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Response to Editor:

We would like to thank the Editor for the helpful comments and have updated the manuscript to reflect changes based or
theseremarks We have included the commeimsbold and our responses in plain text following each commnthe end

of our response, we have also included a marked up version of the manuscript that identifies changes since the last respon:

Following this new marked up version is the previous response and markup document.

Non-public comments to the Author:
To assst you in responding to reviews, | note there are several key references on marine aerosols that were not
discussed (including those from your own coauthors...) in your original manuscript or in the responses, that seem

relevant to the issues raised by threviewers.

1) marine kappa -- there are several papers by Quinn (e.g. Quinn et al., 2014, Nature Geoscience) that to me
appear more directly relevant, plus isn't there also a lab study by Markus (and you) on marine kappa?
Keene et al. also is likely a bedr reference for size dependent organic fraction (by mass).
Additional background information on marine kappa and hygroscopicity measurements have been included in the
discussion of our marine kappa results. In particuiaraddress this comment and thedated comments by
Reviewer 1 regarding salt and organiee, have added findings from several other souirtdading those that are
noted,and used them to assist with interpretation of our results. The updated paragraph now reads:
“While the spectrum ofnixing between population types is relevant to the identification of impacts from various sources,
additional consideration of these aerosol types against measurements in other regions is also warranted. Fresh sea spr
particles, dominated by sodium childe (kx = 1.28), are expected to have the highest «k values, although co-emitted organic
species and replacement of chlorine by uptake of acidic gases can potentially reduce hygroscopicities. Addit@nally,
increasing organic fractions at smaller sizeisorted in sea spray aerogkieene et al., 2007; Prather et al., 2013; Quinn et
al., 2014; Forestieri et al., 201@ad to decreased hygroscopicities as particle size decrBagmsted hygroscopicities for
aerosol in marine regions vary, with Good et @Q10)reporting CCNderivedk values above 1 for some background or
marine dominated MBL air masses, consistent with pure sodium chloride dominated sezkeds. Prather et a(2013)
generated aerosol using sea water with varying organic concensradind associated marine biological activity, and
reported CCN activation diameters at 0.2% supersaturation that correspendalizes above 1 during periods of low
organic concentration, that then dropped tealues as low as 0.1 as organic concentration was increased. In addition, they
found more organic enrichment and lower associated hygroscopicities in smaller partiotesetCal.,(2014)explored the
relationship between organic aerosol content, particle size, and particle hygroscopicity in primary marine aerosol generatec

in several ocean regions. They found a similar emht of average aerosol organic volume fraction with decreasing
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particle size (40 nm dry diameter: 0.8 organic volume fraction; to 100 nm: 0.4 fraction) that corresponded with decreased
hygroscopicities (40 nnmk=0.4; 100 nmx=0.8), and was consistent in various ocean regions and largely independent of
biological activity as indicated by chlorophygl levels. Such findings are consistent with the lower Aitken mode
hygroscopicities found in the background manoopulations observed in this dataset, as well as the additional decreases in
hygroscopicity noted in the precipitation population that had been further scrubbed of larger accumulation mode particles.
Our findings of background and precipitation impactedingaaerosok values generally between 0.2 and 0.6 for the Aitken
mode and 0.4 and 1.0 for the accumulation mode are therefore consistent with reported hygroscopicities of backgrounc
marine aerosol that had been enriched by organic components. The presence of ergdains the noted lower
hygroscopicities, as compared to what would be expected from pure sea salt aerosol, in population types that were otherwis

expected to be dominated by background marine a€tosol.

2) clustering to separate marine/nonmarine- seemsvery similar to what has been done by other authors.

We have included additional discussion and references to other studies that utilized clustering methods to

discriminate between aerosol types based on both size distribution and composition in ods reetition. The

updated paragraph now reads:
“Parameters associated with each data point were then used to cluster the data points into groups based on similar obsen
aerosol properties. Cluster analyses have long been used to group observed aeralstrisiziions into clusters of
generally similar size distributiorf3unved et al., 2004 which can then be assotdd with various sources or atmospheric
processes that shaped th@dharron et al., 2008; Beddows et al., 2009; Wegner et al., 28i8)lar cluster analyses have
been utilized to classify aerosol types based on particle chenfistvgsard et al., 2014with Frossard et al(2014)
identifying clusters in mrine aerosol observations associated with marine ananagine aerosol types. As pointed out by
those authors, the clustering approach can be superior to algorithms using simpler criteria to distinguish “clean” from
“polluted” conditions, as more variables and a measure of similarity between data points are used to find the underlying
population types. In this studyormalized size distribution parameters were combined with total number concerdration
particle composition information via hygroscopicitgeasurementso serve as input variables fdine cluster analysis
(parameters given in Table 1). As hygroscopicity data were available for at most one mode (during the 0.14% or 0.38%
supersaturation scans), Aitken and accumulation mode hygroscopicitiedrested as missing for data points without this
information. In order to account for missing data and adjust all clustering variables to the same scale, each variable was fi
standardized to a mean of zero and standard deviation of one, with miggngpihts imputed to a value a zero (the mean
value). As a result, the clustering distance function was insensitive to missing data, but still included information on

hygroscopicity when available.”

3) marine size distributions and wind speed dependencetisported at length by several papers. Your approach

here is different but seems to me consistent and should be compared.
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The relationship between wind speed and marine size distributions is now more fully treated in two locations. It is
covered in a morenbrough discussion of marine aerosol in the introduction (see response to next comment), and in
the results section where we further address Reviewer 1’s question regarding if the impact of wind speed could be
observed in the cluster results or merely e toarse mode number concentrations. The two paragraphs in the
results section addressing this now read:
“Finally, throughout the study coarse mode particles with diameters larger than about 800 nm were consistently observed i
the PCASP volume distribatins (Figure 2b). Concentrations of particles in this size range increased with increasing wind
speed (Figure 5), consistent with generation of sea spray aerosol due to bubble breaking and wa¥® etvdnand
Leeuw, 2007)While the total number concentration of coarse particles is soaipared to typical CCN concentrations
(Figures 2e, f), in the cleanest conditiome measuredhey represented nernivial fractions of CCN active at 0.14% and
0.38% supersaturations. The large diameter of these particles makes them likely to activate at very low supersaturations, ar
they are present in more than sufficient humberceatration to impact the microphysical structure and processes in
stratocumulus clouds by serving as “giant CCN” (Feingold et al., 1999)
No significant relationship between wind speed and fine mode aerosol population type waslowtager, @rticles in he
coarse modeange are not measured or accounted for inauster analysiYCCN system range: 1500 nm) while
submicron aerosol was often dominated by aerosol from other sources. Modini (208b) utilized a dedicated size
distribution fitting analysis that included size resolved obsematid particles above 500 nm to examine primary submicron
marine aerosol production. They found a primary mode with a median diameter around 200 nm and tail that extended tc
sizes wellabove 500 nm, with number concentrations of 1-2+¢m" during a ped of low wind speeds that increased to
71 +/ 2 cm?® as winds increased. Concentrations differences of arowé® 0 due to wind speed changes may not have
resulted in large enough changes to concentrations or size distributions to alter the glo$tdrenobserved population

types, which often included number concentrations that were larger by an order of magnitude or more.”

4) Part of the introduction also seems odd; it almost sounds like the justification for measuring remote aerosol
from ship is needed because it has never been done before...or at least not since Hoppel. Several dozen
marine aerosol cruises by Quinn, Bates, Shantz, Leaitch, seem relevant.
We have added an additional paragraph to the introduction that provides a better overviewiook studies and
current understanding of marine aerosol and the sources and processes that impact it. The last two paragraphs of t
introduction now read:
“Remote marine aerosol and its impact on atmospheric processes have been studied in a poederegionHoppel et
al., 1986; Russell et al., 1994; Jensen et al., 1996; Brechtel et al., 1998; Murphy et al., 1998; Bates et al., 20@0aPgetter
2006; Quinn et al., 2006Y hese studies identified a background submicron marine aerosol that is composed of two distinct
modes in the number distribution, due to processing bypnecipitating cloud¢Hoppel et al., 1986, 1994; Hudson et al.,

2015) Bates et al.(2000) linked the differences in the average size distributions of background marine aerosol in two
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remote marine regions to regional meteorology, including differences in aerosol residence time and cloud processing.
Increased wind speeds leaditcreased flux of seaalt particles into the atmosphere, contributing submicron particles as
small as 40 nm in diameté®’Dowd and Leeuw, 2007; Russell et al., 2010; de Leeuw et al., 2011; Bates et al., 2012;

Modini et al., 2015) Nonseasalsulfate and organic matter from marine sources also comprise large fractions of the
submicron aerosol mass loading in cleam background marine air masgbiirphy et al., 1998; Cavalli et al., 2004s

air masses from more terrestrial or anthropogenigaflyenced regions advect over remote marine regions, submszen
distributions and chemical compositions often diverge from background condiBates et al., 2000; Quinn et al., 2006)

More recent studies have further quantified the role of various processes in shaping the marine aerosol population, including
primary and secondary productiorgireg, and mixing with nommarine sourcegAllan et al., 2009; Russell et al., 2010; de
Leeuw et al., 2011; Bates et al., 2012; Prather et al., 2013; Frossard et al., 2014; Modini et alln3tdrizular, the
contribution of dissolved organic components in the sea surfécro layer to aerosol produced by bubble breaking has been
noted, with increasing organic enrichment as size decréBRsmssell et al., 2010; Bates et al., 2012; Prather et al., 2013;
Quinn et al., 2014)Additional dudies into the source dependent composition of marine aerosol have indicat@@nos

sources can be important contributors to aerosol in marine regions. Shank2&1&!) found evidence of bimass burning

and combustion impacts on remote marine MBL aerosol, including in nominally clean marine conditions. These authors also
noted the limited importance of organic components in particulate matter in a tropical Pacific location, as compaged to oth
regions where organics were a more important fraction of the submicron aerosol. Frossa(@0dafqund influences on

aerosol organic matter from shipping and mixing with-nwarine sources in 63% of observations across five ocean regions.
Modini et al., (2015) evaluated the contribution of primary marine aerosol to cloud condensation nuclei (CCN) number
concentrations, and found that it accounted for less than 10% of CCN active at 0.9% sapiersaturing low wind
conditions, with increasing importance (up to 58% of CCN) at higher wind speeds and lower environmental supersaturations
Taken as a whole, recent understanding of marine aerosol indicates that the background marine aerosolyandhpnienar
emissions can be complex and play an important role in cloud, radiative, and precipitation processes, and that other source
of aerosol contribute to number and mass concentrations, even in relatively clean and/or remote regions.

Two research crges were conducted in the remote marine boundary layer (Mithg SCS and Sulu Sea during the 2011

and 2012 SWMseasonso perform insitu aerosol and meteorological measurementd to investigate marine aerosol and

its impacts on clouds, precipitatioand climate as it reflects the complex set of sources in the réig@d et al., 2015,

2016) In this paper, we present observations of a¢rasd CCN characteristics during the second crukmng withtheir
relationship to aerosol source type, air mass, and meteorological phenomena. Thasenmeds represent the firstsitu
observations of sizeesolved CCN propertiem the areaand fll a gap in knowledge needed to assess aeweabtt

precipitation relationships in the data poor remote marine SCS région.
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Sizeresolved aerosol and cloud condensation nuclei (CCN)
properties in the remote marine South China Sea, Part 1:
Observationsand source classification

Samuel A. Atwood Jeffrey S. Reitl Sonia M. Kreidenweis Donald R. Blak& Haflidi H. Jonssofy
Nofel D. Lagrosay PengXian®, Elizabeth A. Reiff Walter R. Sessioft§ James B. Simpas
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*Department of Meteorology, Naval Postgraduate School, Monterey, CA
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'Space Sciences Engineering Center, University of Wisconsin, Madison, WI

Correspondence tdeffrey S. Reidjeffrey.reid@nrimry.navy.mjl

Abstract. Ship-based measurementsadrosol and cloud condensation nuclei (CCN) properties are presented for two weeks
of observations in remote marine regions of the South China Sea/East Sea during the Southwestern Monsoon (SWM) seaso
Smoke from extensive biomass burning throughout theitivhe Continent advected into this region during the SWM,
where it was mixed with anthropogenic continental pollution and emissions from heavy shipping activities. Eight aerosol
types were identified using a-Means cluster analysis with data from a sisolved CCN charagtization system
Interpretation of the clusters was supplementecdyitional ooard aerosol and meteorological measurements, satellite

and model products for the region. A typical bimodal marine boundary layer background aepasafigpo was identified

and observed mixing with accumulation mode aerosol from other sources, primarily smoke from fires in Borneo and
Sumatra. Hygroscopicity was assessed usindll {r@rameter and was found to average 0.40 for samples dominated by aged,
accumulation mode smoke; 0.65 for accumulation mode marine aerosol; 0.60 in an anthropogenic aerosol plume; and 0.2
during a short period that was characterized by elevated levels of volatile organic compounds not associated with biomas:
burning impactsAs a special subset of the background marine aerosol, clean air masses substantially scrubbed of particles
were observed following heavy precipitation or the passage of squall lines, with changes in observed aerosol properties
occurring on the order of mites. Average CN number concentrations, size distributions\ aatlies are reported for each
population type, along with CCN number concentrations for particles that activated at supersaturations between 0.14% an
0.85%.

