99 on average), suggesting tinaly also contained a large amount of
carbonaceous material. The majority of the tgpel, e, andf particles were classified as
sulfate-rich particles. The averaged C to S ratioghe peak intensities for sulfate-rich
particles were 0.40, 0.45, 0.71, and 0.10 for typek e, andf, respectively; type particles
contained relatively large amounts of carbon, waergpef particles were composed mostly
of sulfate. Similar particles to those of typewere also found, and regarded as organics,

during observation of the Chinese continental outf{Li et al., 2013).

Figures 10a and b show size-segregated number nuicoo of the mixing states and
morphological types of the particles in samples AsfDthe basis of the classification in Figs.
9 and 8, respectively. The mixing states had twitepas: (1) a combination of type(mixed
particles of soot and volatile) and typésemi-volatile) particles, as found in samplesmi a
B; and (2) a combination of tymeand typd (volatile) particles, as found in samples C and D.
Comparing with the chemical compositions measunedAB8SM, the proportion of type
particles to typd particles was higher in samples collected whenntlss ratio of organics
was relatively high. This corresponded with théoraf C to S by EDS analysis for typeand

f particles. The number proportion of soot-contagnparticles (types andc) was about
10%-50% at each size range. Most soot was foumaixex] particles with volatile materials.
Morphological types of particles in all the sampl@sgure 10b) were mainly of type 2
(spherical) in the smaller size range and typelds{ered) in the larger size range. Compared
to samples A and B, the fraction of type 2 parfidiended to be higher for samples C and D
(0.3-0.6um).

Relatively large spherical and clustered sulfaté-particles were found in aged air masses
(samples C and D), as discussed in section 3.8ila® spherical and clustered sulfate-rich
particles were simultaneously observed in the Asigiflow at Cape Hedo (Ueda et al., 2011).
Using a simple numerical model and meteorologicahditions along the backward
trajectories, Ueda et al. (2011) demonstratedttteapresence of clustered particles under dry
conditions was explained by coagulation processes several days in polluted conditions.
In the present study, spherical particles were kanaously observed with clustered particles.
In addition, the relative humidity along the backevaair mass trajectories, which were
computed using the HYSPLIT model, was lower thae teliquescence humidity of
ammonium sulfate (80%) for about 1 day for samplandl about 2 days for samples B, C,

and D before arrival at the site. Therefore, chesteparticles would have been formed by
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coagulation of spherical particles under dry caadg. The differences of spherical particle
(and spherical parts of clustered particle) sizeeray samples A—D might be attributed to the

different sources and/or aging processes througlidhdensation of gaseous molecules.

Figure 10c shows size-segregated number proporbbrise morphological types of soot-

containing particles (i.e., typesandc) before EDS analysis. Number proportions for soot-
containing particles show a similar tendency tosthdor all particles in Figure 10b. This

indicates that the morphology of a large portionsobt-containing particles reflected the
shape of the coating materials, while a portiorthaf soot-containing particles has a soot-
aggregated shape (type 1) in samples A and B. Tasepce of the non/less-coated soot
particles in samples A and B is consistent withrdsailts obtained by the SP2 (Figure 6).

3.3.3 Internal mixing states and shape factors for soot-containing particles

The controlling factors of the lensing effect ofsaot-containing particle include coating
thickness, morphology and position of the soot, emahposition of the coating materials. In
this study, the shape factors for soot-containiagigles (i.e., typea andc) were estimated

by electron micrograph before and after irradiatioth a high, densely-intense electron beam.

