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Abstract. Transport of aerosols in pollution plumes from the 50% of the light absorption at 405 nm, in the high OCﬁSO
mainland Asian continent was observed in situ at Jeju, Soutlepisode. Idealized analysis indicates increased absorption at
Korea during the Cheju Asian Brown Cloud Plume-Asian 781 nm by factors greater than 3 relative to denuded black
Monsoon Experiment (CAPMEX) field campaign through- carbon in the laboratory. We hypothesize that coatings of
out August and September 2008 using a 3-laser photoacou$lack carbon cores are the mechanism of this enhancement.
tic spectrometer (PASS-3), chemical filter analysis, and sizeThis implies that climate warming and atmospheric heating
distributions. The PASS-3 directly measures the effects ofrates from black carbon particles can be significantly larger
morphology (e.g. coatings) on light absorption that tradi- than have been estimated previously. The results of this study
tional filter-based instruments are unable to address. Transdemonstrate ways in which atmospheric processing and mix-
port of mixed sulfate, carbonaceous, and nitrate aerosoling can amplify particle light absorption for carbonaceous
from various Asian pollution plumes to Jeju accounted for aerosol, significantly at short wavelength, underscoring the
74% of the deployment days, showing large variations inneed to understand and predict chemical composition effects
their measured chemical and optical properties. Analysison optical properties to accurately estimate the climate radia-
of eight distinct episodes, spanning wide ranges of chemidtive forcing by mixed carbonaceous aerosols.

cal composition, optical properties, and source regions, re-
veals that episodes with higher organic carbon (OC)/sulfate
(SG;7) and nitrate (NQ)/SC;~ composition ratios exhibit
lower single scatter albedo at shorter wavelengthgsd).

We infer complex refractive indices: (- ik) as a function  ynqgerstanding long-range transport (LRT) of pollutants is
of wavelength for the high, intermediate, and low OCzSO _ crucial to inform and implement international and/or regional
ppllu'glon episodes by using the _observed p_artlcle size d's'policies on air-quality (UN-ECE, 2009) and climate change
tributions and the measured optical properties. The smallypcc, 2007). Outstanding issues include the quantification
est mean particle diameter corresponds to the high _ng?so of aerosol radiative forcing, which depends on composition,
aerosol episode. The imaginary part of the refractive indexmixing state, size, and morphology, as well as the attribution
(k) is greater for the high OC/SP episode at all wave- ot soyrces of trans-boundary pollution. Carbonaceous (black
lengths. A distinct, sharp increaseknat short wavelength  ~5rbon and organic carbon, primary and secondary organ-
implies enhanced light absorption by OC, which accounts forics  mixed and processed carbon) aerosols found throughout
the atmosphere including in large scale Atmospheric Brown
Clouds (ABCs) absorb solar radiation, warm the atmosphere,

Correspondence tavl. K. Dubey could enhance snow pack and ice sheet melting, and can sup-
BY