Keywords. Remote Marine Aerosol,Cloud Condensation Nuclei, Biomass Burning, South China Sea, Source

Apportionment, kMeans, Mixing State
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1 Introduction

In the Southeast Asian Maritime Continent (M&B)d SouthChina Sea/East Sea (SC®y@solparticles are expected to play

an important ole modulating cloud developmemirecipitation,andradiative properties that affect heat transfer through the
atmospheré¢Reid et al., 2013)Assessment of aerosol propertiegportant to understanding such processesmote marine
segments of thieegion has proven difficulExtensive cloud cover confounds remote sensing and leads to a clear sky bias in
observationgFeng and Chrisipher, 2013; Reid et al., 2013erosol monitoring has largely been confined to urban centers
that are often dominated by local emissions, whilsiin sampling in remote areas has been limited in duration and scope
(Irwin et al., 2011; Robinson et al., 2011; Lin et al., 2014; Reid et al., 280fBprne measurements have provided some
representation of aerosol over wider regions and at various [giebgtt et al., 2010; Robinson et al., 20,1But additional
guestions regarding the represdiveness ofsuch point measurementacross larger time scales rema8imilarly, the

impact ofvariousaerosolsources on surfagaoperties andoncentrationg remote marine regionandtheir relationship to
expected transport pathwagsdthe few remtely sensed column measurements that exist is not well understag.over

these remote ocean regions the aerosol optical and physical properties, their variability in time and space, and the process
controlling aerosol lifecycle have not been wedhstrained. This uncertainty in the aerosol environment itself comes in
addition to uncertainty about its impacts on meteorological processes. Aerosol concentration has been found to relate
cloud development, cloud microphysics, and precipitation fooman the region(Yu et al., 2008; Yuan et al., 2011; Wang

et al., 2013) while smoke may affect cloud droplet size distributions and the onset of precipitation, similar to processes
observed in other tropical regions impacted ligmass burning(Rosenfeld, 1999; Andreae et al., 2004Mmproved
knowledge of the aerosol environment and aerokrld-climate relationships in the Southeast Asian region has therefore
been identified as important regionally, and in regards to links with global climate andtatgeaerosol budgetReid et

al., 2013)

During the May through October Southwestern Monsoon (SWM) season, burninghtbubihe MC typically reaches its
greatest extent between August and early October as precipitation associated with the ITCZ shifts north into (Redathina

et al., 2012) The resulting heavy smoke mixes with urban, industrial, marine, and shipping emissions in an exceedingly
complex aerosol mixturéBalasubamanian et al., 2003; Atwood et al., 2013; Reid et al., 2@a@)ing this period, aerosol
particles from surface sources are generally advected by low level mean winds throughout the SCS, where they are
scavenged by precipitation or eventually removethénmonsoonal trough east of the Philippi(iesid et al., 2012, 2015;

Wang et al., 2013; Xian et al., 2013)s a result, the region of the SCS and Sulu Sea to the north and east of Borneo has
been prdicted to be a receptor for much of these biomass burning and pollution emissions from the greater MC during
periods when air masses enter more convective phases of the(B¥ithet al., 2012; Xian et al., 2013)

Remote marine aerosahd its mpacton atmospheric processkavebeen studiedh a number of ocean regiofidoppel et

al., 1986; Russell et al., 1994; Jensen et al., 1996; Brechtel et al., 1998; Murphy et al., 1998; Bates et al., 20@0aPetter

2006; Quinn et al., 20067 hese studies identified a background submicron marine aghaéos composed of two distinct




10

15

20

25

30

modes in the number distributiopdue to processing by negarecipitating cloud§Hoppel et al., 1986, 1994; Hudson et al.,

2015) Bates et al.(2000) linked the differences inthe average size distributionsf background marine aerosiol two

remote marineregions to regional meteorologincluding differences iraerosol residence timend cloud processing.

Increased wind speedsadto increasd flux of seasalt particles into the atmosphe®ntributingsulmicron particles as
small as40 nmin diameter(O’Dowd and Leeuw. 2007: Russell et al., 2010; de Leeuw et al., 2011; Bates et al., 2012;

Modini et al., 2015) Non-seasalsulfate and organic_mattefrom marine sources also mprise large fractions of the

submicron aerosomass loadindn cleanand backgroundmarine air massegdurphy et al., 1998; Cavalli et al., 20048s

air masses from more terrestrial or anthropogalyigénfluenced regions adveower remote marine regions, saicron size

distributionsand chemical ampositionsoften diverge from background conditioiiBates et al., 2000; Quinn et al., 2006)

More recent studies haverther quantified the role of various processeshaping thenarine aerosgbopulation, including

primary and secondamroduction aging,and mixing withnonmarinesources(Allan et al., 2009; Russell et al., 2010; de
Leeuw et al., 2011; Bates et al., 2012; Prather et al., 2013; Frossard et al., 2014; Modini et alln 2&Hr&rular, the

contributionof dissolved organic components in the sea surface micro lagerasol produced by bubble breakhas been

noted, withincreasingorganic enrichmenas size decreaséRussell et al., 2010; Bates et al., 2012; Praéieal., 2013;

Quinn et al., 2014)Additional studies into the source dependent composition of marine aerosohtdmatednon-marine

sourcescan beimportant contributors to aerosol in marine regiddisank et al.(2012)found evidence of biomass burning

and combustioimpacts orremote marine MBlaerosol including in nominally clean marine conditiorihese authors also

notedthe limited importance of organicomponentsn particulate matter i tropical Pacific locatioras compared to other

regions where organics weaemoreimportant fractiorof the submicron aerosdfrossard et al(2014)found influence®n

aerosol organic mattérom shipping and mixing with nemarine sources in 63% observations across five ocean regions.

Modini et al., (2015) evaluated the contribution gifrimary marine aerosol toloud condensation nucleCCN) number

concentratios, and found that it accounted for less than 10%COMN active at 0.9% supersaturatiosuring low wind

conditions, with increasing importanfap to 58% of CCNgt higher wind speeds and lower environmental supersaturations.

Taken as a whole, recent understanadihgharine aerosol indicates théie backgoundmarine aerosodnd primary marine

emissions can be complex and play an important role in cloud, radiative, and precipitation praceskatother sources

of aerosokontribute to number and mass concentrations, even in relatively clean and/te regions
Two research cruises—this—areawere conductedn the remote marine boundary layer (MBafj the SCS and Sulu Sea

during the 2011 and 2012 SWideason to take—advantage—of-these—conditions—gperform in situ aerosol and

meteorological measements andto investigate marine aerosahd its impact®n clouds, precipitation, and climatethe

remote-marine-boundary-layer{(MBL)-in-the- SCS-and-SuluaSéaeflectsthe complex set of sources in the regiReid et

al., 2015, 2016)In this paper, we present observations of aerosol and CCN characteristics during the secorehdruise,

along withtheir relationship to aerosol source typ& mass, and meteorological phenomena. Theseunggasnts represent
the first in situ observations of sizesolved CCN propertie# the areaand fill a gap in knowledge needed to assess

aerosolcloud-precipitation relationships in the-thedata poo remote marine SCS region.
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2 Methods and Cruise Description

The SCS research cruises occurred during the month of September in both 2011 and 2012, and took place aboard the 35
186 tonM/Y Vasco operated out of Manila by Cosmix Underwater ResearchA tthorough description of the vessel and
instrumentation for the 2011 and 2012 cruises can be found in Reid(20Hb)and Reid et al(2016) respectiely. Here

we are concerned with the 2012 cruise, which departed Manila on 4 September from Navotas, Manila Bay, and returned ol
29 September. The sampling strategy for these cruises involved moving between various anchorages in the SCS and Su
Sea arounthe Palawan Archipelago. Sampling occurred throughout the cruise, but aerosol measurements were shut down
invalidated and removed from the datadeting periods when representative sampling could not be achievedéasured

relative wind not fromover the ship bow, leading to potentgdlfsampling; seeReid et al.,(2016) for more details
Remaining periods of seffampling of ship emissions were identified by anomalous size distributions and high particle
numker concentrations, and were removed from the data set before analysis. Ttesaized CCN systerfPetters et al.,

2009) that provided the bulk of the measurements reported tetealcomputer failure that, once fixed, limited reliable
measurements to primarily the last two weeks of the cruise, hence we focus here on dataZBoGeftember 2012. This

period included several transits along the east side of Palawan Island,asyatitsasurements at an anchorage between
Palawan and Borneo (7.86N, 116.94E), and two anchorages at Tubbataha Reef in the middle of the Sulu Sea (8.80N
119.26E).

2.1 Aerosol Measurements

A DMT Passive Cavity Aerosol Spectrometer ProBEASH X2 configural in an aviation pod with heated inlet was
mounted at th&ascotop mastapproximately 10 m above the water surfex@rovide optical measurements of dry particle

size distributions between approximately 125 nm and 3 pum. Additional aerosol instrumentsidocated in a forward

locker, below and slightly behind the aerosol inlet. Sampled air was fed to the locker via a 3 cm diameter, 4 m long inlet
located next to the PCASP. Although the inlet was not aspirated, several high flow rate nephelometerg Sampthe

inlet ensured low residence time in the sample line. Further details and additional instrumentation are discussechln Reid et
(2016) A size resolved CCN system sampled air from the inlet just insidestrament locker with an approximately 2 m,

0.635 cmdiameter copper tube. A URG cyclone with an approximate 1 um 50% size cut was used to remove the largest
particles from this CCN sampling line, including coarse modesakato minimize wear and cosion on downstream
components. The sample was then dried using a Permapurtupelilafion dryer with low pressure sheathtaiRH values

below 30%, as verified by occasional in line checks using a handheld Extech Fhgpraometer

Approximately 1.1liters per minutelgm) were drawn through the size resolved CCN system, which was comprised-of an x
ray neutralizer (TSI Model 3087) and a TSI 3080 Electrostatic Classifier with a long DMA column (TSI Model 3081) for
guastmoncdisperse particle sizing, preded by a 0.071 cm orifice (0.69 um 50% cutpoint diameter) impactor. The DMA

was operated with a sheath flow rate of 5 Ipm (liters per minute) and sample flow rate of 1.1 Ipm. The sample flow was then
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split between a TSI 3782 Water Condensation Particlen@o (CPC) with a flow rate of 0.6 Ipm, and a DMT Cloud
Condensation Nuclei Counter (CCNc) with a flow rate of 0.5 Ipm. Flow rates used to calculate number concentrations were
calibrated using a Gilibrator (Models 800285 & 800286) systeith in-line meaurements conducted prior to each CCNc
supersaturation calibration session as noted below

The sizeresolved CCN system measured CN and CCN (activated particles GENc setpoint supersaturation)
concentrations in each 80 quasimonocdisperse size binsetween 17 nm and 500 nm. The CCNc was operated at five
temperature gradient settings and calibrated using ammonium sulfate (following the methods described by Petters et al
(2009) to measre the corresponding maximum environmental supersaturation within the CCNc column. The scan of all 30
size bins at each supersaturation took approximately 15 minutes, while a complete measurement over all 5 supersaturatic
settings took approximately twiours due to pauses between settings while column temperatures stabilized. The measured
CN and CCN particle counts were inverted using the methodology of Petterq20081) The inversioryielded the dry

ambient aerosol size distribution over the measured range (di@oépr 17 < D, < 500 nm) and the equivalent
distribution of CCN particles activateat each supersaturatiqdCCN/dlog;oDp). The activated fraction spectrum was then
calcubtedas the fraction of total particlélsat formed droplet€CCN/CN) at eachdiameter. Each activated fraction spectrum
wasthenfit using a three parameter fit similar to the approach of Rose @04I0) The diameter at which 50% of particles

in the fit had activated ({g) was used to calculate the associated hygroscopicity paramigfeetters and Kreidenweis,

2007) Full calibration of the CCN system flow rates and supersaturatamis tivo to five hours to complete, and was
therefore conducted four times throughout the study on 15, 20, 27 and 29 September to limit measurement downtime. Eac
calibration session involved running a calibration scan at each CCNc temperature gradient(wett two full scans
conducted at each setting on 27 Sep) yielding a total of five calibrations per setting throughout theCalibisged
supersaturation sgiints and their respective standard deviations were 0.14% + 0.01, 0.38% + 0.01, 0.92% X D% +

0.02, and 0.85% = 0.03, with no significant trend or calibration drift noted during the drbesmeasured range of 0.14%

to 0.85% supersaturation was selected based on values that could both be reliably measured by the CCNc instrument ar
represented supersaturations expected in the region where aerosol effects may be raleyiagt from marine
stratocumulus with peak supersaturations often below 0.2% to highly convective clouds with supersaturations above 1%
(Reutter et al., 2009; Ward et al., 2010; Tao et al., 2012)

As the SCS environment tended to have relatively few particles smaller than 50 nm, only the measurémedhts4&o and

0.38% supersaturation settings had complete activation curves that spanned the measured particle diameter range. For t
higher supersaturation settings, thg Biameter tended to occur at small diameters with low CN and CCN concentrations
thereby increasing uncertainty in the associatedlues. As a resull values were only reported for the 0.14% and 0.38%
supersaturation settings addition, rather thanontinuouslyrunning a fulltwo-hour scan across all supersaturation settings,
individual scans (approximately 15 minutes) were run more often for the 0.14% and 0.38% settings to take advantage of thi:

outcome.The range of k values measured for the particles active at supersaturations of 0.14% and 0.38% was typically
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between about 0.3 and 0.8, although the full range was between 0.2 and 1.1 (Figuresh2eDf).diametersfor these
hygroscopicity values spaadapproximately 96 to 150 nifx range: 0.8- 0.2) for the 0.14% supersaturation setting, and 45
to 80 nm (x range: 1.1- 0.2) for the 0.38% setting. The hygroscopicity measuresnseate therefore more indicative of
accumulation mode hygroscopicity duriige 0.14% scans and Aitken mode hygroscopicity during those at 0.38%.

Additionally, particles outside thessizeranges were not well @utified by these measurements.

2.2 Ancillary Measurements and Products

Additional measurements of aerosol compositi@rewused to validate identified source types impacting the measurements
throughout the cruise. A series of PMilters were ollected by 5 Ipm Minivol Tactial Air Samplerswith sampling periods

that varied between one and two and half dagdwereandyzed for elemental concentrations by gravimetric, XRF, and ion
chromatography methods, and organic and black carbon concentrations by the-tipdicabinethod¢Reid et al., 2016)

Trace gas concentrations were asered intermittently throughout the cruise by whalle gas samples for gas
chromatography analysis, as discussed further in Reid (210416)

A suite of weather monitoring instruments was located on a 3m bow mastotie coincident meteorological
measurements throughout the study. From this suite, wind speed and wind direction measurements from a Campbell soni
anemometer were used to identify gust front passage. An OTT Parsivel disdrometer was utilized to mesaAgitia¢iqn,

from which only the rain rate measurements were used in this analysis.