Table3 lists average and5s" and 75 percentilevalues ofparameters of the soot-containing
particles (number, particle and soot diametigr ds), volume fraction and relative position of
soot {Fs, RP), circularity factor CF) and aspect ratioAR)) for each sample. Details of
image analysis and estimation of these parameter® wescribed in the Supplemental
Material (S4).The soot diameterds were 0.2—0.3 and 0.2—0pn for particles withd, of <

0.6 and > 0.um, respectively. Thes values are roughly consistent with the diameteB&
determined using SP2 (Figure 6a). W& were 21%-50% and ~10% for particles wdfiof

< 0.6 and > 0.@um, respectively. Th&/Fs values indicate that a large portion of the soot-
containing particles were mixed with other matetiagdlthough no significant differences in
VFs values among the samples were observed for gegrtvaithd, of > 0.6um, theVFs values

for samples A and B were higher than those for $esn@ and D for particles witth, of < 0.6
um, likely due to the presence of the non/less-abateot particles in samples A and B (as
discussed in section 3.3.2). Low valuesvét were also reported by observational studies at
background and remote sites: for example, the geevalues (8%—28%) of the soot volume

fraction for 0.15-0.8um patrticles at an urban background site in Mairnern@any (Vester et
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al., 2007) and median value (15%) of the soot veldraction for 0.05-0.3m particles in
Mexico City (Adachi and Buseck, 2008) and medialues (< 20% for 0.2-0.4m and <
10% for 0.4—0.7um) of the insoluble soot volume fraction in CapealbléUeda et al., 2011).

The CF andAR represent shape factors. The averagedndAR values of samples C and D
were near 1GQF > 0.80 andAR < 1.3) for all size ranges, suggesting that aeldrgction of
the particles were near-spherical. Sn@Hl values (< 0.4) were observed for particles vadgh
of > 0.6um in samples A and B, likely due to the clusteremtphology of the larger soot-
containing particles (type 5, in Figure 10c).

The RP is an indicator of soot position in the particlde averagedP values were 0.4-0.6
and 0.6-0.9 for < 0.6 and > Quén particles, respectively. These values indicad mhost of
the soot was inside the sphere-equivalent diantetenot at the center of the particle. Our
averagedRP values were almost equal to the average valuég)(@f soot particle position
for 0.05-0.3um particles in Mexico City (Adachi et al., 2010) should be noted that tiRP
value was estimated with reference to the sphenergignt diameter in our method.
Therefore, thdrkP values for particles with an irregular shape carness than 1 even if soot is

attached/partly-embedded on/in other materials.

Internal mixing states of the soot-containing mée8 were also classified, directly from the
microphotograph, into three types: tygpénon/less coated soot), an attached/partly-emluedde
type, and a coated type (Table Particles were classified to the attached/pathpbedded
type if at least part of the soot in a typparticle was apparent in the microphotograph leefor
EDS analysis; otherwise, the particle was clasbifie the coated type. For samples A and B,
the number fraction of attached/partly-embedded s@s about 30% for < 0m particles
and 60%—70% for > 0.6m particles. For samples C and D, most of the §8d@3%) was
classified as the coated type. Soot-containingghestin samples A and B had more irregular
shapes than those in samples C and D, althougheno difference in averagd®P values
among the samples was found. These results sudgtste the soot in samples A and B
would not be thickly coated compared to that in gl C and D. Several observational
studies of soot-containing particles using micrpgcalso found some attached/partly-
embedded soot on/in sulfate-rich particles (Joretoal., 2005; Shi et al., 2008; Adachi and
Buseck, 2013).
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3.4 Comparison of optical properties with mixing states and morphological

features

As mentioned in Section 3.1, th®&s values tended to be smaller at shorter wavelengths
possibly due to the formation of brownishaterialsin the TDs maintained at 300 °C or
400 °C. In this study, several samples for morpgickl analysis were collected after passing
the particles through théD maintained at 400 °C. Figure 12 shows an examigletren
micrograph of such particles. These were sampletlgtier the collection of sample A on
May 6 when a smalE;,{405 nm) value (0.88) was observed (Table 2). BasedEDS
analysis, some carbon-rich particles were founde Thorphologies of the carbon-rich
particles not only had a chain-like shape but was® spherical. These particles were not
evaporated during irradiation by the high densigceon beam of the EDS analysis. The
spherical particle features.€, non-volatile, spherical, and carbon-rich) wenmmikir to tar
ball, which is originated in biomass burning (Pésfaal., 2003, 2004; Alexander et al., 2008;
Adachi and Buseck, 2011). Alexander et al. (20a®rgified the optical properties of similar
amorphous carbon sphere particles in the East Agmific outflow using the electron
energy-loss spectrum in TEM, and indicated thasehgarticles have strong light absorption,
with mean refractive indices of 1.67-0.z& 550 nm. Although these carbon-rich, spherical,
non-volatile particles were rare in our samplesectéd without passing the particles through
the TD, a large number of particles in samples A and & man-volatile residues after EDS
analysis (typee, in Figure 10a). Therefore, the spherical, carbioh-particles might be
formed by heating, probably due to tlheomplete charring of organic compounasd could