(dubey@Ilanl.gov) press rainfall over vast polluted regions (Ramanathan and
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Carmichael, 2008). Large scale ABCs are prominent consive (Adachi and Buseck, 2008; Posfai et al., 1999). Opti-
tributors to the continental Asian pollution plume, which en- cal properties of such complex carbonaceous aerosol are es-
trains regional anthropogenic and natural emissions, whosémated using idealized treatments of their mixing state — ex-
composition changes with age as it is transported over theernal, internal, or core (Bond et al., 2006; Jacobson, 2001)
Pacific (Dunlea et al., 2009). Optical properties and atmo-and depend significantly on approximations which introduce
spheric lifetimes of carbonaceous aerosol depend strongly otarge uncertainties in their forcing. Field observations of op-
their size distribution, composition, and mixing state; all of tical, chemical, and microphysical properties of mixed car-
which evolve with age. Therefore, process level understandbonaceous aerosol are essential to identify and develop val-
ing of the optical properties of Asian carbonaceous aerosoldated relationships to accurately quantify radiative forcing
outflow during its transport across distances up to thousandand heating rates in climate models. Developing such rela-
of kilometers lasting several days is essential to evaluate theitionships from the CAPMEX data set is the goal of our study.
radiative forcing of climate. Globally, black carbon aerosols The CAPMEX field campaign was designed to moni-
are thought to be the second most important anthropogenitor continental outflow from Asia and to observe the effect
warming influence on climate (Jacobson, 2001; Ramanathanf Asian emissions (including mixed carbonaceous aerosol
and Carmichael, 2008), and the warming is sensitive to optifrom a wide variety of source regions) on atmospheric radi-
cal properties and mixing state models (Myhre, 2009), bothation especially during enforced air quality control periods
of which are uncertain (IPCC, 2007). Itis critical to increase surrounding the summer 2008 Beijing Olympics (Ramana et
our knowledge of carbonaceous aerosols to inform policyal., 2010). In this paper we demonstrate correlations between
much more precisely on how lowering carbonaceous aerosaimultaneous and independent measurements of aerosol op-
emission will reduce global warming, change hydrological tical properties as a function of wavelength and chemical
cycles, and enhance air quality within weeks of taking ac-composition at the CAPMEX field site, the Gosan Observa-
tions (Zhang et al., 2009, 2010). More knowledge on car-tory. The observatory is located on the western side of Jeju
bonaceous aerosol is needed to catalyze their inclusion ifsland, a resort island approximately 1100 km southeast of
the post Copenhagen Accord emissions reductions negotieBeijing; and is not affected by major local industrial pollu-
tions which are currently confined to long-lived greenhousetion sources and has been used to observe continental out-
gases. This would also allow the rapidly growing economiesflow from Asia for several years (Chen et al., 1997; Topping
in China and India to enhance air quality to improve humanet al., 2004; Clarke et al., 2004). Distinct plumes undergoing
health as well as reduce their climate forcing in the short termtransport from Asia with different chemical composition are
as they transition to lower carbon-intensive energy and cardelineated and analyzed to show that aerosol light absorption
bon sequestration technologies in the long-term. depends strongly upon the OC/$Ocomposition, particu-
Radiative forcing by carbonaceous aerosol is often estiHarly at short wavelengths. Furthermore, we use observed
mated, in part, using particle mass absorption cross sectiongsarticle size distributions and optical properties to infer an
(MAC), the wavelength-dependent light absorption coeffi- effective mean complex refractive index- i k) for ambient
cient normalized by particle mass in units of/fqm Car-  carbonaceous aerosol as a function of their OCfJSCDm-
bonaceous aerosols are operationally defined as mixtures @gfosition.
elemental carbon (EC) or black carbon (BC) and organic
carbon (OC) species traditionally determined by thermo-
gravimetric, chemical, and optical analysis of samples col-2 Methods to measure optical properties, composition,
lected on filters (Schauer et al., 2003; Chow et al., 2009). So- and size distributions
called brown carbon (BrC) is a sub-set of OC, delineated by
its light absorption at UV and visible wavelengths (Andreae 2.1 3-laser photoacoustic spectrometer
and Gelencser, 2006). Brown carbon can be directly emit-
ted by combustion, e.g. (Chakrabarty et al., 2010), and carA 3-laser photoacoustic spectrometer (PASS-3, Droplet
be produced by chemical reactions within the particle afterMeasurement Technologies, Inc., Boulder, CO), a commer-
its emission (Hecobian et al., 2010). Calculation of radiativecial extension of prototypes originally developed at Desert
forcing properties for aerosol of any composition is based onResearch Institute and the University of Nevada, Reno
its MAC(1); while the importance of processes influencing (Lewis et al., 2008), was used to measure aerosol absorp-
MACEc(r) has become recognized recently, including largetion and scattering coefficientg{ys and Bsca) at the Gosan
enhancement of BC light absorption by coatings observeddbservatory. The PASS-3 uses 405, 532, and 781 nm diode
in laboratory studies, (Bond and Bergstrom, 2006; Crosdasers aligned in an acoustic resonator and measures aerosol
et al., 2010) mechanistic understanding for MA&A) for absorption coefficients84p9 using the photoacoustic effect.
carbonaceous aerosol remains poorly constrained. ImagParticle heating by light absorption creates an acoustic wave
ing and chemical analysis of pollution impacted samplesthat is measured by a microphone. The lasers are amplitude-
demonstrate that mixed black carbon, sulfate, and organienodulated to isolate frequencies close to the resonance fre-
aerosol from biomass and fossil fuel combustion are pervaguency of the acoustic cavity, and lock-in detection is used to