Several remote sensing and model products were used to characterize the wider SCS atmospheric environment and
identify potential aerosol sources. MODIS visible and IRdocts were used to identify convection and squall line
propagation across the SClhe MODISCollection 6MODO08 Level 3 daily &rosol Optical Deptiproduct wereutilized

for AOD measurements in the regjahough cloud cover obscured measurements thieutgmuch of the studyMODIS

active fire hotspot analysis and the FLAMBE smoke flux product from Terra and Aqua were used to identify the locations
and times during which fires were burning in the M&glio et al., 2003; Reid et al., 2009; Hyer et al., 20Bjnulaions

from the Navy NOGAPS model were used to represent surface and 700 hPa integmlated toonedegree spatial
resolution and averageaver the study period, to provide an estimatetydical aerosol transport pathwayslogan and
Rosmond, 1991; Xian et al., 2013)inally, the Navy Aerosol Analysis and Prediction System (NAAPS) was used to predict
smoke and sulfate aerosol mass concentrations at the surface alviagdbghip track(Lynch et al., 2016)

The NOAA Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Version 4.9 riiddetler et al., 1999;

Draxler and Hess, 1997, 1998ps usd to generate daily 7Bour backtrajectoriespawned at 0Z, 8 AM locaffom the
Vascolocation with arrival heights of 500m to indicate likeharineboundary layer transport patterns. The GDAS1, 1; x 1j
HYSPLIT meteorological dataset was used to drive tmodel.Trajectory pathswvere found to bdargely influenced by
synoptic scale changes in the regional meteorological state of the atmosphere, with no substantial differences due to arrive
time of day. Arrival heights between 100 m and 3000 m were edatilrajectories with arrival heights belo®000 m

were generally consistent and representative of boundary layer trafgpeobd et al., 2013; Xian et al., 2013)hile
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higher heights tended to be increasingly influenced by free troposphere transport pathways with a more westerly componen
As such, 500 m was selectéml be representative of general shifts in synoptic scalmdery layer transport pathways,
though more complex vertical interactions and mixing from adoft apotentialinfluencein the region(Atwood et al.,

2013) Trajectory lengths of 72 hours were found to be sufficient to demonstrate geaesplort pdt differences between

ocean dominated regions of thentral portion of the GS and more terrestrially influenced regidghat passed closer to

Borneo and Sumatra.

2.3 Aerosol Population Type Classification

The dN/dlogoD, dry particle size distributionsbtained every 15 minutes from the CCN system were first normalized by the
particle number concentration summed over all bins. Each of these normalized size distributions was then parameterized b
fitting a lognormal mixture distribution using an algorithmased onHussein et al.(2005) This algorithm fit each
distribution to one, two, or three lognormal modes, edefined by three lognormal distribution parameters (median
diameter, geometric standard deviation, and fractional number concentratianjnodeswere identified as the best fiir

690 of 731 data points in this dataset. In order to have a common point of comparison for classification fhepeses

mock fit was usedor all data pointsyielding a parameterizesitken and accumulatiomode for eaci5-minutedata point

Data points for which the fitting algorithm selected an additional third mode are noted in the clustering resatt8 iang

Supplementary Figure S1

associated witteach data point were then used to clugerdata points into groupbased orsimilar observed aerosol

properties.Cluster analyses haveng been used to group observed aerosol size distributions into clusters of generally

similar size distributiongTunved et al., 2004Wwhich can then bessociated with various soura@satmospheric processes

that shaped thenfCharron et al., 2008; Beddows et al., 2009; Wegner et al., 268i)lar cluster analyses have been

utilized to classifyaerosol types badeon particle chemistr{Frossard et al., 2014With Frossard et al(2014)identifying

clusters in marine aerosol observations associated with marine antanme aerosol typesAs pointed out by those

authors, the clustering approacéin besuperior to algorithms using simpler criteria to distinguish “clean” from “polluted”

conditions as more variableand a measure of similarity between data poiate used to find the underlyimmppulation

types.In this studynormalized size distributioparameters were combined with total humber concentratiwh particle

composition information via hygroscopicity measuremdatserve as input variables fire cluster analysi§parameters

given in Table 1).As hygroscopicity datasas-were available forat most one mode (during the 0.14% or 0.38%

supersaturation scans), Aitken and accumulation mode hygros@apietesweretreated as missing for data points without
this information. In order to account for missing data and adjust all clustering eartalthe same scale, each variable was

first standardized to a mean of zero and standard deviation of one, with missing datanymited toa value a zergthe
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mean value)As a result, the clustering distance function was insensitive to missingodatijll included information on
hygroscopicity when available.

A hierarchical cluster analysis was first conducted usingltster.AgglomerativeClusteringass of the Python scikiéarn
package(Pedregosa et al., 201a¥ing the Ward linkage to help ascertain the number of clusters that can be found in the
dataset. Each step in this process involved merwogdata points or clusters into a new cluster based on those points with
the shortestdistance between normalized input measurements (Karl Pe&tsdidian distance functionWilks, 2017). A
dendrogram and associated measure of the distance betweed olasgers for each subsequent clustering step was used to
identify potential numbers of clusters appropriate for the dataset. The distance between merged clusters increases at ste
that merge substantially different clustdWilks, 201J), in this case indicating 5, 8, 9, and 12 clusters as potentially
appropriate for this data set.

A nonhierarchical KMeans cluster analysis was then conducted for each of these four potential cluster numbers using the
scikit-learncluster. KMean<lass torefine the cluster members. The appropriate number of clustessselectedased on

the K-Means result with the least number of clusters that maintained physically distinct and temporally consistent aerosol
populations for the associated clusters. Intipalar, as the timestamp of a data point was not included in the cluster analysis,
clusters with smaller numbers of data points were considered distinct if they all occurred during a narrow time frame that
could be associated with a transient atmosph@r@nomenon. The time frames of all clusters were then compared against
other aerosol and meteorological observations to ensure they were physically meaningful. The result was a set of eigh
identified aerosol population types with associated time periodesponding to the 15 minute CCN system data points.
Finally, size distribution and hygroscopicity measurements were averaged for all time periods associated with each

population type.

3 Results
3.1 Overview of Study

The daily positions of th&ascoduring the two weeks in September 2012 that comprise this study are shown in Figure 1a,
together with HYSPLIT 7zhour backtrajectories initiated within the MB&everal extended periods at the same anchorage

are noted by the range of dates spent at thesedaosalihe daily fire hot spots are also indicated in this figure. Average
NOGAPS surface winds in the boundary layer were from the southwest, often advecting air parcels from near Borneo, while
lower free tropospheric winds, such as those at 700 hPa, wareewesterly due to the generally veering structure of the
lower atmosphere in the SQReid et al., 2016)Fires detected by MODIS occurred throughout much of Borneo and
Southern Sumatra during the study, with scefievel trajectories near the start and near the end of the study period passing
close to active fires, whereas those during the middle period remained primarily over open ocean. Results from the NAAPS
model, along with limited satellite AOD measurememb$ obscured by clouds during this period, confirmed this general

smoke transport pathway. Accumulation mode aerosol mass concengstimats (Figure 1b) werénitially generated
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from the PCASP measurements using a density of 1.4 figLevin et al., 201Q) assumed to be representative of a
combination of smoldering peat and agricultural fire emissions ayjpicthe MC(Reid et al., 2012}hat constituted the

largest plume®bservedduring the studyReid et al., 2016)Coincident model estimates generated by NAAPS along the
ship track indicated generally similar results, with the highest mass concentrations oceantinggand late in the
measurement period, in general agreement tifhes during whichbacktrajectoriepassedover terrestrial sources and

active fires Air parcels advecting into the SCS and Sulu Sea during this period that originated from areas further to the north
and west were cleaner than those from other sectuestal fewer emission sources and more precipitation along the
trajectories. Changes in the observed particle concentrations also occurred on timescales shorter than these weekly larg
scale variations, as shown in the aerosol observation timelines irefigat. Many of these highdrequency fluctuations

were associated with squall line passages and heavy local precipitation, as discusseddlotnetfhe timeline of
dN/dlogDp size distributions, as measured by the CCN system and shown in Figuiczaesnthat most of the particle
number concentration fell within the -bD0 nm measurement range, except possibly during the highestntration
periods. A more extensive comparison of model and satellite measurement in situ observations is dis&eideet ial.

(2016)

3.2 Aerosol Population Type Classification and Properties

The cluster analysis was first conducted to investigate potential aerosol population types in the dataset, followedaby physic
interpretaton of the results against cluster aerosol properti@imcident measurementsd meteorological condition$he
parameter values input to the cluster analysis are shown for each data point and variable in Figure 3, and colored by cluste
number for theasults of the eightluster KMeans analysisThe average value and intchuster standard deviation for each
cluster parameter and cluster are given in TabMotmalized size distributions for each of these eight aerosol populations
are shown in Figure}; the average CN and CCN number concentrations and hygroscopicities are given ir2. Table
Equivalent normalized volume distributions are showBupplementary Figur&2. The cluster number associated with each
measurement is similarly shown as the backgd color in Figure 2 and marker color in FigureTbe aerosol properties,
meteorological conditions, and likely transport pathways associated with data points in each cluster were then used tc
provide a physical interpretation of the results dehtify each population typen the basis of dtlikely sources as
discussed belowClusters 14 were the most commonly found (representing 85% of the total observations 2),abléle
clusters 58 represented special cases, generally of short duration othidttwe identifiedby specific locations or sampling
conditions.
1. Background MarineData points associated with this cluster occurred throughout the sgpabally following rain

in the vicinity ofthe Vascoor transport from areas further removed franréstrial regionsin addition,this type

was observed following shortly after periods associated with each of the other identified ,abftsterappearing as

a transition between other types (Figure M)e measuregroperties of his populationtype were similar to the

background marine aerosol reported in many prior stutHeppel et al., 1994; Jensen et al., 1996; Brechtel et al.,
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1998; O’Dowd et al., 1997; Heintzenberg et al., 2004; Allan et al., 2009; Good et al., 2088ppel-et-al—1994;

Oyhe population featurealbimodal size distribution

1986) The imer quartile range (IQR: middle 50% of observatibeswveen the 25% /5% percentil@sof number
concentrations ranged from 382 to 623%mith on average 42% of the total number concentration residing in the
accumulation mode as specified by the bimodtalModal hygroscopicities were found to average 0.65 for the
accumulation mode and 0.46rfthe smaller Aitken modevhile activated fractions were generally moderate across
the range of measured supersaturations as compared to other identified popypatdhable 1) Each of these
findings further reinforced the classification of this cluster as a typical background marine aerosol.

Precipitation: This distribution was fourttliring periods immediately following extensive precipitation at or near
the Vasco(Figure 2d). Ar massediad been substantially scrubbed of partieledaccumulation mode particles had
been preferentially removed. While the number concentrations oftaoge particles were lower than those in the
background marine periods, thenmoer concentrations of smaller particles, particularly those bele®040m,

were comparable to theackgroundmarine type.The longest contiguous period of this type occurred on 14 Sept.
immediately following the passage of a squall line observed inatiedlite visible and IR products (not shown) that

left a clean air mass with fewer tha@0 cn® measured in the 3300 nm rangén its wake .Number concentrations
tended to be lower than thEckgroundmarine type with an IQR from 227 to 441 €nHygrosopicities were
similarly lower than the background marine populatigth k values of 0.54 and 0.34or the accumulation and
Aitken modes respectively Total CCN concentrations across all supersaturations were found to be lower than in
background marineimmasses due to the combination of fewer total particles, generally smaller particle sizes, and
lower hygroscopicities.

Smoke:Data points associated withis aerosol typ@eccurred primarily in two events on 14 Sept. ane2B5Sept.,
during whichbacktrgectories were at their furthest south, near burning regions in Borneo (Figutdatajalized

size distributions indicated that particlegre largely concentrated in a single accumulation mode with a tail of

smaller particles. This type was associatethwhe highest total particle number asstimatedsubmicron mass

concentrations observed during the cruise, with the exception of measurements taken in the urban plume of Puertc

Princessa. The standard deviations in the normalized size distribution pasafeethe dominant accumulation
mode inthis population(Figure 4 Table 1)were small, even while number concentration varied widely (IQR 1802
to 2780 crit; 81% accumulation modal fractioccumulation mode hygroscopicities were lower than either the
background marine or precipitation types, with average k values of 0.40. Aitken mode hygroscopicities showed the
opposite behavior from the first two population types with higher k values of 0.54, though the measured
uncertainties (Figure 2 e&f) and stand deviations were considerably higher than for the accumulation mode (0.25
and 0.03, respectively)nterestingly, activated fractions were highest among all population types across the full

range of measured supersaturations, owing to the laugeerfraction of paiitles in the accumulation mode,
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while CCN concentrations were the highest of all types (except those measured in port) due primarily to the larger
total particle number concentration in these smoke plumes.