be brown in colour.

In contrast, the formation of brownishaterialswas not observed in our previous study at an
urban area in Nagoya, although the same procedascused to determine the wavelength
dependenEyys values (Nakayama et al., 2014). During the obsenmvs at Nagoya in August,
most of the heated particles were found to be mpbrescal (based on the effective density
distribution measurements (Nakayama et al., 20Dfjjerences in the source and degree of
aging of carbonaceous particles may contributdnéoabserved difference in the wavelength
dependence dE;ps Our results suggest that attention needs to leewgaen aTD is used to
estimate the contributions of the lensing effead drown carbon, especially for particles in

aged air masses.
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In this study, to avoid the possible contributiaitghe formation of brownish particles in the
TD, Eapd 781 nm) is used for discussion of the lensingatffEhe averagE,,{781 nm) values
observed in this study (1.22nd 1.23 at 300 and 40Q, respectively, Table)lwas larger
than the values reported by Cappa et al. (2012)nardarge cities in California during early
summer (on average 1.06 at 532 nm) and by Nakaysnah (2014) in an urban area at
Nagoya, Japan during August (on average 1.10 atnn®)l likely because relatively aged
particles were observed in this studiery recently, Liu et al. (2015) reported the agera
Ean{781 nm) of 1.4 for BC particles emitted from fodsiel and residential burning sources
in winter at a rural site, Detling (45 km away frd&rondon) in UK. The averag€,{ 781 nm)
value obtained in the present study is slightly dowthan the value reported by Liu et al.
(2015).

Most of the soot-containing particles in all thengdes under high absorption coefficient
conditions were internally-mixed with a large amb(m 50% of particle volume) of other
materials(Table 3) Previous models based on Mie theory and assuantaye-shell (the BC
core and coating materials) shape suggeSiggvalues larger than 1.5 when particles had a
heavy coating (Bond et al., 2006). The averkgg value observed in this study was still
smaller than the estimation assuming core-shelphmogy. Adachi et al. (2010) estimated
the lensing effect of irregularly shaped partickesl those with an assumed core-shell shape,
and reported that the difference in the calculatesbrption was related to the position of soot
in the particle and the fractal dimension. Basedhair results, absorption of soot-containing
particles with our averagedP values (0.4—-0.9) could be about 10%—-25% smallen tihe
value estimated assuming core-shell morphology. gdwtion of soot in the particle may
contribute to the difference between observatioth @stimation, as previously suggested by
Cappa et al. (2012).

Comparing among pollution events in this study, Bag781 nm) values for the long range
transported continental outflow (May 13 and 14) eviarger (> 1.3) than those for the air
masses likely affected by emissions from the mslamid of Japan (May 6 and 10), as listed in
Table 2. These results are consistent with thelteestithe SP2 and TEM analyses. Greater
count fractions of thickly-coated BC were obserirethe SP2 measurements (Figure 6), and
a greater number fraction of coated soot partifleble 3) and lower volume fraction of soot
in smaller particles (< 0.@m) (Table 4) were observed in samples C and D cosdpto

samples A and B. In addition, number fractions adited soot particles were greater during
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the highEgps events (samples C and D) compared to samples Bafidble 5). The greater
circularity of the soot-containing particles in gaes C and D (Table 4, Figure 10c) may also
contribute to the great&;psvalues, as discussed by Adachi et al. (2010).oAltfin most soot-
containing particles in all samples in this studgrev internally mixed with sulfatend
organics the number fraction of thickly-coated soot waghleir in more aged air masses from
China. Our results indicate that, according totthasport pathway and aging levels of the air
mass, the magnitude of the lensing effect coulshgbawith changes in the mixing states and

morphology of soot-containing particles.