Atmos. Chem. Phys., 10, 1038398 2010 www.atmos-chem-phys.net/10/10387/2010/
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maximize the S/N ratio. The instrument simultaneously mea-+ates were controlled with the use of a vacuum pump and
sures scattering coefficien8sto) atthe same wavelengths as critical orifices and were measured by a calibrated Rotome-
absorption using a cosine square weighted detector inside ther before and after sample collection. Both pre-baked quartz
cavity at right angles to the sample flow. This configuration, filters (47 mm, Tissuquartz, Pall Life Sciences, East Hills,
where bothBaps and Sscq are measured simultaneously from New York, USA) and Teflon membrane filters 47 mm, Teflon
particles in air, allows for reliable measurement of the aerosoMembrane, 2.0 mm pore size, Pall Life Sciences) were used
single scatter albeda[= Bscd(Bapst+ Bsca)]- Regular back-  for sample collection facilitating different chemical measure-
ground measurements (duty cyel®.72) are made to allow ments. Field blanks were collected over the course of the
for background interpolation and correction for laser powersampling effort.
drifts during the deployment. The detection limits (10min  One PM 5 and one PMg quartz fiber filter were analyzed
signal integration) are 1.5 Mnt for Bapsand 2.0Mnt! for  for elemental carbon and organic carbon (EC and OC) as de-
Bscadt 405nm, 2.0 Mm? for Bapsand 3.0MnT? for fscaat  scribed by (Schauer et al., 2003) using a common thermal-
532nm, and 0.15 Mm! for Bapsand 1.0MnT? for fscaat  optical method and protocol. The Teflon filters were weighed
781 nm (see Supplement for a short description of PASS-Jefore and after sampling to determine particle mass con-
calibration and performance characteristics and also (Crossentrations using a microbalance in a relative humidity and
et al., 2010) for laboratory comparison). We stress that theemperature controlled room. Subsequent to final weighing,
PASS-3 measures optical effects of coatings, morphologypone PM s and one PMp Teflon filter were extracted in de-
and chemistry on light absorption directly that the traditional ionized water and analyzed by ion chromatography for in-
filter-based sensors fail to do, particularly in polluted envi- organic ions including sulfate ion, nitrate ion, chloride ion,
ronments (Subramanian et al., 2007; Lack et al., 2008). ammonium ion, sodium ion, potassium ion, and calcium ion
The scaat 405 and 781 nm were used to calculate the in-as described by (Stone et al., 2010). Uncertainties for the
tensiveAngstiom exponent of light scatterindh¢%2), which  organic carbon mass were0.20 ug n= and~0.15 pug nt3

depends on particle size, for elemental carbon.
Bscar1) . . L
05 N (ﬂ:za()é)) 2.3 Particle size distributions
Asca: —)‘1 (1)
In(z) The particle number size distributions were measured with

wherei; = 405nm andi., = 781 nm. Smaller particles ex- two sizing instruments, a scanning mobility particle sizer
hibit larger A4%5. In order to diagnose the absorbing com- (SMPS, Model 3034, TSI, Shoreview, MN USA), which
ponent of the aerosol th‘éngstrbm exponent ofbaps (de- includes an on-line condensation particle counter (CPC),
fined in complete analogy with (1) but for the absorption co- @nd an aerodynamic particle sizer (APS, Model 3321, TSI,
efficient Bane at 405 relative to 532 nm@\abs(405/532), as Shoreview, MN USA) spectrometer. Particles between 10.4
well asA.,d405/781), were also calculated. Strong absorp-2nd 469.8 nm were measured by the SMPS and the larger par-
tion wavelength dependencd s> 1.6) indicates organic  ticles (532-19800nm) were measured by an aerodynamic
carbon absorption, e.g. BrC (Bond and Bergstrom, 2006;part|cle spectrometer (APS), both instruments using logarith-