Accumulation modelognormal median diameters around 200 niwith a tail of smaller particleselevated
concentrations of carbon monoxide and benzasawvell apotassiumin filter samplesduring this periodReid et

al., 2016, and Figure 2ayere allconsistent with expectations for aged biomass buraimgke(Yokelson et al.,

2008; Akagi et al., 2011; Reid et al., 2015; Sakamoto et al., 28d8jtional examination andttribution of this

event to biomass burning in Sumatra and Borneo is discussed further in Rei@2€x14l),Finally, while smoke is
considered the dominant aerosol source during these periods, anthropogenic polayiatill have been co
emitted along the transport pathdcontributal to measured results

Mixed Marine: This population was characterizgdperiodsduring whichthe background marine typeixed with

other sources of aerosol. Most of the data pointecéat®d with this type had transport pathways and biomass
burning sources similar to those for the smoke population type, buhwitberconcentrationandsize distribution
parameters between those of treekgroundmarine and smoke types (IQR 782 to @1#n*; 68% accumulation

modal fraction), indicating there was insufficient smoke for it to dominate the properties of the marine background.
Accumulation and Aitken mode hygroscopicities of 0.48 and ,0d8dng with activated fractionand CCN
concentrathns were similarly indicative of mixing between smoke and background msoimees

While periods of smoke mixing with a background marine air mass appeared to constitute the majority of data
points in this cluster, several other periods point to othenpmena of interest being included in this tymrhaps
indicating this cluster waelatively more complex than other population ty@@isort lived intrusions (two to five
hours) of accumulation mode particles were regularly observed in both the Ctesh sysd PCASP datasets (e.g.
18237 on 22, 23, and 24 Sep) after which the size distributions quickly returiedkgroundmarine conditions

These excursions were largely constrained to thedaven hours (sunrise occurs around 22Z) when the boundary
layer was thinnest, and when precipitation was occurring in the vicinity o¥/éiseo Several prior studies have
shown that smoke and anthropogenic pollution aerosol within the wider MC region can be lofted into and
transported in the lower free troposphéFesca et al., 2011; Robinson et al., 2012; Zender et al., 2@apleIl et

al., 2013; Atwood et al., 2013The influence of a free tropospheric aerosol layer as a source of MBL aerosol and
CCN has been identified in other remote oceanic regions ag@atke et al., 2013)One possile explanation for

these event&and possibly for the observed orgaaitd ultrafine events that were characterized by increases in gas
phase VOCss noted in the next clusteis)therefore that aerosol may have been mixed down into the MBL from a
layer aloft, perhaps on the edge of rain sha#fternatively, they may alste due to intermittent plumes of aerosol

that survived stochastic precipitation removal events along a boundary layer transport mathwaman terrestrial
activities in the predlawn hoursIn addition, & masses influenced by anthropogenic pollution rhaye been
includedin this cluster as well, but without sufficiently different impacts on aerosol parametestbina distinct

cluster.
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Organic Event: An approximatefpur-hour period starting at 1Z on 23 Septad measured particle concentrations
between 200 and 325 &inbut with significantly (p<0.001) larger median diameters than either the precipitation or
background marine types (Figure 3). Both Aitken and accumulation mode particles had among the lowest
hygroscopicities measured during theise, withN values around 0.2. During this event measured concentrations

of numerous VOCs were much higher than in gas canisters collected approximately 6 hours before andtafter it

no associated increase in carbon monoxRieid et al., 2016; Figure 2cThe particles had lower hygroscopicities

and larger sizes than the background marine particles observed just before thig/aiterthe source of this event

is uncertainRobinson et al(2012) found occasional organic aerosol abdhe boundary layer they attributed to
biogenic Secondary Organic Aerosol (SOAQrmation during an airborne campaign in the outflow regions of
Borneq while Irwin et al. (2011) reportedN values between 0.05 and 0.B7aterrestrial, biogeically dominated

MC environment Such a sourcevould be consistent with thebserved population, perhaps due to growth of a
background marine population by condensation of orgaaltsough we lack the ancillary data needed to establish
this.

Ultrafine Event:This clustewas associated withn approximately 2@our period on 1718 Septthat included th

highest concentration of particles below about 30 nm observed throughout the study (Figainel 2a)ncided with

a period of elevated VOC measuremeatshe start of this everfFigure 2c) A filter during this period showed

very low potassium concentrationghile benzenewas among the lowest values measured during the study,
indicating that biomass burning was not the likely source for this efethiropogenic, shipping, and marine and
terrestrial biogenic emissions are kmosources of such compounds; isoprene, a common biogenic VOC, was not
observed during this event, and a brief period of elevated dimethyl sulfide, associated with marine emissions from
phytoplankton, was observed shortly befeiteut not during—this eventReid et al., 2016)

A tri-modal besfit was indicated by the Hussein, et €005)algorithm for a number of these data points (Figure
2aandSupplementary Figurel$ The period had an overall IQR of 482661 cm®, with generally higher ultrafine
number concentrations than other periods with similar total concentrations. The accumulation mode was similar in
both size and hygroscopicifi to the accumulation mode of the background marine type, while the smaller
Aitken mode showed larger modal fractions and overall number concentratiwhslightly higher hygroscopicities

(N as compared tthe backgroundmarine measureme However, we note that the 0.38% supersaturation
hygroscopicity measurement would likely not have been sensitive to these below 30 nm particles, and therefore was
likely not representative of this smallest third modedditionally, while total number amentration was slightly

higher than the background marine populgtioreasured CCN concentratiomnd activated fractionsvere
generally lower, indicating many of the additional particles would not be expected to influence CCN concentrations
until higherenvironmental supersaturations were reachiédile not enough information is available to verify the

nature of differences between ultrafine particles in these types, the results are consistent with an influx of smaller
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particles and VOCs into a backgroumrine airmass, and were sufficiently distinct to be identified as a coherent
period by the unsupervisedMeans analysis.
7. Transit: This type waassociated witlmeasurements taken duriagransitawayfrom the port of Puerto Princesa,
city with a poplation of over 200,000During this periodight, westerly winds advected anthropogenic pollution
out over the Sulu Seand along the path of théascq allowing for sampling of the urban plume as it diluted and
mixed with aerosol from other sourceSize distributions were dominated by an Aitken mode with a number
median diameter around 8@ nm unique in measurements from this studyxed with an accumulation mode
with a smaller modal fraction than other typ&ke population had aiQR of 738 to 102&m>, while the generally
decreasing number concentrasomere consistent with an urban plume dilutiagd mixing with other aerosol
populations.Modal hygroscopicity values of 0.58 and 0.62 for the accumulation and Aitken modes, respectively,
were closethan those most of the other population tyaed consistent with high levels of sulfate aerosol in typical
urban plumes
8. Port: This type was assigned to the measurements taken dwgigt period in the port of Puerto Princesa. Local

anthropogenic emssons were dominant during this period, with number concentratiatisfluctuatedbetween
4000 and 10,000 crh Ultrafine particles (I < 100 nm) dominated number concentrations during this period,
although large number concentrations of accumulation npadicles with diameters between 100 and 300 nm
were also observeds measurements were fluctuating rapidly and only one CCN scan at each supersaturation
setting could be completed before instrumentation was shut down, hygroscopicity results wereisneoacid
uncertain.This type is considered separate from the other types as it was not measured in a remote marine aree
away from the immediate influence of a nearby terrestrial source.

Finally, throughout the study coarse mode particles with diametagerithan about 800 nm were consistently observed in

the PCASP volume distributions (Figure 2b). Concentrations of particles in this size range increased with increasing wind

speed (Figure 5), consistent with generation of sea spray aerosol due to lirglblsiag and wave actiof®’Dowd and

Leeuw, 2007)While the totalnumberconcentration of coarse particles is snwampared to typical CCN concentrations

(Figures 2e, 1), in the cleanest conditions we meastineg represented netnivial fractions of CCN active at 0.14% and

0.38% supersaturations. The large diameter of these particles makes them likely to activate at very low supersaturations, ar

they are present in more than sufficient nhumber concentratiompact the microphysical structure and processes in

stratocumulus clouds by serving as “giant CCN” (Feingold et al., 1999)

‘n-additiens—No significant relationship between wind speed and fine mode aerosol population type waBHotesler,
particles in he coarse modeange are not measured or accounted for inmeemsurementsluder analysifCCN system

range: 17500 nn), while submicronaerosol was often dominated by aerosol from other souktedini et al., (2015)

utilized a dedicated size distribution fitting analysiat included size resgdd observations of particles above 500 tom

examine primary submicron marine aerosol producildvey found a primary mode with a median diameter around 200 nm

and tail that extended to sizes watiove 500 nm, witmumberconcentrations of 12 +2 cm® during a period of low wind
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speeds that increased to 71 2km° as winds increase@oncentrations differences of around@Dcm due to wind speed

changesmay nothaveresulted in large enough changesctmcentrations or size distributiotts alterthe clusteringpf the

observed population typewhich oftenincluded number concentrations that were largearbgrder of magnituder more;

4 Discussion

Based on this classification of the SCS remote marine boundary layer aerosol environment, a conceptual picture emerges «
to the nature and sources @rficles encountered during thMasco2012 cruise. A bimodal marine aerosol background was
present with number concentrations usually between about 300 and 7@hdra Hoppel minimum around 90 nm. Primary
emissions via sea spray supply submicron pasgicbnsisting of a mixture of sea salt and organic components, with emitted
particle diameters as small 48 nm (Clarke et al., 2006; Keene et al., 2007; O’Dowd and Leeuw, 2007; Prather et al., 2013;

Quinn et al., 2014 arke-et-al;2006;-0’Dowd-and-Leeuw; 2007 Prather-et-al2013). However,even in remote marine

environments transported anthropogenic and combustion aerosol may still be an important or even dominant source of sma

paricles (Shank et al., 2012)The background mime population identified in this study itherefore considere@
background state across the remote SCS that is likely comprised of a mixture of primary marine emissions along with

particles derived from anthropogerigid, biomass burningand terrestriaand marine biogenisources throughout the

region (Frossard et al., 2014)Departures from the typical range of background marine characteristics and number

concentrations occurred under large influxes of aerosol from other sources, suabkasrem biomass burning regions,
anthropogenic pollution from population centers or shipping, or when convection and precipitation removed much of the
ambient particulate matter and created relatively clean air masses.

During the SWM when large amountslibmass burning aerosol were being advected into the SCS, a population of aged,
accumulation mode smoke particles was periodically injected into the MBL where it mixed with existing particles. When
total particle concentrations were above roughly 1500 @Figure 3),the smoke particles dominated the background marine
particles and had characteristic size distribution parameters and hygroscopicities that remained roughly constant regardles
of further increases irthe concentration of biomass burning paes. In situations when smoke concentrations were
insufficient to dominate the background marine aerosol population, smidesl with the backgrountharine population,

yielding size distribution and hygroscopicity parameters in between the two Wlee the background marine type was

earlier noted to be impacted to some extent by background anthropogenic or terrestrialsaailasdb impacts noted for

19



10

15

20

25

30

the mixed marine typethe laterwascharacterized bynixing with a separate, distinct aerosol plgiion, but at levels that
wereinsufficient to dominate thbackground aerosol properties.

Precipitationremonal of particles thahad been advected into the regionventilation by cleaner air masses when transport
pathways changetketurred the enviroment near the surface to itgckgroundmarine state. However, when extensive
precipitation occurred, accumulation mode particles were removed by wet deposition to a greater extent than Aitken mode
particles, leading to lower overall surface number comadahs that were dominated by smaller partictssevidenced by

the emergence of a distinct precipitation population type from the cluster an&gsisd on the tw&ascocruises, the
cleanest periods were encountered in cold pools following the passageaall lines with number concentrations as low as

100 to 150 cri. During these periods, increased number concentrations of coarse mode aerosol were regularly observec
(Figure 5; CNgog 5.5 * 2.1 crff), that constituted a potentially important additib source of total CCN not measured by

the CCN system (0.14% SS: 44 + 25%m@.38% SS: 70 + 36 ci), particularly at low supersaturations where they would

be expected to activate first.

In addition to these findingseveral observed phenomena durimg 2012 study were similar to those from the 2011 cruise
(Reid et al., 2015)In particular, rapid changes in aeropobperties andource type were noted in the wake of squall lines

that left clean air masses in their wakehile longer perdd fluctuationson the order of days occurreds impacts from
anthropogenic and smoke transport mixed with cleaner background raadngrecipitation impacteair masses. As both

studies were conducted in tmemote marineSCS during the biomass burningason and saw similar meteorological
phenomena modulating the aerosol populations, the more detailed aerosol property results of the 2012 cruise may b
representative of the general nature of changes in SCS remote marine aerosahd BN season. Fute work in the

regionto compare surface properties with model results and satellite retrigllatee ultimately required to fully validate

these findings.

While the cluster analysis assignedch data point to a single cluster, in reality thi&se four clusterscould be better
descibed asa spectrundue to the variable impacts of mixing or meteorological processes, rathestfiatinct or mutually
exclusive population types. As is evident in Figure 3, overlap between these four clusters ondhegirameter space for

all nine of the measuredariablesused in the cluster model.

Deviations from this general picture arose when influxes of other aerosol types octheeatiditional population types

each mappeaut generally distinct areas in @ror more of the parameters, leading to their identification by the cluster
model. That such clusters corresponded to temporally distinct periods with physical and meteorological relevance ultimately
justified the use of the cluster model to classify aergmpulation typesand assign rougpopulationboundarieso the
parameter space.

While the spectrum of mixing between population types is relevant t@émification of impactsfrom various sources
additional consideration of these aerosol typesrsgaieasurements inther regions is also warranteéresh sea spray
particles, dominated by sodium chloride (k = 1.28), are expected to have the highest k values{Goeod-et-al;—2010)although

co-emitted organic species and replacement of chlorine by uptake of acidic gases can potentiallgygrdscepicities
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Additionally, the increasing organic fractions at smaller sizese-beemaeported insea spra aerosol(Keene et al.2007;
Prather et al., 2013; Quinn et al., 2014; Forestieri et al., PRdBher-et-al;2013leadng to decreased hygroscopicities as

particle size decreaseBeported hygroscopicities for aerosol in marine regivary, with Good et al.(2010) reporting

CCN-derivedk values above 1 for some background or marine dominated MBL air massssstent with pureodium

chloride dominated sea sait values Prather et al.(2013) generated aerosol using sea water with varying organic

concentrationsind associated marine biological activiamd reported CCN activation diameters at 0.2% supgegain that

correspond tac values above 1 during periods of low organic concentratiaithendropped tok values as low as 0ds

organicconcentratiorwasincreased. In additigrihey foundmoreorganic enrichment and lowassociated hygroscopicities

in smaller particles. @inn et al.,(2014)explored the relationship between organic aerosol content, particle size, and particle

hygroscopicity in primary marine aerosgnerated in several ocean regiohkey founda similar enricinent of average

aerosol organic volume fraction with decreasing particle size (40 nm dry diameter: 0.8 organic volume fraction; to 100 nm:

0.4 fraction) that correspondeslith decreased hygroscopiciti€40 nm: x=0.4; 100 nm:x=0.8), and was consistent in

various ocean regions and largely independent of biological activity as indicated by chleeolgwdls Such findings are

consistent with the lower Aitken mode hygroscopicities found in the background rmpapokations observed in this dataset,
as well as the additional decreases in hygroscopicity noted in the precipitation population that had been further scrubbed o

larger accumulation mode particleQur findings of background and precipitation impactedrimea aerosolk values

generally betweef.2 and 0.6 for the Aitken mode and 0.4 and 1.0 for the accumulation mode are therefore consistent with

reported hygroscopicities of background marine aerthsil had been enriched loyganic componentsThe presence of

organicsexplairs the noted lower hygroscopicitieas compared to whatould be expected from pure sea salt aerasol

population types thatereotherwise expected to be dominated by background marine aerosol

Aged biomass burning aerosol have often been foahdve k values below 0.2 (Andreae and Rosenfeld, 2008; Petters et
al., 2009; Engelhart et al., 201 Belowthe smoke population type averagfeapproximately0.4 in the accumulation mode
during this study. However, high concemimas of both S@ and sulfate aerosolaihmonium sulfatex = 0.61) from
numerous sources have been observed in the(Rt®inson et al., 2011; Reid et al., 201Buring this study, multday
filter samples showed average sulfate concentrations between approximately 0.8Pgimd &t the Vascq potentially
increasing during periods of smoke impacts due to burning of sulfur rich peat in the (Rgidret al., 2016)The potential
peat source or mixing with other sources of sulfate may exgiaihigher than typical k values observedor aged biomass

burning aerosah the MC

5 Conclusion

This study reports ship based measurements of aerosol size distributions and CCN properties conducted as part of the fir
extensive, in situ aerosol measment campaign in remote marine regions of the South China Sea/East Sea during the

important Southwestern Monsoon and biomass burning season. Analysis of approximately two weeks of measurement
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found aerosol characteristics consistent with those from aigu®\pilot study in the region during the same season,
indicating that descriptions of aerosol population types and the associated meteorological and transport phenomena tha
modulate changes and mixing between these populations may be representagweidéthremote marine SCS during the
SWM season.