4 Summary and Conclusions

To elucidate the lensing effect of aged BC parsi@dad their relation with the mixing state

and morphology of individual particlesy situ measurements of the optical and chemical
properties and size distributions of aerosols &ednixing state of rBC, as well as sampling
for TEM analysis, were conducted at an Asian outfite in Noto Peninsula, Japan, in spring
2013.

The enhancement factdf;pdA), at 405, 532, and 781 nm was determined by camgpéhne
light absorption of aerosol particles with and with passing through @D maintained at
300 °C or 400 °C. Thé&,s values tended to be lower at shorter wavelendthsamples
exhibiting a relatively small enhancement of ligiiisorption at 405 nm after passage of the
particles through th&D (samples A and B), spherical, carbon-rich parsiclere found,

implying that the brownisimaterialsmay be formed during the heating processes.

The Eap{781 nm) valuegstimated using the data at the TD temperatur@@f g, which was
assumed to represent the magnitude of the lenffiect,evas 1.22 on averagkargeE;p{781

nm) values (> 1.3) were observed on May 13-14 wherair mass was transported over 2—3
days from urban areas in China. In the samplegeceldl on May 13-14 (samples C and D),
most soot-containing particles were internally ndixéth a large amount of coating materials
involving sulfate.Results of SP2 measurement and TEM analyses tedi¢chat the number
proportion of thickly-coated soot particles tendedbe grater in these air masses. In addition,
most soot-containing particles in samples C anddbevelose to a spherical shape, whereas
larger number fractions of soot-containing parchrere mixed with clusteof sulfate
containing spherulet samples A and B. These results suggest thammikang state and
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morphological features of soot-containing particlesuld be factors controlling the lensing

effect of BC in this study. The relation betweer thagnitude of the lensing effect and the
mixing state and morphology of individual soot-aning particles for well-aged air masses
will be useful to evaluate the direct radiativeciag of aerosols, particularly in leeward areas
of large emission sources of BC.
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Table 1. Average values of absorption and scagedaefficients and enhancement of

absorption during the observation perfod

A Baps(\) bea(M) Eabs(A, 300°C)°  Eas(), 400°C)P

405 nm 3.1[1.3-4.6] 51.9[23.5-70.1] 0.98 [0.85-1.09] 0.99 [0.87—1.06]
532 nm 2.7 [1.2-3.8] 1.06 [0.90-1.20] 1.06 [0.93—1.20]

781 nm 1.7[0.8-2.4] 16.1[7.3-17.4] 1.2[1.07-1.38] 1.23[1.10-1.35]

aValues in square brackethow the 28 —75" percentile range.

® Only the data above the detection limit were Lsetie calciation.
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Table 2. TEM samples used in this study, @@, NO,, and NQ concentrations and optical