Gyawali et al., 2009; Lack and Cappa, 2010). Additionally m_ic bi.n widths of 0.03. The on-line CPC counted particles
the intensive single scatter albedo, { were calculated us- With diameters greater than 3 nm.
ing,

g 2.4 Back trajectories
0 — Bscd ) @)

* Babs(A) 4 Bscd L) NOAA HYSPLIT five-day back-trajectories for each day of
wherex refers to any one of the PASS-3 laser wavelengths 1€ 61 days of the CAPMEX deployment are included in
781, 532, and 405 nm. the Supplement to trace the path(s) the air mass had taken

to Jeju and to assist in determination of the origin, evolution,
2.2 Filter analysis of mass and composition and duration of each pollution transport episode (Draxler and

Rolph, 2003). We focus on episodes for which we have both
Elemental carbon (EC) and organic carbon (OC) mass wereptical property and composition data.
obtained daily from quartz-based filter measurements at
the Gosan Observatory using thermal-optical and chemical
methods. 24-h average particulate matter samples were coB Results and discussion
lected for laboratory-based chemical analysis. The commer-
cially fabricated sampler (URG-3000 ABC, URG Corpora- 3.1 Optical properties
tion, Chapel Hill, North Carolina, USA) was used to collect
four PMp s samples downstream of two cyclones and four We expect aerosols undergoing transport from Asia to the
PM31o9 samples downstream of the Rpinlet. Sampler flow  Gosan Observatory to be well mixed in aged air masses

www.atmos-chem-phys.net/10/10387/2010/ Atmos. Chem. Phys., 10, 1038¥8-2010
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Fig. 1. Temporal profile of aerosol scattering coefficieféda, absorption coefficientdapg, scatteringAngstiom exponent4292), single

scatter albedo at 405 nnwfgs), PMo 5 mass, scaled sulfate and ammonium, and elemental and organic carbon mass@g) (foy tne

CAPMEX campaign. The periods highlighted in ash are Asian aerosol transport episodes and their diagnosis as such is discussed in the tex
The blue lines represent the 405 nm data, the green line represents the 532 nm data, and the red line represents the 781 nm data.

where atmospheric processing over several days likely in- We observe theAngst®m exponent of absorption
creases internal mixing of the aerosol components therebyA ,,d405/781)) is nearly constant (mean value.0) for
producing more uniform intensive optical properties. The all transport episodes, indicating significant influence of ab-
continuous 10-min average observationgefa and Baps at sorbing organic material in each episode. To further diagnose
405, 532, and 781 nm, the calculatefxggg) andwgsgs for the the absorbing organic component, we use/ihgsttbm ex-
CAPMEX deployment are shown in Fig. 1 and are used toponent of absorptiond(ap{405/532)), where the wavelength
separate Asian transport from local pollution episodes. Thedependence is strongly influenced by organic content and we
definition of the pollution episodes is verified by analyzing expect to see strong increases in the wavelength dependence
the back-trajectories for each episode. at short wavelengths corresponding to absorption by organic
In Fig. 1, aerosols arriving at Jeju during the periods high-material. The,&ngstrbm exponents over both wavelength
lighted in ash show enhanced scattering and absorption siganges are included with the optical properties in Table 1. All
nals and relatively uniform intensive properti&ﬁgg and  Aapq405/532) are 2.9 or greater with the largest being 3.8 oc-
w405 compared to periods shown in white, which are dom- curring during episode 8, indicating the optical properties in
inated by local inputs, and/or precipitation events whag episode 8 are possibly influenced by absorption enhancement
and Bsca are low and the intensive optical properties are at shorter wavelength due to OC.
highly variable. We identify aerosol pollution episodes oc-
Curl’ing on 3, 6—8, 13—23, 27-31 August, and 3—13, 16—32 Chemical Composition
20, 21-25, and 27-29 September (hence referred to as

2p|_sode§ 1-8) at Gc;sarr: stem_rgmg frgrgtrinspl)(ort qf ponyteqndependent mass and chemical information was assembled
sian air masses (further evidenced by back trajectories)g 1 simyltaneous analysis of aerosol collected on quartz fil-