Eight aerosol population types were identified in the datdsgtwere associated with various impacts from background
marine particles, smoke, and anthropogenic sources, as well as precipitation impast®rmer lived events linked to
influxes of VOCs or ultrafine particleEfforts to measure or model the impact of aerasolcloud development or
atmosphericptical propertiesoften rely on proper characterization of aerosol microphysics associateémpdlbts from

various aerosol sources. As such, we providedulation typeaverage values and standard deviations for aesizel
distribution and hygroscopicity properties needed to model aehygpbscopicgrowth in humid environments or cloud
developnent. Future work with this dataset will investigate the impact of the identified aerosol population types on CCN
properties including supersaturation dependent CCN concentration needed to model development of different types of
clouds. Reutter et al.{2009) identified specific regimes of cloud development where aémgmber concentration was
important using a cloud parcel mogdelhile Ward et al.(2010) found such results may be further complicatedagyosol

size and hygroscopic properties. Inclusion of both population type average properties and the range that they viatty across
such a modemay help constrain when variogsoperties of the aerosol are relevant to cloud development in the SCS.
Additionally, differences in erosol population type are expected to be relevant to studies of radiative tramystiesl
propagation through the atmosphere, a@atkllite retrievalsn subsaturatedmarine environments where differences in
particle number concentration, size, hygroscopicity, index of refractiod relative humidityall affect the interaction
radiation with particles in complex ways

Lastly, while specific observe@erosol population types were identified in this dataesgditional open questions remain
regarding the relative importance of various sources and transport pathways of aerosol into remote MBL aanth#ssies

impact on aerosol populationSince thesurfacebased observations provide only a portion of the observations needed to
construct a true aerosol budget for the MBL, the degree to which MBL aerosol may be impacted by mixing down from a
reservoir aloft was not clear. Future airborne aerosol cagmpan the region may be useful to shed light on this important

topic.
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Figure 2: Timelines of measured and derived ariables during Vasco2012 cruise. In all figures, background colors correspond to
aerosol type classification from the cluster analysis, as indicated in the legend in panel a. (a) dN/dlggipectra from the CCN
system measurements with black dots at befit modal median diameters; (b) dV/dlogD, spectra derived from the PCASP
measurements; (c) total number concentrations measured by the CCN system (blue; shaded below for contrast) and the PCASP
(red), with 60 minute boxcar average smoothing; gas canisterap sample concentrations for carbon monoxide, benzene, and
toluene are shown on the right axis with colored numbers indicating points above the upper scale extent; (d) wind speed and
disdrometer rain rate from the Vascoweather tower. (e & f) k parameter (red) and CCN concentrations (blue) for 0.14% and
0.38% supersaturation settings (corresponding approximately to accumulation and Aitken modes, respectively), with total
activated particle number fractions (CCNssy, / CNrora) bars in grey. Error bars on k data points indicate the k values associated
with 25% / 75% activated fraction curve fits.
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Figure 3: Parameterized variable values for Aitken and accumulation modes (median diameter, geometricaatlard deviation,
modal fraction) at each of the 15 minute data points during the study, along with k values for data points at CCNc superstation set
points of 0.38% (Aitken mode) and 0.14% (accumulation mode). Each data point is colored according to tHaster type to which
it was classified.
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Figure 4: Normalized dN/dlogD; particle size distributions for eachspectrum within identified aerosol population types (grey), the
associated average bin values with error bars at 95% caidience interval (colored step lines; 1.96 * bin standard deviation), and
best fit lognormal modes (colored curves) with bimodal fit (black). The average particle number concentrations of data points
within each population type are listed.
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Table 1: Aerosol population type parameters used for clustering and the resulting average values (standard deviations in grey parests for each
identified population.

I"HS6& (") <+, #- +"&Y*MSBN S(’2-)*4"D- S11$B$%&/(")*4"D-
T)1-)5&'(") | 4-D@&  U-"B-5(1 M$BN-5  O&H#& 4D@&)  U-"B-5(1 M$BN-5  O&##&
8P*18¢ 8)B: AD*Q-H R5&1'(") 8)B: AD*Q-H  R5&1'(")
J*08123*4&5()- 6.7 8.9 | 678;  .3<687376:736;87379:73<=73.;1| .=>'8.9: .366873.7: 73<387377:73=6373..
SM5-1H(&()  @=.8.=</| <>86: .3<7873.7: 7367873.> 73@&73...| ..6 8>; .3?.'873>7:736.873.>: 736<373.4
@/I*AB"2- >>978=7=| 928.6: .36@373.; 73>73737=:736=873>f} .?? 87  .3668737<:739.8737=:73<78737
</*4(C-D*4&5()- ?;6 8>.. | =>8.@ .36<873.9: 73@873.@ 736<873>@: .9< 8.1  .3=.'87379:73=9873.>: 73<9373.7)
6ESF&)(1*GH-)' >;; 8@7:| =. 8>  .3<6'8737<:73=28737.: 73>.8737@: >>.'89:  .3<987376:73@&737.: 73>>8737
=*1%'58J()-*GF  6;; 8.69:| 678=  .3=?2873.= 739387379:7367873.7 .< 8.2 .3@MB737; 73.2°8737=:73=63737
+5&)K (" 2:=8@9< 978=  .36@B73.>: 73;@873... 73=3873.=| >7?8<> .367873>. 73>=873... 73698737
9/41"5! <9?278>667] <>8>> .3=>873@;73<7373.9: 73.@8L: 9: '8>=:  .36; 873>>736@73.9: 73<?8L:

Table 2: Average values (standard deviations in grey parentheses) for identified aerosol pdation types. Shown are number of CCN system data points
classified as each type, total number concentrations fahe PCASP (125 nm3 pm) and CCN system (17500 nm), CCN number concentrations and
activated fractions for each CCNc supersaturation set pointand measuredN values for the accumulation mode (0.14% SS) and Aitken mode (0.38%
SS) set points.

Population Type #CCN  PCASP  CCN system 0.14% S5 0.38% 55 0.53% 55 0.71% 55 0.85% 55
Meas. Number Number K CCN Act Frac K CCN Act Frac CCN Act Frac CCN Act Frac
] (#/em’) (#/em’) 8] #fem’) 8] (/e §] (tfem’) 6] (tfem’)
—_ v ! v x v v
1:Back. Marine 214 231111 81) 06500.11) | 3207128) 07470.11) | 44a'(239) 180(210)
2: Precipitation 67 T 2437 0.6570.15) 2287100)
3: Smoke 44 2340 0970.02) 2150(523)
4: Mixed Marine 294 827"1270) 0890.10) 893 (271)
5: Organic Event 11 14479) 08970.14) | 257724
6: Ultrafine Event 59 3617172) 0727007 | 4a737147)
7: Transit 36 &) ) 77271263 0.620.16) 0.870.05) 0.8070.02) 8787195 0957003
8: Port 6 251 () 009 ()° 0.49 (° 1126 (* 026 (-* 013 [° 3936 (-)° 040 [1* 1742"289)  0577022) | 2080 (° 045 [°
All Types 731 503 (455) 851(677) as0'(388)  04770.16) o0547004) | 67575160  0727017) 050(021) | 6987sss)  o07970.1s) | 72a7s12)  ossoa3) | 7237502)  0.9070.10)

* Only one datapoint; Note that Port measurements fluctuated as the Vasco entered port
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Supplemental Figure S1: The best fit of the Normalized dNlogD, particle size distributions for the Ultrafine Event
population type using two lognormal modes (left) and three lognormal modes (right). A three mode fit was indicated by
the Hussein et al., (2005) algorithm for this population type, however for clustering purposes the two mode fit wagds
Shown in these plots are the particle size distribution spectrum for each data pointithin the population (grey), the
associated average bin values with error bars at 95% confidence interval (colored step lines; 1.96 * bin standard
deviation), and best fit lognormal modes (colored curves) withmulti-modal fit (black). The average particle number
concentrations of data points within each population type are listed.
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Abstract. Ship-based measurements of aerosol and cloud condensation nuclei (CCN) prapeniesented for two weeks

of observations in remote marine regions of the South China Sea/East Sea during the Southwestern Monsoon (SWM) seaso
Smoke from extensive biomass burning throughout the Maritime Continent advected into this region durMévthe S
where it was mixed with anthropogenic continental pollution and emissions from heavy shipping activities. Eight aerosol
types were identified using a-Means cluster analysis with data from a giesolved CCN charagtization system

Interpretation 6 the clusters was supplemented &glditional omoard aerosol and meteorological measuremesd,

satellite and model products for the region. A typical bimoderine boundary layer background aerosol population was
identified and-that-wasobserved mixing with accumulation mode aerosol from other sources, primarily smoke from fires in
Borneo and Sumatra. Hygroscopicity was assessed usindNgaameter and was found to average 0.40 for samples
dominated by aged, accumulation mode smoke @08 accumulation mode marine aerosol; 0.60 in an anthropogenic
aerosol plume; and 0.22 during a short period that was characterized by elevated levels of volatile organic compounds ng
associated with biomass burning impacts. As a special subset ofatkgréund marine aerosol, clean air masses
substantially scrubbed of particles were observed following heavy precipitation or the passage of squall lines, with changes
in observed aerosol properties occurring on the order of minutes. Average CN numieatratioos, size distributions, and
Nvalues are reported for each population type, along with CCN number concentrations for particles that activated at

supersaturations between 0.14% and 0.85%.

Keywords. Remote Marine Aerosol, Cloud Condensation NuclBipmass Burning, South China Sea, Source

Apportionment, kMeans, Mixing State
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1 Introduction

In the Southeast Asian Maritime Continent (M) SouthChina Sea/East Sea (SC®Yy@solparticles are expected to play

an important role modulating cloud devefognt precipitation,andradiative properties that affect heat transfer through the

atmosphergReid et al., 2013)Assessment ofegionalaerosol propertiegmportant to understanding such procesises

theremote marine segments of th&

has proven difficult. Extensive cloud cover confounds remote sensing and leads to a clear sky bias in ob§eevetiand
Christopher, 2013; Reid et al., 2018rosol monitoring has largely been confined to urban centers that are ofteratkzmi
by local emissions, while igitu sampling in remote areas has been limited in duration and ¢cope et al., 2011,
Robinson et al., 2011; Lin et al., 2014; Reid et al., 20A&porne measurements have prowddsome representation of
aerosol over wider regions and at various le\elswitt et al.,, 2010; Robinson et al., 201Dut additional questions

regarding theimpact—ofvarious—sources—on—surface—aerosol-concentrations—anckpresentativeness @uch point

measurementsesuitsacross larger time scales remghimilarly, the impact of/ariousaerosolsources on surfageroperties

and concentrationsn remote marine regionsind their relationship taexpected transport pathwagad the few remotely

sensed column measurements that exist is not well under3toasl. over these remote ocean regions the aerosol optical and

physical properties, their variability in time and space, and the processes tantellosol lifecycle have not been well
constrained. This uncertainty in the aerosol environment itself comes in addition to uncertainty about its impacts on
meteorological processes. Aerosol concentration has been found to relate to cloud developutkntjccbphysics, and

precipitation formation in the regiofYu et al., 2008; Yuan et al., 2011; Wang et al., 20%8)ile smoke may affect cloud

droplet size distributions and the onset of precipitation, similar to processes observed in other tropical regitet laypac
biomass burningRosenfeld, 1999; Andreae et al., 2004hproved knowledge of the aerosol environment and aerosol
cloud-climate relationships in the Southeast Asian region has therefore been identified as important regionaily, and i
regards to links with global climate and largale aerosol budgefReidet al., 2013)

During the May through October Southwestern Monsoon (SWM) season, burning throughout the MC typically reaches its
greatest extent between August and early October as precipitation associated with the ITCZ shifts north into (Redathina

et al.,, 2012) The resulting heavy smoke mixes with urban, industrial, marine, and shippisgias in an exceedingly
complex aerosol mixturéBalasubramanian et al., 2008twood et al., 2013; Reid et al., 2018)uring this period, aerosol
particles from surface sources are generally advected by low level mean winds throughout the SCS, where they are
scavenged by precipitation or eventually removed in the monsoonghteast of the PhilippingReid et al., 2012, 2015;

Wang et al., 2013; Xian et al., 2013)s a reult, the region of the SCS and Sulu Sea to the north and east of Borneo has
been predicted to be a receptor for much of these biomass burning and pollution emissions from the greater MC during
periods when air masses enter more convective phases of te(IB¥if et al., 2012; Xian et al., 2013)

Two research cruises in this area were conducted during the 2011 and 2012 SWM to take advantage of these conditions at

perform in-situ aerosol and meteorological measurements in the remote marine boundary layer (MBL) in the SCS and Sulu



10

15

20

25

30

Sea(Reid et al., 2015, 2016)n this paper, we present observations of adrasd CCN characteristics during the second
cruise, and their relationship to aerosol source type, air mass, and meteorological phenomena. Tireseemesaepresent
the first in situ observations of sizesolved CCN propertielm the areaand fill agap in knowledge needed to assess

aerosolcloud-precipitation relationships in the in the data poor remote marine SCS region.