parametergaverage values + standard deviation) during theptiag periods

TEM sample
ID A B C D
Date 6-May 10-May 13-May 14-May
Starting local time 9:10 10:09 16:00 8:29
Collection time 7 min 7 min 10 min 6 min
Analyzed particle number 586 296 226 412
SP2
rBC mass [ngm?| 424 + 11 403 £ 30 520 + 28 597 + 21
ACSM
Org [ugm ] 6.20 8.81 - 7.64
NH," [ngm?] 1.45 1.52 - 5.87
SO* [ngm™] 2.02 2.10 - 17.46
NOs [ngm™] 0.34 1.72 - 1.05
o] [ngm] 0.03 nd - nd
Total mass dgm™] 10.05 14.15 - 32.01
NOy, NO,
NO [ppbv] 1.6+£0.9 3.7+x1.7 1.3+£0.1 1.0+£0.1
NOy [ppbv] 3.4+0.9 53+15 35+0.2 40+0.2
[NOLJ/[NO,] 043+0.12 0.67+0.11 0.38+0.03 0.24+0.03
PASS-3
bas [MM™] 405 nm 6.3+0.6 56 +1.2 7.9 +£0.8 9.4 +0.2
532 nm 46 +2.1 4.4 +0.6 6.0 £0.6 8.2 0.4
781 nm 2.8 £0.3 1.9 £0.6 35 +0.6 4.7 +0.2
bsca [MM™] 405 nm 99.8 +7.4 79.0 +4.1 1558 +5.0 21519
781 nm 27.3+4.7 356+17.3 69.2+29 120.75 2
Eand300°C) 405 nm 0.88+0.12 0.97+0.26 1.33+x0.21 1.35060
532 nm 1.31+0.60 1.09+0.40 1.42+0.24 11820
781 nm 1.25+0.37 1.13+049 1.44+0.23 14r18
Eand400°C) 405 nm 0.88+0.12 1.03+0.25 1.22+0.13 1.31060
532 nm 1.05+0.15 1.13+0.36 1.10+0.12 14838
781 nm 1.26+0.29 124+060 158+0.20 18219
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Table3. Parameters of the soot-containing particles dfi&@mples

NUmb Particle Soot Volume Relative
D O?rsnooetr diameter diameter fraction position Circularity Aspect
. d of soot of soot factorCF ratio AR
particles P S VF. [%]
[um] [um] ¢ L0 RP

R <06 99 0.36 0.22 33 0.55 0.73 1.4
Hm [0.26-0.45] [0.16-0.25] [10-50] [0.30-0.74] [0.59-0.93] [1.1-1.6]
>0.6 10 0.83 0.36 11 0.89 0.34 2.1
Hm [0.67-0.83] [0.28-042] [6-14] [0.75-1.02] [0.26-0.40] [1.8-2.4]

5 <0.6 23 0.36 0.20 50 0.48 0.60 1.4
Hm [0.26-0.47] [0.15-0.24] [7-55] [0.29-0.68] [0.52-0.73] [1.2-1.5]
>0.6 18 0.89 0.37 13 0.61 0.39 1.4
Hm [0.73-1.07] [0.21-0.55] [2-16] [0.42-0.79] [0.21-0.56] [1.2-1.5]

c <0.6 6 0.58 0.32 21 0.42 0.86 1.2
Hm [0.57-0.59] [0.22-0.40] [5-31] [0.28-0.58] [0.84-0.88] [1.1-1.2]
>0.6 - 0.92 0.33 9 0.44 0.81 1.2
Hm [0.73-1.04] [0.22-0.37] [2-10] [0.24-0.64] [0.75-0.92] [1.1-1.4]

5 <06 865 0.47 0.23 22 0.55 0.89 1.1
Hm [0.42-0.51] [0.17-0.30] [5-27] [0.25-0.66] [0.87-0.94] [1.0-1.2]
>0.6 80 0.87 0.28 10 0.63 0.80 1.3
Hm [0.71-1.02] [0.14-0.35] [1-12] [0.38-0.87] [0.70-0.92] [1.1-1.5]

values in square brackets ateow the 28-75" percentile values
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Table4. Number fraction of mixing type of soot for soantaining particles [%]

Type c

ID Type a Attached/partl
y-embedded coated
A <0.6um 9 29 62
>0.6um 0 70 30
B <0.eum 12 33 55
>0.6um  Q 61 39
C <0.eum 0 0 100
>0.6um  Q 17 83
D <0.6um 0 5 95
>0.6um  Q 10 90
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Figure Captions

Figure 1Flow diagram of a measurement system for driedgbestthat did and did not pass
through thethermodenuder (TDs) maintained at 300 and 490 using the PASS-3, SMPS,

and SP2. Black arrow lines indicate the flow lioésample air.