Over the transport episodes in CAPMEX, the meps at ters from 24-h periods during most of the campaign. The

405 nm during Asian transport episodes varies between 11, -y ;
. . easured PMs total mass temporal profile (in ug) in-
1 |
and 17 MnT! while Bsca varies between 42 and 411 Mrh cluded in Fig. 1 agrees very well with thgca profile, in-

AL.?gz nm, the mea mags varies zbgmedeggom 9 I\érn% dependently separating Asian transport from local input pe-
while meanfsca varies between an and at jn4s  Also shown in Fig. 1 is the temporal profile of sul-

781 nm, mearBaps varies between 3 and 5 Mm while the fate (scj*), ammonium (NH), OC, and EC as well the

meanfscaVvaries between 17 and 188 Mrh . .
Psca temporal profile of the OC/SP ratio. Sulfate and ammo-
nium concentrations track the scattering observations while

Atmos. Chem. Phys., 10, 1038@398 2010 www.atmos-chem-phys.net/10/10387/2010/
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Table 1. Aerosol absorption and scattering coefficients at 405agp5 A292, Angstrom exponents of absorption, with Standard devi-

ations in parenthesis observed for pollution episodes and background periods during the 2008 CAPMEX field campaign. The background
data is taken during the CAPMEX deployment when the Gosan Observatory was not experiencing one of the eight aerosol episodes. The
statistics for the optical data are taken from 10 min averaged signal from the PASS-3.

Episode Dates Babs Bsca w405 R405  A,pd405/781) Aypd405/532)

1 3 Aug 10.8(2.8) 411.2(187.9) 0.95(0.09) 1.2(0.1) 2.2 (0.6) 4.0 (3.6)
2 6-7 Aug 16.6 (5.7) 187.7(76.8) 0.91(0.03) 1.5(0.1) 1.8 (0.4) 2.6 (1.8)
3 13-23Aug 11.0(6.3) 174.8(114.5) 0.93(0.05) 1.5(0.4) 2.1(1.2) 2.9 (3.5)
4 27-31Aug 11.5(5.7) 100.4(35.8) 0.90(0.04) 1.7 (0.5) 2.1(0.8) 3.3(3.6)
5 3-12Sep  11.4(6.0) 103.8(33.1) 0.90(0.04) 1.6(0.4) 2.1(0.8) 3.6 (3.6)
6 16-20Sep 12.6(6.3) 165.7(100.6) 0.93(0.05) 1.5(0.5) 2.0 (1.0) 3.0(3.3)
7 21-25Sep 12.5(6.7) 149.6(75.9) 0.91(0.04) 1.3(0.4) 1.9 (1.0) 2.8(3.4)
8 27-29Sep 10.6(4.6) 41.4(16.1) 0.79(0.06) 1.5(0.9) 2.1(0.3) 3.8(3.4)
Bkg. 55+3.6 34.6:21.0 0.84(0.11) 1.49(1.3) 2.88(L.7) 3.13(5.3)

EC (and OC) measurements track the absorption measureast China. Episodes 4-6 are intermediate in sulfate mass
ments indicating independent, consistent, and robust plumas well as OC/S§T and N@/SO?{ ratios, and followed
identifications. We focus our discussion on OCﬁS@md circuitous trajectories through the Sea of Japan, traversing
Nog/soﬁ— ratios as metrics for aerosol composition since over Japan and Korea, as well as remote continental Asian
they vary significantly due to changes in source regions andocations (see Table 2). In the next section our analysis will
the transport trajectory of the plumes (see Table 2). show that enhancements in particle organic carbon and ni-
trate relative to sulfate lead to increased light absorption at
short wavelengths, underscoring the importance of treating
such chemical effects on optical properties explicitly in cli-
mate and chemistry models.