2 Methods and Cruise Description

The SCS research cruises occurred during the month of September in both 2011 and 2012, dacktabkard the 35m,

186 tonM/Y Vasco operated out of Manila by Cosmix Underwater Research Ltd. A thorough description of the vessel and
instrumentation for the 2011 and 2012 cruises can be found in Reid(20Hb)and Reid et al(2016) respectively. Here

we are concerned with the 2012 cruise, which departed Manila on 4 September from Navotas, Manila Bay, and returned ol
29 September. The sampling strategy for these cruises involved moving between various anchorages in the SCS and Su
Sea around the Palawan Archipelago. Sampling occurred throughout the cruise, but aerosol measurements werershut down
invalidated and removed from the datadating periods when representative sampling could not be achievedéasured

relative wird not from over the ship bow, leading to potentsifsamplingincompatible—mean—winds—and—ship
orientatioseaself-sampling; sedeid et al.(2016)for more details Remaining periodsfeself-sampling of ship emissions

were identified by anomalous size distributions and high particle number concentrations, and were removed from the data se
before analysis. The sizesolved CCN syster(Petters et al., 2009hat provded the bulk of the measurements reported

here had a computer failure that, once fixed, limited reliable measurements to primarily the last two weeks of the cruise,
hence we focus here on data from261 September 2012. This period included several teamditng the east side of
Palawan Island, stationary measurements at an anchorage between Palawan and Borneo (7.86N, 116.94E), and tv
anchorages at Tubbataha Reef in the middle of the Sulu Sea (8.80N, 119.26E).

he NOAA Hvbrid nale P icle aranaiantdial ed ectorv—{(H . y i ) dp 099:
: : ;

2.1 Aerosol Measurements

A DMT Passive Cavity Aerosol Spectrometer ProBEASH X2 configured in an aviation pod with heated inlet was

mounted athe Vascotop mastapproximately 10 m above the water surfaz@rovide optical measurements of dry particle

size distributions between approximately 125 nm and 3 pum. Additional aerosol instrumentation was located in a forward
locker, below and slightly behind the aerosol inlet. Sampled air was fed to the lockeBwian diameter, 4 m long inlet
located next to the PCASP. Although the inlet was not aspirated, several high flow rate nephelometers sampling from the

inlet ensured low residence time in the sample line. Further details and additional instrumentaigcuased in Reid et al.

3
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(2016) A size resolved CCN system sampled air from the inlet just inside the instrument locker with an approximately 2 m,
0.635 cmdiameter copper tube. A URG cyclone with an approximate 1 Q% Size cut was used to remove the largest
particles from this CCN sampling line, including coarse modesaftiato minimize wear and corrosion on downstream
components. The sample was then dried using a PermapurtupeliXafion dryer with low pressusteath aito RH values

below 30%, as verified by occasional in line checks using a handheld Extech Fhemmnometer

Approximately 1.1liters per minutelpm) were drawn through the size resolved CCN system, which was comprised-of an x
ray neutralizer (Bl Model 3087) and a TSI 3080 Electrostatic Classifier with a long DMA column (TSI Model 3081) for
guastmoncdisperse particle sizing, preceded by a 0.071 cm orifice (0.69 um 50% cutpoint diameter) impactor. The DMA
was operated with a sheath flow rateésdpm (liters per minute) and sample flow rate of 1.1 Ipm. The sample flow was then
split between a TSI 3782 Water Condensation Particle Counter (CPC) with a flow rate of 0.6 Ipm, and a DMT Cloud
Condensation Nuclei Counter (CCNc) with a flow rate oflpr. Flow rates used to calculate number concentrations were
calibrated using a Gilibrator (Models 800285 & 800286) systeitih in-line measurements conducted prior to each CCNc

supersaturation calibration session as noted below

The sizeresolved CCN syem measured CN and CCN (activated particlesaa€CNc setpoint supersaturation)
concentrations in each 80 quasimonocdisperse size bins between 17 nm and 500 nm. The CCNc was operated at five
temperature gradient settings and calibrated using ammosulfite (following the methods described by Petters et al.

(2009) to measure the corresponding maximum environmental supersaturation within the CCNc -coailwrated

0:02,-and-0-85%=+0.0Fhe scan of all 30 size bins at each supersaturation took approximately 15 minutes, while a complete
measurement over all 5 supersaturation settings took approximately two hours due to pauses between settings while colurr
temperatures stabilized. The measiu@N and CCN particle counts were inverted using the methodology of Petters et al.
(2009) The inversion yielded the dry ambient aerosol size distribution over the measured range {g}/dIBgU !

500 nm) andthe equivalent distribution of CCN particles activategttivation—spectra—atait each supersaturation
(dCCN/dloghoDy).; The activated fraction spectrum was then calcukatpeesseads the fraction of total particléisat formed
droplets(CCN/CEN) at eackf diametetbthatformed-dropletsEach activated fraction spectrum whsnfit using a three
parameter fit similar to the approach of Rose e{20110) The diameter at which 50% of particles in the fit had activated

(Dsp) wasused to calculate the associated hygroscopicity parami{Betters and Kreidenweis, 200Full calibration of

the CCN system flow rates and supersaturations took two to five hours to complete, anerafaset conducted four times

throughout the study on 15, 20, 27 and 29 September to limit measurement downtime. Each calibration session involvec

running a calibration scan at each CCNc temperature gradient setting (with two full scans conductedediirepcim 27

Sep) vielding a total of five calibrations per setting throughout the crG@ibrated supersaturation g@ints and their
respective standard deviations were 0.14% + 0.01, 0.38% + 0.01, 0.52% #.0104,+ 0.02, and 0.85% + 0.03, with no

significant trend or calibration drift noted during the crui§he measured range of 0.148b 0.85% supersaturation was
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selected based on values that could both be reliably measured by the CCNc instrument and represented supersaturatio

expected in theegion where aerosol effects may be relevaariging from marine stratocumulus with peak supersaturations

often below 0.2% to highly convective clouds with supersaturations aboyRédudtier et al., 2009; Ward et al., 2010; Tao et

al., 2012)

As the SCS environment tended to have relatively few particles smaller than 50 nm, only the measurements at the 0.14% ar

0.38% supersaturation setttipad complete activation curves that spanned the measured particle diameter range. For the
higher supersaturation settings, thg Biameter tended to occur at small diameters with low CN and CCN concentrations,
thereby increasing uncertainty in the asatexl Nvalues. As a resultNvalues were only reported for the 0.14% and 0.38%

supersaturation settingl addition, rather thamontinuouslyrunning a full two-2-hour scan across all supersaturation

settings, individual scans (approximately 15 minut@sye run more often for the 0.14% and 0.38% settings to take
advantage of this outcom& KH UDQJH R YDOXHVY PHDVXUHG IRU WKH SDUWLFOHYV DF
was typically between about 0.3 and 0.8, although the full range wasdyeD.2 and 1.1 (Figures 2e, The Dy, diameters

for these hygroscopicity values spanraggproximately 96 to 150 nrf range: 0.8+0.2) for the 0.14% supersaturation

setting, and 4%0 80 nm (__range: 1.1+0.2) for the 0.38% setting. The hygroscopicity measuresngete therefore more

indicative of accumulation mode hygroscopicity during the 0.14% scans and Aitken mode hygroscopicity during those at

0.38%.Additionally, particles outside thesszeranges were not well qutified by these measuremeathducted

2.2 Ancillary Measurements and Products

Additional measurements of aerosol composition were used to validate identified source types impacting the measurement

throughout the cruise. fesies of PMsfilters were ollected by 5 Ipm Minivol Tactial Air Samplerswith sampling periods

that varied between one and two and half daysl werehat-wereanalyzed for elemental concentrations by gravimetric,
XRF, and ion chromatography methods, and organic and black carbon concentrations by theofiterahahethod¢Reid

et al., 2016) Trace gas concentrations weneasured intermittently throughout the cruise by wholgas samples for gas

chromatography analysis, as discussed further in Reid (€0416)

A suite of weather monitoring instruments was located on a 3m bow tmaptovide coincident meteorological
measurements throughout the study. From this suite, wind speed and wind direction measurements from a Campbell soni
anemometer were used to identify gust front passage. An OTT Parsivel disdrometer was utilized r® jpneaipitation,

from which only the rain rate measurements were used in this analysis.

Several remote sensing and model products were used to characterize the wider SCS atmospheric environment and
identify potential aerosol sources. MODIS visible al products were used to identify convection and squall line
propagation across the SCEie MODISCollection 6MODO08 Level 3 daily Arosol Optical Deptiproducs wereutilized

for AOD measurements in the regjahough cloud cover obscured measurememtutihout much of the studiODIS

active fire hotspot analysis and the FLAMBE smoke flux product from Terra and Aqua were used to identify the locations

and times during which fires were burning in the M&glio et al., 2003; Reid et al., 2009; Hyer et al., 20Bnulations
5
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from the Navy NOGAPS model were used to represent surface and 700 hPa integmlated toonedegree spatial
resolution and averagexerthe study period, to provide an estimateypicaland-thereby-estimatikely aerosol transport

pathwaysthrougheout-the-studyHogan and Rosmond, 1991; Xian et al., 2@#8gan-and-Rosmond,—199Finally, the

Navy Aerosol Analysis and Prediction System (NAAPS) was used to predict smoke and sulfate aerosol mass concentration

at the surface along théascoship track(Lynchet al., 2016)
The NOAA Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Version 4.9 niodetler et al., 1999;
Draxler and Hess, 1997, 1998ps used to generate daily-A@ur backtrajectorieéspawned at 0Z, 8 AM locaffom the

Vascolocation with arrival heights of 500m to indicate likeharineboundary layer transport patterns. The GDAS1, 1 x 1j

HYSPLIT meteorological dataset was used to drive the mdaejectory pathswvere found to bdargely influenced by

synoptic scale changes in the regional meteorological state of the atmosphere, with no substantial differences due to arriv:

time of day. Arrival heights between 100 m and 3000 m were exanilmagctories with arrival heights belo%900 m

were generally consistent and representative of boundary layer trafdpeobd et al., 2013; Xian et al., 2013)hile

higher heights tended to be increasingly influenced by free troposphere transport pathways with a more westerly componen

As such, 500 m was selectén be representative of general shifts in synoptic scale boundary layer transport pathways,

though morecomplex vertical interactions and mixing from alafte apotentialinfluencein the region(Atwood et al.,

2013) Trajectory lengths of 72 hours were found to be sufficient to demonstrate geaesalort pattdifferences between

ocean dominated regions of thentral portion of the GS and more terrestrially influenced regighat passed céer to

Borneo and Sumatra.

2.3 Aerosol Population Type Classification

The dN/dlogoD, dry particle size distributions obtained every 15 minutes from the CCN system were first normalized by the
particle number concentration summed over all bins. Each sé thermalized size distributions was then parameterized by
fitting a lognormal mixture distribution using an algorithm basedHussein et al. (2005) This algorithm fit each
distribution to one, two, or three lognormal modes, edeberibedefined by three lognormal distribution parameters

(median diameter, geometric standard deviation, and fractional number conceriratfoeh-identifial-a—bestit-usingt
Two modeswere identified as the best fior 690 of 731 data points in this dataset. In order to have a common point of

comparison for classification purpogieatwo modk bestfit was usedor all data pointsyielding a parameteed Aitken

and accumulation mode for eatB-minutedata point2- dData points for which the fitting algorithm selected an additional

third mode are noted in the clustering resultsént3-3 andthe Supplementary Figure S1

These normalized sizdistribution parameters were then combined with hygroscopicity and total number concentration

measurements to serve as input variables for an unsupervised cluster afmysineters given in Table .1As

hygroscopicity data was available for at most omede (during the 0.14% or 0.38% supersaturation scans), Aitken and

accumulation mode hygroscopicity was treated as missing for data points without this information. In order to account for

missing data and adjust all clustering variables to the same saaleyariable was first standardized to a mean of zero and

6
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standard deviation of one, with missing data pogiteAmputed toa value a zerdthe mean value)As a result, the

clustering distance function was insensitive to missing data, but still extlmformation on hygroscopicity when available.

A hierarchical cluster analysis was first conducted usingltster.AgglomerativeClusteringass of the Python scikiéarn
package(Pedregosa et al., 201a¥ing the Ward linkage to help ascertain the number of clusters that can be found in the
dataset. Each step in this process involved merging two data points or clusters into a new cluster based on those points wif
the elesestshortestdistance between nmalized input measurements (Karl Pearson distance function). A dendrogram and
associated measure of the distance between merged clusters for each subsequent clustering step was used to iden
potential numbers of clusters appropriate for the datasetdEiance between merged clusters increases at steps that merge
substantially different clustei®Vilks, 2011)2-, in this case indicating 5, 8, 9, and 12 clusters as potentially appropriate for
this data set.

A nonhierarchical KMeans cluster analysis was then conducted for each of these four potential cluster numbers using the
scikit-learncluster.KMeanglass to refine the cluster members. The appropriate number of clusteselectetb-classify
the—datast-according—to-was—identifiedlased on the Hleans result with the least number of clusters that maintained
physically distinct and temporally consistent aerosol populations for the associated clusters. In particular, as thp timhestam

a data point wasot included in the cluster analysis, clusters with smaller numbers of data points were considered distinct if
they all occurred during a narrow time frame that could be associated with a transient atmospheric phenomenon. The timg
frames of all clusters we then compared against other aerosol and meteorological observations to ensure they were
physically meaningful. The result was a set of eight identified aerosol population types with associated time periods
corresponding to the 15 minute CCN system gatimts. Finally, size distribution and hygroscopicity measurements were

averaged for all time periods associated with each population type.