Figure 2. Temporal variations in (a) absorptionftoents at 405 nm and start times of TEM
sampling (A-D with arrows), (b) scattering coeféiocts at 405 nm, (c) absorption
coefficients at 781 nm, (d) scattering coefficieat§81 nm, and (e, f and g) enhancement of
light absorption E,p9 at 405, 532 and 781 nm, respectively. Red, ldod,green symbols in
(a—d) represent conditions of 25, 300 and 2400respectively. Blue and green symbols in
(e—g) represerEaps [= bandA, 25°C)/bapdA, T)] with T = 300 and 400C, respectivelyThe

values are 3-h averaged data.

Figure 3. (a) Location of NOTOGRO in Ishikawa, Ja@gnd (be) 72-hour backward air
trajectories for air masses reaching the obsemvai® at 500 m above sea level. These are
colored with b) bapd405 nm), €) bapd781 nm), () Eapd405 nm) andd) Exd{781 nm). The
trajectories folEapscalculated fronmb,,s data below the detection limit are representeithias
lines in @) and €).

Figure 4. The 72-hour horizontal backward trajgesrfor air masses reaching the
observation site at 500 m above sea level duringpBag periods A-D. Open dots along the
trajectory represent the position of the air massrye 24 hour backward from the arrival

point.

Figure 5. Number- (upper panels), cross-sectiea-aand volume-based (lower panels) size
distributions of aerosol particles during the sangpbf samples A-D, as measured by SMPS.
Red lines in the upper panels represent the nulvdmerd size distributions for particles
measured without passage through e while blue and green lines represent those for

particles measured after passage through thenaintained at 300 and 400, respectively.

Figure 6. (a) Mass-based size distributions of vidth log-normal best-fitting curves and (b)
normalized-count distribution of lag time of theamdescent-light signal from the scattering
signal for rBC with a mass equivalent diameter 60 2im, obtained using the SP2 for
samples A-D with best fit curves assuming the cowatin of two Gaussian functions. LT

represents averaged lag-time.
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Figure 7. Electron microphotographs before andr &t@S analysis of samples (a, a’) A and
(b, b’) D. Soot is shown by black triangles in (ahd (b’). Non-soot residues are shown by

white triangles.

Figure 8. Morphological classification of particlgypes 1-7. Horizontal bars in the
photographs represent a length of @&. The pie chart in each morphological type
represents the number fraction of compositionagésyglassified based on the EDS analysis.

The number below the pie chart represents the nuoftanalyzed particles.

Figure 9. Classification of mixing states basedhlmcomparison of electron micrographs for
individual particles before (left) and after (rightradiation by a high, densely electron
beam: typea, non-volatile soot particles; tygg non-volatile particles except soot; type
mixed particles of volatile material and non-vdasoot aggregate; type mixed particles
of volatile material and non-volatile core withoaitsoot-like shape; type semi-volatile
particles; and typ& volatile particles. The pie chart in each mixsigte typea—f represents

the number fraction of compositional types deteadiby EDS analysis.

Figure 10. Size-segregated number proportions)ai(ging state particle types on the basis
of the classification in Figure 9, (b) morpholodiqzarticle types on the basis of the
classification in Figure 8 and (c) morphologicaitjzde types of soot-containing particles for

samples A-D. The numbers above the columns showuimder of particles observed.

Figure 11 Photographs of an aerosol sample after passagagththeTD at 400°C sampled
for 10 min from 09:38 May 6 (LT).
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Figure 10.

B a:non-wlatile (soot)
7 b:non-wolatile (others)
BB C:mixed (soot)

B d:mixed (others)
3 e:semi-wolatile

I f.\latile

I 1: soot aggregation
33 2: spherical particle
= 3: coccoid particle
= 4: doom-like particle
I 5: cluster of

type 2-3 bodies
1 6: crystalline

coarse body
B 7: recrystallized

droplet particle
I Others

10



3

Figure 11.