The individual pollutants are enriched during transport
episodes, though by varying amounts. ThejS@lass (from
the PM 5 fraction) changed the most, episodic mean levels
varied between 2.8 and 1%3 ug i while there was I:?ss
variation in OC (1.1-1.9 ug i) and NG, (0.7-1.9 ug m) . . .
in transport episodes. Episode 3 haghe largest sulfate maé)’s3 Optl_cal prpperty and chemical composition
(12.3pgnr3) and the lowest OC/SP and NO;/SC; ™ ra- relationships
tios. This is consistent with back trajectories originating, at
early times, 13-16 August, from the South China Sea and aYVe show the relationships between mean chemical compo-
late times, 17—23 August, northeast of Jeju and becoming enSition (oc/sg- and NQ;/SC;) and the intensive optical
riched in sulfate pollution from southeastern China, an areaPropertiesosos andAapd405/532) for episodes 3-8 in Fig. 2.
influenced by a large number of power plants. The sulfateThese empirical correlations provide important clues to how
mass is comparable to a similar episode reported by Toppinghemical composition affects optical properties. The mea-
et al. (14.48 ug m?3 averaged over a 4 day episode originat- Suredwsos correlates inversely with the mean OCASGand
ing in mainland China and passing through the southeasterNOg/SQ’f ratios, for carbonaceous aerosol originating from
part of China on its way to Jeju). Episode 8 exhibits the a range of source regions. Episode 8 has the lowgss
lowest sulfate mass (2.8 ug™¥) and highest OC/S§y and  and highest OC/SP and NG;/SC; ™ ratios; episode 3 ex-

NOZ/SO;~ ratios of any episode in the deployment. The hibits the highesisos and lowest OC/SE and NGy /SC;~
back trajectories originate in Siberia, where approximatelyratios. A variety of mechanisms, chemical and morpholog-
75 forest fires burned between 24 and 30 September 200®al, that could be responsible for the observed correlations
(FIRMS, 2009). We expect the fire-impacted air mass to beare discussed and analyzed below. Nitrate rich plumes origi-
rich in organics, and to entrain nitrogen-rich urban pollution nate from NQ source regions where subsequent heteroge-
and a modest amount of sulfate as the plume traverses nortmeous processing can enrich particle phase nitrate. If or-
eastern China, an area with a lower number of power plantsganics are present in the plumes, there is potential to form
In both the ACE-Asia (Topping et al., 2004) and CAPMEX organic nitrates in the particle phase. Organic nitrates are
results presented here, the OCﬁS(hnd NG /SOf{ ratios  known to absorb light at short wavelengths and are likely pro-
are also lowest for air masses originating east of Beijing anccessed to the particle phase during LRT of pollution plumes
traveling through southeastern China along their path to Jejuich in organics and nitrogen species such as episode 8 (Ja-
and highest for air masses originating in Siberia and north-cobson, 1998, 1999). Secondary acid-catalyzed reactions

www.atmos-chem-phys.net/10/10387/2010/ Atmos. Chem. Phys., 10, 1038¥8-2010
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Table 2. Mass data (pg m3) for Asian pollution transport episodes observed during CAPMEX. The uncertainty represents one standard
deviation of the mean of the daily mass or ratio determined for each day in the episode. The last two columns are composition ratios and are
unitless.

Episode ~ OC EC PMs5 NO3 SO~ OCISG~  NOZ/SO;~
1

2

3 11405 01401 480+26.6 0.74:04 12390 012£01 0.11+0.10
4 16+0.7 02401 285:4.6 1103 54409 03101 0.20£0.10
5 17404 02+01 310100 1.2£03 56+20 03201 0.23:0.10
6 19413 03+0.2 333:223 14£09 50+30 036:01 0.26:0.10
7 13+05 02+0.1 538160 1.3:02 86+6.6 01501 0.13:0.10
8 15404 02+01 215540 19+09 2802 056£0.1 0.69+0.30