3 Results
3.1 Overview of Study

The daily positions of th&’ascoduring the two weeks in September 2012 that coragtiss study are shown in Figure 1a,

together with HYSPLIT 7zhour backtrajectories initiated within the MB&everal extended periods at the same anchorage

are noted by the range of dates spent at these locafibesdaily fire hot spots are also indiedtin this figure. Average

NOGAPS surface winds in the boundary layer were from the southwest, often advecting air parcels from near Borneo, while
lower free tropospheric winds, such as those at 700 hPa, were more westerly due to the generally vetrirgo$tiive

lower atmosphere in the SQReid et al., 2016)Fires detected by MODIS occurred throughout much of Borneo and
Southern Sumatra during the study, with surfiese| trajectories near the start and nibarend of the study period passing

close to active fires, whereas those during the middle period remained primarily over open ocean. Results from the NAAPS
model, along with limited satellite AOD measurements not obscured by clouds during this perfothecbthis general

smoke transport pathway. Accumulation mode aerosol mass concengatiorats (Figure 1b) werénitially derived
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generatedrom the PCASP measurements using a density of 1.4 {ifl.avin et al., 2010Q)assumed to be representative of
a combination of smoldering peat and agricultural fire emissions typical in théRdid et al., 2012)hat constituted the
largest plume®bservedduring the studyReid et al., 2016)Coincident model estimates generated by NAAPS along the
ship track indicated generally similar results, with the highest mass concentrations ocklassgoncentrationsere
highestearly and late in the measurement period, in general agreemernimégthduring whichthe backtrajectoriepassing
passedver terrestrial sources and active firasd-wi

ohcentrations
{Figure-1b) Air parcels advecting into the SCS and Sulu Sea during this period that originated from areas further to the north
and west were cleaner than those from other seatiois to fewer emission sources and more precipitation along the
trajectories. Changes in théserved particle concentrations also occurred on timescales shorter than these weekly large
scale variations, as shown in the aerosol observation timelines in Figure$/2ay of these highdrequency fluctuations

were associated with squall line passa@nd heavy local precipitation, as discussed fultblEwin-the-following-section

The timeline of dN/dlogDp size distributions, as measured by the CCN system and shown in Figure 2a, indicates that most o
the particle number concentration fell withihet 12500 nm measurement range, except possibly during the highest
concentration periods. A more extensive comparison of model and satellite measurement in situ observations isrdiscussed
Reid et al(2016)
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3.3-2 Aerosol Population Type Classification and Properties

The cluster analysis was first conducted to investigate potential aerosol population tyedataset, followed by physical

interpretation of the results against cluster aerosol propech@scident measurementnd meteorological condition$he

parameter values input to the cluster analysis are shown for each data point and varigiie i8,Find colored by cluster

number for the results of the eigtluster kMeans analysisThe average value and incduster standard deviation for each

cluster parameter and cluster are given in TabMatmalized size distributions for each of thesght aerosol populations

are shown in Figure 4; the average CN and CCN number concentrations and hygroscopicities are givenZh Table
Equivalent normalized volume distributions are showisupplementary Figur&1S2. The cluster number associated with

each measurement is similarly shown as the background color in Figure 2 and marker color in Fidugeaé&rosol
properties, meteorological conditions, and likely transport pathways associated with data points in each cluster were ther
used toprovide aphysical interpretation of the results aﬁndameldenufymg the—hkely—seu%e&eéach populanon typen

the basis of & likely sources as discussed belea identified

meteorological-and-berfactors-discussed-in-Se&2. Clusters 34 were the most commonly found (representing 85% of

the total observations, Tabt), while clusters 8 represented special cases, generally of short duration, that could be

identified with-by specific locations osampling conditions.
1. Background MarineData points associated with this cluster occurred throughout the sgpaally following rain

in the vicinity ofthe Vasco or transport from areas further removed from terrestrial regionaddition,this type

was observed following shortly after periods associated with each of the other identified ,abfistier@ppearing as

a transition between other types (Figure ™)e measuregroperties offFthis populationtype waswere similar to

the background marine aerosol reported in many prior stfdigsHoppel et al. 29'RZG HW DO
Spracklen et al., 2007; Good et al., 20I)e population featurea—and-consisted-of bimodal size distribution
with a Hoppel minimurmear 90 nmthought to belue to cloud or fog processitd marine aerosaHoppel et al.,

1986)-nrear-90-nm-due-tocloud-orfogprocessimpe inner quartile range (IQR: middle 50% of obations

between the 25%75% percentilésof number concentrations ranged from 382 to 623, amith on average 42% of

the total number concentration residing in the accumulation mode as specified by the bimokialdét.

hygroscopicities were found to aage 0.65 for the accumulation mode and Odi6tfie smaller Aitken mode

while activated fractions were generally moderate across the range of measured supersaturations as compared |

other identified population typé3able 1) Each of these findings filner reinforced the classification of this cluster

as a typical background marine aerosol.

2. Precipitation: This distribution was fourttiring periods immediately following extensive precipitation at or near
the Vasco (Figure 2d). Aa-serubbediir massediad been substantially scrubbed of partieledrvhereaccumulation

mode particles had been preferentially removed. While the number concentrations -ohddegearticles were

lower than those in the background marine periods, the number concentratemsliefr particles, particularly
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those below 40-50 nm, were comparable to the elean-background marine type. The longest contiguous period of this

type occurred on 14 Sept. immediately following the passage of a squall line observed in the satellite visible and IR

products (not shown) that left a clean air mass with fewer than 200 cm™ measured in the 17-500 nm range in its

>

preeipitationtead-to-thistype- Number concentrations tended to be lower than the elean-background marine type

with an IQR from 227 to 441 cm™:. Hygroscopicities were similarly lower than the background marine population

with Y D O XY aiil0.34 for the accumulation and Aitken modes, respectively. Total CCN concentrations

across all supersaturations were found to be lower than in background marine air masses due to the combination of

fewer total particles, generally smaller particle sizes, and lower hygroscopicities.

Smoke: Data points associated withis this aerosol type;—partieles occurred primarily in two events on 14 Sept. and

>

25-26 Sept., during which backtrajectories were at their furthest south, near burning regions in Borneo (Figure 1a).

Normalized size distributions indicated that particles were largely concentrated in a single accumulation mode with

a tail of smaller particles. This type was associated with the highest total particle number and estimated submicron
mass concentrations observed during the cruise, with the exception of measurements taken in the urban plume of
Puerto Princessa. The standard deviations in the normalized size distribution parameters for the dominant

accumulation mode in this population #-(Figure 4, Table 1) were small, even while number concentration varied

widely (IQR 1802 to 2780 cm™; 81% accumulation modal fraction)._Accumulation mode hygroscopicities were

lower than HLWKHU WKH EDFNJURXQG PDULQH RU SUHFLSLWDWLRQ W\SH
K\JURVFRSLFLWLHYVY VKRZHG WKH RSSRVLWH EHKDYLRU IURP WKH

though the measured uncertainties (Figure 2 e&f) and standard deviations were considerably higher than for the

accumulation mode (0.25 and 0.03, respectively). Interestingly, activated fractions were highest among all

population types across the full range of measured supersaturations, owing to the large number fraction of particles

in the accumulation mode, while CCN concentrations were the highest of all types (except those measured in port)

due primarily to the larger total particle number concentration in these smoke plumes.

3 Accumulation mode lognormal median diameters around 200 nm with a tail of smaller particles, elevated

concentrations of carbon monoxide and benzene, as well as potassium in filter samples during this period (Reid et

al., 2016, and Figure 2¢) were all consistent with expectations for aged biomass burning smoke (Yokelson et al.,

2008; Akagi et al., 2011; Reid et al., 2015; Sakamoto et al., 2015). Additional examination and attribution of this

event to biomass burning in Sumatra and Borneo is discussed further in Reid et al., (2016). Finally, -Wwhile smoke

is considered the dominant aerosol source during these periods, anthropogenic pollution may still have been co-

emitted along the transport path and contributed to measured results.

Mixed Marine: This population was characterized as-by periods whenr-during which the background marine type

was—mixing-mixed with other sources of aerosol. Most of the data points associated with this type had transport
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pathways and biomass burning sources similar to those for the smoke population type, botnabir
concentrationsand size distribution parametersnd-hygrosopicities between those of thelean-background
marine and smoke types (IQR 782 to 1160°prB8% accumulation modal fraction), indicating there was

insufficient smoke for it to dominate the properties of the marine backgréwwmimulation and Aitken masl

hygroscopicities of 0.48 and 0.5dlong with activated fractiorend CCN concentrations/ere similarly indicative

of mixing between smoke and background masogrces

4. While periods of smoke mixing with a background marine air mass appeared toutertb8t majority of

data points in this cluster, several other periods point to other phenomena of interest being included in this type

perhaps indicating this cluster wesatively more complex than other population tyd@sort lived intrusions (two

to five hours) of accumulation mode particles were reqularly observed in both the CCN system and PCASP datasets

(e.qg. 18237 on 22, 23, and 24 Sep) after which the size distributions quickly returnieackgroundmarine

conditions These excursions were largely constrained to thelaven hours (sunrise occurs around 227) when the

boundary layer was thinnest, and when precipitation was occurring in the vicinity\édsioe Several prior studies

have shown that smoke and anfifwgenic pollution aerosol within the wider MC region can be lofted into and

transported in the lower free troposphéfesca et al., @11; Robinson et al., 2012; Zender et al., 2012; Campbell et

al., 2013; Atwood et al., 2013The influence of a free tropospheric aerosol layer as a source of MBL aerosol and

CCN has been identified in other remote oceanic regions dg@lakke et al., 2013)0One possile explanation for

these event&nd possibly for the observed organic and ultrafine events that were characterized by increases in gas

phase VOCss noted in the next clusteis)therefore that aerosol may have been mixed down into the MBL from a

layer aloft perhaps on the edge of rain shaftiéernatively, they may also be due to intermittent plumes of aerosol

that survived stochastic precipitation removal events along a boundary layer transport pathwanan terrestrial

activities in the pralawn hoursin addition, Aair masses influenced by anthropogenic pollution rhaye been

includedeceurin this cluster as well, but without sufficiently different impacts on aerosol parametgrstifp

result ina distinct cluster.

Organic Event. An approximatelpur—heufour-hour period starting at 1Z on 23 Septad measured particle
concentrations between 200 and 325%chut with significantly (p<0.001) larger median diameters than either the
precipitation or background marine types (Figure 3). Both Aitken and acationumode particles had among the
lowest hygroscopicities measured during the cruise, withalues around 0.2. During this event measured
concentrations of numerous VOCs were much higher than in gas canisters collected approximately 6 hours before
and afer it, with no associated increase in carbon monoiigid et al., 2016; Figure 2cyhe particles had lower
hygroscopicities and larger sizes than the background marine pawttglgswereobserved just before thievent.

While the source of this event is uncertaRgbinson et al(2012 found occasional organic aerosol above the

boundary layer they attributed to biogeri@condary Organic Aerosol (SOAdrmation during an airborne

campaign in the outflow regions of Bornaehile Irwin et al. (2011)reported Nvalues between 0.05 and 0.8i7a
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terrestrial, biogeically dominated MC environmentSuch a sourcevould be consistent with ¢h observed

population, perhaps due to growth of a background marine population by condensation of mighhiceate
aerosolsimilar-to-thistypalthough we lack the ancillary data needed to establish this.

6. Ultrafine Event:This clustenwas associatedith an approximately 2&our period on 1-48 Septthat included th

highest concentration of particles below about 30 nm observed throughout the study (Figame 2a)ncided with
aA period of elevated VOC measuremeassdiscussed-iSect-3-2;,which -coincided-withat the start of this event

(Figure 2c) A filter during this period showed very low potassium concentratiovhde benzenevasamong the

lowest values measured during the study, indicating that biomass burning was not the likely source fortthis even

Anthropogenic, shipping, and marine and terrestrial biogenic emissions are known sources of such compounds;

isoprene, a common biogenic VOC, was not observed during this event, and a brief period of elevated dimethyl

sulfide, associated with marine esigns from phytoplankton, was observed shortly befdvat not during this
event(Reid et al., 2016)

he—#uttirmodal besfit was

indicated byhe Hussein, et a{2005)algorithm for a number of these data points (Figur@a@hSupplementary

Figure Q). The period had an overall IQR of 482 to 661 nwith generally higher ultrafine number
concentrations than other periods with similar total concentmatibime accumulation mode was similar in both size
and hygroscopicity N to the accumulation mode of the background marine type, while the smaller Aitken

mode showed larger modal fractions and overall number concentratindsslightly higher hygsropicities

(N as compared téhan the eleanbackgroundmarine measurementslowever, we note that the 0.38%

supersaturation hygroscopicity measurement would likely not have been sensitive to these below 30 nm particles,

and therefore was likely not representative of this smallest third médditionally, while total number

concentration was_slightly higher than the background marine populati@asured CCN concentratioasd

activated fractionsvere generally lower, indicating many of the additional particles would not be expected to

influence CCN concentrations untiligher environmental supersaturations were reachéthile not enough

information is available to verify the nature of differences between ultrafine particles in these types, the results are
consistent with an influx of smaller particles and VOCs into a backgrounitherair mass, and were sufficiently

distinct to be identified as a coherent period by the unsuperviddddfs analysis.