11



10

11

12
13

14
15

16

17
18
19
20
21

22

23
24
25
26
27
28

Supplement for

Light absorption and morphological properties of soot-
containing aerosols observed at an East Asian outflow site,

Noto Peninsula, Japan

S. Ueda'?, T. Nakayama'?®, F. Taketani®, K. Adachi®, A. Matsuki®, Y. lwamoto®’, Y.
Sadanaga® and Y. Matsumi®?

[1){Solar-Terrestrial Environment Laboratory, Nagoyniversity, Nagoya, Japan}
[2] {Now at Graduate School of Environmental Stiglidagoya University, Nagoya, Japan}

[3] {Now at Institute for Space-Earth EnvironmenRe&search, Nagoya University, Nagoya,
Japan}

[4){Japan Agency for Marine-Earth Science and Tetbgy, Yokohama, Japan}

[5{Atmospheric Environment and Applied MeteorologyResearch Department,
Meteorological Research Institute, Tsukuba, Japan}

[6]){Institute of Nature and Environmental TechnojpgKanazawa University, Kanazawa,

Japan}
[7]{Now at Faculty of Science Division |, Tokyo Urersity of Science, Tokyo, Japan}

[8]{Graduate School of Engineering, Osaka Prefectuniversity, Osaka, Japan}

Correspondence to: S. Ueda__ (ueda-s@stelab.nagaggp)l. and T. Nakayama

(nakayama@stelab.nagoya-u.ac.jp)

S1 Collection efficiency of the ACSM

A collection efficiency (CE) of the ACSM was detened by comparing the mass
concentrations of ammonium and sulfate derived ey ACSM to those measured by a
conventional filter based off-line chemical anadysihe filter samples were collected using a
9-stage Andersen sampler (model AN-200, Tokyo Dglap.) with a flow rate of 28.3 L/min.
Sampling duration was 1 week per sample. The dilt®ere extracted and water soluble

inorganic components were analyzed by ion chromapdyy. Ammonium and sulfate
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concentrations were integrated for the smallesta@es (including backup filter) to get the
PML1.1 fraction. The CE was tuned so that the ACSvivéd ammonium and sulfate match

the filter based analysis.

In addition, volume concentrations of NR componemse calculated using the ACSM data
using the same procedure with our previous studgkéjlama et al. 2014), and were
compared to volume concentrations estimated uiagSMPS data (TSI, model 3936L72).
As a result, the volume concentrations estimatesch fSMPS data were found to be about 1.7
times larger than those calculated from ACSM ddtaile different size-cut profiles of the
ACSM, Andersen sampler, and SMPS may have affabdesult, measurement uncertainty

of SMPS may also contribute to the difference.

S2 Morphological types of individual particles

Based on TEM image analysis, the particles werssiflad into seven types based on their

morphological features, as presented in Figure 8.

Particles classified as type 1 are aggregationglaifules with a diameter less than 50 nm,
which is characteristic of soot particles (JanZE980; Pdésfai et al., 2004; Murr and Soto,
2005). The results of the EDS analysis suggestadparticles in this type were composed

mainly of carbon.

Particles of types 2 and 3 are, respectively, sirgpherical and single coccoid (having
parallel straight lines for the particle perimetérpese particles showed strong contrast with
the film, suggesting that they are thick or higbtystalline. Because the length of the Pt/Pd
shadow of these particles is long (i.e., compartabkhe particle diameter), it can be inferred
that these were collected on the film as solidigiag. According to results of the EDS

analysis, type 2 and 3 particles were mostly sedfath. Similar coccoid shaped sulfate

particles have been reported by several studieaesosols in urban regions and an Asian
outflow (Li and Shao, 2010; Ueda et al., 2011)wadl as aerosols emitted from biomass
burning (Li et al.,, 2003). These workers identifisdch particles as ammonium sulfate

particles based on selected—area electron diffraetnalysis.