have also been shown by several groups to produce light atsorption possibly associated with aerosol organic material
sorbing organic material in aerosols (De Haan et al., 2009plays a major role in the reduction afsgs. Furthermore,
Noziere et al., 2007; Shapiro et al., 2009; Bones et al.,a similar strong positive trend exists (though not shown in
2010). To assess the role of acid-catalyzed secondary re~ig. 2) for,&ab4405/532) VS. NQ/SO‘%_ ratios during trans-
actions, we estimate the acidity of particles by calculatingport episodes in CAPMEX. Large poly-aromatic hydrocar-
the ratio of measured molar concentration of major cationsbons and nitrated PAH molecules exhibit electronic absorp-
[NHj{/lS and N&/23]measto the molar concentration of an- tion bands in the visible and could potentially be significant
ions needed to neutralize [l\Il—+Na+]meas taken as the sum in this case as products of heterogeneous atmospheric pro-
of the molar concentration of the major anionic speciesfNH cessing (Ruiz-Morales and Mullins, 2007). In contrast, we
and Na]pe=[2xSOE /96+NQ; /62+CI/35.5] (Zhang et find thatAdey increases slightly with increasing OC/$0ra-
al., 2005;Zhang et al., 2007).” We include Neue to the t|os_, showmg the smaller partllcles more frequently occurred
influence of sea-salt throughout the campaign. Dissolved?Urng the intermediate and high .OC/$'03\./ent.s, afactver-
organic acids may make aminor contribution to the chargefied by the measurements of size distribution (Sect. 3.5).
balance but were not measured and are not considered her&liS iS consistent with aged, mixed OC, sulfate, and nitrate
When [Nl‘H+Na+]mea£[NHI+ Na*]preq 1.0, the parti- aerosols (_exhlbltmg a propensity to absorb more light in the
cles can be considered neutralized in the bulk and wherP!U€ causing reduction @isos.
the ratio is<0.75 the particles are acidic. For the particles
in CAPMEX we calculate [NI$+Na+]meas= 1.134+0.06
[NH +Na']preq— 0.00006+ 0.0109, indicating the particles
are not acidic in the bulk and does not support the hypoth-
esis that light-absorbing material arose from acid-catalyzedye yse the chemical composition angipgA) data to
reactions. However, particle nitration reactions may have aseparate brown carbon, elemental carbon, and coat-
substantial effect on aerosol light absorption, especially uning (morphological) contributions to total aerosol mass
der the transport conditions encountered here. absorption cross sections using an empirical model:
The changes in mass of OC and Na@re relatively small  (MAC a1 = MACEc+ MACgic). We have calculated the
across the transport episodes, what changes significantly igpisodic MAGga by dividing the measured absorption by
the relative S§~ percent composition (86% in episode 3, the sum of measured OC and EC mass for each Og1SO
44% in episode 8, see Table 2). The changes in comepisode [MAGotai() = BME3)/(ECmasstOCmass]-
position, size distribution, and mixing state influence the 7o estimate absorption by “uncoated” soot, we use
optical properties in pollution transport episodes observechyplished MAC values (104£0.6nm?g~! at 405nm,
during of CAPMEX. The decrease 405 could be at- 7324+ 05nfg ! at 532nm, 4.2402mfg! at
tributed to reduction in partiCle size (Wthh is observed di- 781 nm) for denuded soot collected in a recent labora-
rectly and discussed in Sect. 3.4), thereby decrea8ing  tory study (Cross et al., 2010). We then multiply our
or to changes in particle composition. To separate thesgpserved Egass by the aforementioned MAC to esti-
effects, bothAd; and Aand405/532) are plotted as func- mate the light absorption from uncoated elemental carbon
tions of composition (OC/S%)) and included in Fig. 2. (BS5L=MACdenuded soox ECMeay at each PASS-3 wave-
The increase irﬁabs(405/532) observed with increasing OC length. We then postulate OC absorption is negligible at
fraction demonstrates that enhanced short wavelength aliZ81 nm and dominated by black carbon and empirically

3.4 Brown carbon mass absorption cross section
(MAC g,c) and coating effects on elemental carbon
MAC (MAC gc)
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Fig. 2. Single scatter albedo at 405 nm plotted against OG/Sénd against NQ/SOZ~, A,pd405/532) plotted vs. OC/SP, andA4%3
VS. OC/SCi’ for episodes 3-8 of CAPMEX. The highesfgs occurred for the lowest OC/C‘ZQ ratio (0.93 and 0.12; episode 3) and the
lowestwyqs occurred for the highest OC/%O ratio (0.79 and 0.56; episode 8).