7. Transit: This type waassighedissociated withe-the-clusterthatidentifiesheasurements taken duritgea transit

away from the pot te-the-easbf Puerto Princes, a city with a population of over 200,000uring this period

light, whenwesterly winds advected anthropogenic pollutbatover the Sulu Seand along the path of théascq

allowing for sampling of the urban plumeitsdiluted and mixed with aerosol from other sourcgige distributions

were dominated by an Aitken mode with a number median diameter aroe®@ 8% unigue in measurements

from this study mixed with an accumulation mode with a smaller modal fractian bther typesThe population
had anlQR of 738 to 1029 ci whileFhe sizedistribution-measurementhe generally decreasing number
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concentratios were consistent with an urban plume dilutig-and mixing with background-marine-typether
aerosol populations. Modal hygroscopicity values of 0.58 and 0.62 for the accumulation and Aitken modes,

respectively, were closer than those most of the other population agdesonsistent with high levels of sulfate

aerosol in typical urban plumesnd-had-aHOR of 738-to-1029 ¢t

8. Port: This type was assigned to the measurements taken degiaghort period in the port of Puerto Prinses

Local anthropogenic emissions were dominant during this period, with number concenttiadibrilsictuated

between 400 and 10,000 cih Ultrafine particles (D < 100 nm) dominated number concentrations during this

period, although large number concentrations of accumulation mode particles with diameters between 100 and 30C

nm were also observekthe-majority-ofparticlesvere-in-the-ultrafine-sizerange {B-100-Am) As measurements

were fluctuating rapidly and only one CCN scan at each supersaturation setting could be completed before

instrumentation was shut down, hygroscopicity results were inconclusive and uncEniaitlype is considered

separate from the othgypes as it was not measured in a remote marine area away from the immediate influence of
a nearby terrestrial source.
Finally, throughout the study coarse mode particles with diameters larger than about 800 nm were consistently observed il
the PCASP volum distributions (Figure 2b). Concentrations of particles in this size range increased with increasing wind
speed (Figure 5), consistent with generation of sea spray aerosol due to bubble breaking and wave@ f¢BbA G D QG
Leeuw, 2007)a i i i
between wind speed and fine mode aerosol population type was Rartidles in liis-sizdne coarse modeange are not

1 lty@eldition, no significant relationship

measured or accounted for in our measurements (CCN system rarg@0 hf)—), and while the total concentration of

coarse particles is smalhile-the-number-of particles-in-this-sizerange-is-swathpared to typical CCN concentrations

(Figures 2e, f), in the cleanest conditions we measured they represemnteiliabfractions of CCN active at 0.14% and

0.38% supersaturations. The large diameter of these particles makes them likely to actargtéoat supersaturations, and

they are present in more than sufficient number concentration to impact the microphysical structure and processes ir
VWUDWRFXPXOXV FORXGV HeimbliWet &Q1PM)Y 3JLDQW &&1°
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at sourceor-mixing-with-other sources-of sulfate-may-explain the
highertk DQ-WASLFDBD O YDOXHVIRU DBDIJHG ELRPDVV EXUQLQJ DHURVRO
y ieiti v e-0-38% supersaturapomisbad-different trends—At-the %

onfined-to particles
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4 Discussion

Based on this classification of the SCS remote marine boundary layer aerosol environment, a conceptual picture emerges :
to the nature and sources of particles encountered duringafwm2012 cruise. A bimodal marine aerosol background was
present withumber concentrations usually between about 300 and 78@medha Hoppel minimum around 90 nm. Primary
emissions via sea spray supply submicron particles consisting of a mixture of sea salt and organic components, with emitte
particle diameters as smas 20 nm & ODUNH HW DO 29'RZG DQG /HH XHowewer;b8tUDWKF

even in remote marine environmentgnsported anthropogenic and combustion aerosol may still be an important or even

dominant source of small particléShank et al., 2012)The background marine population identified in this studjpis

therefore considered background state across the remote SCS that is likely comprised of a mixture of primary marine

emissions along with particles derived from anthropogenic and biomass burning sources throughout the region. Departure
from the typical range of background mmee characteristics and number concentrations occurred under large influxes of
aerosol from other sources, such as smoke from biomass burning regions, anthropogenic pollution from population centers c
shipping, or when convection and precipitation rentoreich of the ambient particulate matter and created relatively clean

air masses.

During the SWM when large amounts of biomass burning aerosol were being advected into the SCS, a population of agec
accumulation mode smoke particles was periodically iapednto the MBL where it mixed with existing particles. When

total particle concentrations were above roughly 1508, ¢figure 3),the smoke particles dominated the backgroeiedn

marine particles and had characteristic size distribution parameterBygrmscopicities that remained roughly constant

regardless ofurther increases ithe concentratiohof biomass burning particles. In situations when smoke concentrations

were insufficient to dominate the background marine aerosol populatiomixture—d—smoke and-mixed with the
backgroundlean marine populatiortypes—was—presentwith-yielding size distribution and hygroscopicity parameters in
between the two type8Vhile the background marine type was earlier noted to be impacted to some extentdrpuatk

anthropogenic or terrestrial aerosahilar to impacts noted for the mixed marine tythe latewascharacterized bynixing

with a separate, distinct aerosol population, but at levels wvieag insufficient to dominate thdackground aerosol

properties.

16



10

15

20

25

30

Precipitationremevesremozal of particles thatavehad been advected into the region ventilation by cleaner air masses

when transport pathways changedurred the environment near the surface todtsanbackgroundmarine background

state. However, when extensive precipitation occurred, accumulation pasticles were removed by wet deposition to a
greater extent than Aitken mode particles, leading to lower overall surface number concentrations that were dominated by

smaller particlesas evidenced by the emergence of a distinct precipitation populgtierfrom the cluster analysiBased

on the twoVascocruises, the cleanest periods were encountered in cold pools following the passage of squall lines with
number concentrations as low as 100 to 150.cburing these periods, increased number concémmsabf coarse mode
aerosol were regularly observed (Figure 5.8 5.5 + 2.1 cri), that constituted a potentially important additional source

of total CCN not measured by the CCN system (0.14% SS: 44 + 35®B88% SS: 70 + 36 cf), particularly atlow
supersaturations where they would be expected to activate first.

In addition to these findingseveral observed phenomena during the 2012 study were similar to those from the 2011 cruise

(Reid et al., 2015)In particular, rapid changes in aeropobperties angource type were noted in the wake of squall lines

that left clean air masses in their wakehile longer peiod fluctuationson the order of days occurress impacts from

anthropogenic and smoke transport mixed with cleaner background raadnerecipitation impactedir masses. As both

studies were conducted in tmemote marineSCS during the biomass burnisgason and saw similar meteorological

phenomena modulating the aerosol populations, the more detailed aerosol property results of the 2012 cruise may b

representative of the general nature of changes in SCS remote marine aerosahd 8V season. Fuire work in the

regionto compare surface properties with model results and satellite retnelate ultimately required to fully validate

these findings.
While the cluster analysis assignedch data point to a single cluster, in reality thise four clusterscould be better

descibed asa spectrundue to the variable impacts of mixing or meteorological processes, rathestiatinct or mutually

exclusive population types. As is evident in Figure 3, overlap between these four clusters acdhergarameter space for

all nine of the measurediriablesused in the cluster model.

Deviations from this general picture arose when influxes of other aerosol types oc@tweeatiditional population types

each mappedut generally distinct areas in one or more of the parameters, leading to their identification by the cluster

model. That such clusters corresponded to temporally distinct periods with physical and meteorological relevance ultimately

justified the use ofthe cluster model to classify aerosol population typed assign rougpopulationboundariesto the

parameter space.
While the spectrum of mixing between population types is relevant taémification of impactsfrom various sources

additional consgleration of these aerosol types agaims&asurements iother regions is also warrantegresh sea spray
SDUWLFOHY GRPLOQDWHG E\ VRGLXP FKORULGH (Good db &l.H2 Q)SItHduH G W F

co-emitted organic species and replacement of chlorine by uptake of acidic gases can potentiallgyerdscepicities

Additionally, increasing organic fractions at smaller sizes have been reporsed isprayaerosol(Prather et al., 2013)
leading to decreased hygroscopicitiesseganic-fraction-increaspatrticle size decreaseSud findings are consistent with
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the lower Aitken mode hygroscopicities found in the background marine populations observed in this dataset, as well as the

additional decreases in_hygroscopicity noted in the precipitation population that had been furtthbedsaf larger

accumulation mode particles.
$JHG ELRPDVV EXUQLQOJ DHURVRO KDYH RIWH@nddadidhd IFRXeQfeld,\XAS:KAtierd et Y D
al., 2009; Engelhart et al., 201 2hilebelowthe smoke population type averagfeapproximatelyd.4 in the accumulation

mode during this study. Howeverigh concentrations of both $S@nd sulfate aerosoihmonium sulfate, from

numerous sources have been observed in the(lRBinson et al., 2011; Reid et al., 201Buring this study, mukday

filter samples showed average sulfate concentrations between approximately 0.8Ramdf &t the Vascq potentially

increasing during periods of smoke impacts due to burning of sulfur rich peat in the(fRReidret al., 2016)The potential
SHDW VRXUFH RU PL[LQJ ZLWK RWKHU VRXUFHV RI V Xdbddédwadtidr &yBd bidf@ DL Q

burning aerosah the MCCloud-dropletformation-updraft-velocity-and-aerosolpopulationparameters

ixed-marine type
ire-mode of

actions witl
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5 Conclusion

This study reports ship based measurements of aerosol size distributions and CCN properties corphrttetiths first

extensive, in situ aerosol measurement campaign in remote marine regions of the South China Sea/East Sea during tf
important Southwestern Monsoon and biomass burning season. Analysis of approximately two weeks of measurement
found aerosl characteristics consistent with those from a previous pilot study in the region during the same season,

indicating that descriptions of aerosol population types and the associated meteorological and transport phenomena tha

modulate changes and mixingtiveen these populations may be representative of the wider remote marine SCS during the

SWM seasoitheregional-and-temporal-representativeness-of- theseresults.

Eight aerosol population types were identified in the datdmstwere associated with van® impacts from background

marine particles, smoke, and anthropogenic sources, as well as precipitation impacts and shorter lived events linked t

influxes of VOCs or ultrafine particleEfforts to measure or model the impact of aerasolcloud developnme or

atmospherioptical propertiesoften rely on proper characterization of aerosol microphysics associated with impacts from

various aerosol sources. As such, we provigedulation typeaverage values and standard deviations for aesizel

distribution and hygroscopicity properties needed to model aehyspbscopicgrowth in humid environments aoud

developmentFuture work with this dataset will investigate the impact of the identified aerosol population types on CCN

properties including supersaturation dependent CCN concentration needed to model development of different types of

clouds. Reutter et al.{2009) identified specific regimes of cloud development where aerosol number concentration was

important using a cloud parcel modealhile Ward et al.(2010)found such results may be further complicateddgyosol

size and hygroscopic propesidnclusion of both population type average properties and the range that they varingecross

such a modemay help constrain when various properties of the aerosol are relevant to cloud development in the SCS.

Additionally, differences in erosol popuhtion type are expected to be relevant to studies of radiative traopferal

propagation through the atmosphere, @adellite retrievals irsubsaturatedmarine environments where differences in

particle number concentration, size, hygroscopicityeindf refraction and relative humidityall affect the interaction

radiation with particles in complex ways\

Lastly, while specific observed aerosol population types were identified in this deadsi@ipnal open questions remain

regarding the relative importance of various sources and transport pathways of aerosol into remote MBL a@ndabsés

impact on aerosol populationSince the surfacbased observations provide only a portion of the observations needed to
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construct a trueexosol budget for the MBL, the degree to which MBL aerosol may be impacted by mixing down from a
reservoir aloft was not clear. Future airborne aerosol campaigns in the region may be useful to shed light on this importan

topic.
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Figure 1: (a) Vascocruise locations (squares) and #aour, 500 m HYSPLIT backtrajectories; MODIS fire detections (dots) from
Terra and Aqua are included for each day (color coded) during the sampling period. (b) PCASP reconstructed accumulation mode
(125nm +800nm) mass concentration (assumed density 1.4 pgirand NAAPS estinated smoke and sulfate mass concentration
along theVascoship-track.
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Figure 2: Timelines of measured and derived variables during/asco2012 cruise. In all figures, background colors correspond to

aerosol type classificationfrom the cluster analysis, as indicated in the legend in panel a. (a) dN/dlogBpectra from the CCN

system measurements with black dots at befit modal median diameters; (b) dV/dlogD, spectra derived from the PCASP
measurements; (c) total number concentrations measured by the CCN system (blue; shaded below for contrast) and the PCASP

(red), with 60 minute boxcar average smoothing; gas canister grab sample concentrations for carbon mgite, benzene, and

toluene are shown on the right axis with colored numbers indicating points above the upper scale extent; (d) wind speed and
disdrometer rain rate from the VascoZHDWKHU WRZHU H | SDUDPHWHU UHG DQ4% &&81 FRQF
0.38% supersaturation settings (corresponding approximately to accumulation and Aitken modes, respectively), with total
activated particle number fractions (CCNssy,/ CNyoiw  EDUV LQ JUH\ (UURU EDUV RQ \allewdds®idtd QW YV L (
with 25% / 75% activated fraction curve fits.
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Figure 3: Parameterized variable values for Aitken and accumulation modes (median diameter, geometric standard deviation,

modal fraction) at each of the 15 minute data points duril WKH VWXG\ DORQJ ZLWK YDOXHV IRU GDWD S
points of 0.38% (Aitken mode) and 0.14% (accumulation mode). Each data point is colored according to the cluster type to vishic

it was classified.
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| Figure 4: Normalized dN/dlogD, particle size distributions for eachspeetra-spectrum within identified aerosol population types
(grey), the associated average bin values with error bars at 95% confidence interval (colored step lines; 1.96 * bin standard
deviation), and best fit lognormal modes (colored curves) with bimodal fit (black). The average particle number concentrations of
data points within each population type are listed.
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wind speed measured by the onboar&ascoweather station. Each point was averaged over the same approximately 15 minute
time period as for the CCN system measurements, and is colored by therosol type as described in the text.
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Table 1: Aerosol population type parameters used for clustering and the resulting average values (standard deviations in grey parest#w® for each

identified population.
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Table 21: Average values (standard deviations in grey parentheses) for identified aerosol population types. Shown are number of C@lteam data
points classified as each type, total number concentrations fahe PCASP (125 nm8 pm) and CCN system (17400 nm), CCN number concentrations
and activated fractions for each CCNc supersaturation set point, and measurefllvalues for the accumulation mode (0.14% SS) and Aitken mode

(0.38% SS) set points.

Population Type #CCN  PCASP  CCN system 0.14% S5 0.38% 55 0.53% 55 0.71% 55 0.85% 55
eas. Number Number CCN | Act Frac | K CCN | Act Frac | K N Act Frac N ‘ Act Frac N Act Frac
] (#/em’) (#/em’) {#fem’) 4] (#fem’) 6] (/e ) (#fem’) (#fem’)

1: Back. Marine 214 131(111) 81) T 0461(0.17) | 4161(194) 07470.11) | 444239 180(210)

2: Precipitation 67 T 03470.11) 352 0.6570.15) 2287100)

3: Smoke 44 05670.25) | 1990 0970.02) 2150(523)

4: Mixed Marine 294 0547022) | 861 0890.10) 893 (271)

5: Organic Event 11 05370.01) 0217003 | 182 07270.01) 08970.14) | 257724

6: Ultrafine Event 59 9 056(0.11)  05070.10) | 373 0650.12) 0727007 | 4a737147)

7: Transit 36 ) 0s8T008) 0817009  06270.16) 8327423) 0287005 0.8070.02) 878 1195)

8: Port 6 671'(210) 009 (° 0.49 (-)* 1126 (* 026 (-* 013 [° 3936 (-)° 040 [1* 1742"289)  0577022) | 2080 (° 045 [°

All Types 731 503 (455) 851(677) as0'(388)  04770.16) o0547004) | 67575160  0727017) 050(021) | 6987sss)  o07970.1s) | 72a7s12)  ossoa3) | 7237502)  0.9070.10)

* Only one datapoint; Note that Port measurements fluctuated as the Vasco entered port
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