Type 4 particles have a spherical cap and show weakrast to the collection film and a
short Pt/Pd shadow. The short shadow length suggestome shape, implying that the
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particles were not solid when sampled. Most tygma#icles are rich in sulfur, and several of

them were rich in carbon or sea-salt.

Type 5 particles are clustered, connected to fourmerous spherical or coccoid units
resembling type 2 or 3 particles in shape and gz2-0.5um diameter). Most type 5
particles in this study were also sulfate-rich.

Type 6 particles are crystalline coarse particlagiig some straight lines for the particle
perimeter, but an otherwise coccoid shape. Thedé&lpa have larger diameters (around 1

um) than type 3. Most of the type 6 particles ware salt-rich or aged sea salt-rich particles.

Type 7 particles are recrystallized droplet pagsclThey show a short Pt/Pd shadow, similar
to type 4 patrticles, but partially show a strongtcast with the collection film. These results
imply that they dried on the film after their calteon as liquid particles. Most type 7 particles

were also sea salt-rich or aged sea salt-rich.

The volume-equivalent diameters of each particleevemlculated from measurements of the
projected particle area For type 1, 2, 3, 5 and 6 particles, which wemesidered to be solid
at the time of their collection, the particle diaerel was defined as 3t)*2 For types 4 and
7, which were considered as liquid droplets attitme of their collectiond was defined as
223(Sh)Y2 by assuming half-sphere.

S3 Mixing states of individual particles

The mixing states of particles were classified bynparing particle morphology before and
after irradiation by the intense electron beamhef EDS analysis. The types of mixing states
are shown in Figure 9. Type is non-volatile soot particles, which have therelgeristic
shape of soot (i.e., morphological type 1) and showchange in morphological appearance
after irradiation by electron beam. Typds non-volatile particles without the charactecist
shape of soot. Type is mixed particles of beam-sensitive material aod-volatile soot
aggregate. Typeal is mixed particles of beam-sensitive material andon-volatile core,
without the characteristic shape of soot. Tggde semi-volatile particles. Although contrasts
of the typee particles decrease overall after irradiation thygh electron beam, the area does
not change. In contrast to typesndc, typee particles do not have a non-volatile core. Type
fis volatile particles.
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S4 Internal mixing states and shape factors for soot-containing particles

The shape factors for soot-containing particlesevestimated by electron micrographs before
and after irradiation with an intense electron be&mgure S1 shows examples of electron
microphotographs of a soot-containing particle befand such irradiation together with their
shape factors determined in this study. The pregectrea Ap), perimeter I(p), length of
longest axisd), right-angled length to longest axig),(and coordinates of folding centeg,(

yp) Of soot-containing particles before EDS analysiad the projected areds and
coordinates of folding centex( ys) of soot in the particle after EDS analysis werasured
using image analysis software. Using these, sbarpaters for soot-containing particles
(particle and soot diameterd, @ndds), volume fraction and relative position of sogE{ and
RP), circularity factor CF), and aspect raticAR)) were estimated based on the equation
shown in Table S1. ThEF and AR represent shape factors; their values for a cacéel,
while for irregular shapes are less than 1 anddrighan 1, respectively. THeP is an
indicator of soot position in the particle. Valugs0O, 1, and > 1 mean that the soot is in the
center of the soot-containing particle, in a positequal to the sphere-equivalent diameter
from the particle center, or outside of the sphereivalent diameter from the particle center,

respectively.
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Table S1. Parameter descriptions of soot-contaipargcles by image analysis.

Parameter Symbol  Equation

Particle diameter dp d, =2(A/m)"? for type 1, 2, 3, 5 and 6 particles

d, =2(A/m)"? for type 4 and 7 particles

Soot diameter ds ds =2(AJm)*?

Volume fraction of soot  VFs VFs =(ds /dy)°

Relative position of soot RP RP=2[(Xg-X9) *+( Yp-y9)1"% dp
Circularity factor CF CF =4nA/Ly°

Aspect ratio AR AR=a/b
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