determine a factor that best matchg$! to our measured tween 2.1:0.1and 3.4:0.1 n? gt at 405 nm and between
Babd781nm); BSSL= f x BN, We interpretf as the 0=£0.1and 1.8:0.1nPg ! at 532nm and that brown car-
absorption enhancement factor for the coating and find thabon accounts for up to 50% ¢f}°2Y{405nm) in episode 8
this ranges from 3—6 (at 781 nm) for the transport episodes irand up to 20% of3[}3*{532 nm) in episode 2. Table 3 ex-
CAPMEX. This is attributed to the net absorption enhance-hibits the MAGs,c and absorption fractions for each episode.
ment by clear and/or absorbing coatings on elemental carbo&imilar MACs for OC have been reported (Favez et al., 2009)
aerosol cores. Our values are much higher than the enand similar EC and OC contributions to total aerosol absorp-
hancement reported in limited observational studies (Crossion have been observed for ambient mixed carbonaceous
et al.,, 2010) (Schwarz et al., 2008). We hypothesize thaterosol (Barnard et al., 2008; Clarke et al., 2004). Our anal-
large enhancements observed in CAPMEX can result fromysis elucidates how light absorption is enhanced by brown
increased coating thickness during aerosol transport than icarbon directly and indirectly by coatings on elemental car-
laboratory studies (Cross et al., 2010) and also the mixedon cores for the CAPMEX episodes. We find that coated
carbonaceous aerosol may contain material that absorbs iBC makes a considerable contribution at 405 and 532 nm
the red (Gyawali et al., 2009; Garland et al., 2008). Thick for all episodes except for the fire-impacted episode 8. Our
coating on mixed carbonaceous aerosol are pervasive iIMAC results for brown and coated elemental carbon should
polluted environments, as reported in the Mexico City out- be valuable for constraining MAt¢ and MAGg,c for car-
flow where morphological analysis demonstrated that blackbonaceous aerosol and quantitatively determining their im-
carbon were coated 55% of the time with a median volumepacts on radiative forcing and photochemistry.

fraction of 15% (Adachi and Buseck, 2008). Additionally,

we are able to determine percent contributions of EC and3.5 Wavelength dependent refractive indices from size

EC coating to the overalB}}°®>at each wavelength using and optical properties
[BESL)IBTEAA)]. We find elemental carbon absorption

and the coating effect accounted for 73%pgd405nm) in  Particle number size distributions were measured during
episode 7 and 99% @532 nm) in episodes 5 and 8. The CAPMEX using both SMPS and APS particle sizers. The
smallest coating effect was observed during episode 8 (33 %6MPS and APS particle diameters are merged into a distri-
at 405 nm). bution covering 10.4 to 19800 nm. The APS particle aero-
Finally, we are able to estimate MAgg for carbonaceous dynamic diameters were converted to actual diameters using
aerosols from our CAPMEX data. The difference betweena procedure outlined by (Hand and Kreidenweis, 2002). A
our BNe27405 nm) andgfie2{532 nm) compared witlBSs.  reference particle density of 1.6 g crhis assumed through-
(at 405 and 532 nm) is attributed to brown carbon absorptiorout. We have separated the number size distributions into
(additional absorption than has been accounted for by théhree groups according to the OC/?Oratio, the same as
coating of elemental carbon cores). We determine M@AC  for the optical property correlations: high (mean distribution

by [(Bmea— BEEY)/OCmasd. We infer MACg,c ranging be-  for episode 8), intermediate (mean distribution for episodes
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Table 3. Mass Absorption Cross Sections (M), brown carbon MAC (MAG,c), enhancement factoy'§, and percent contribution to
total absorption 554405 nm) andB;p{532 nm)] for Asian transport episodes observed during CAPMEX.

Episode MAGotal MACgc f EC EC+coat OC EC EC+coat OC
405nm 532nm 781 nm 405nm 532nm 781 nm 405nm 532nm
3 9.0+0.1 4.8+0.1 26+0.1 34+0.1 1.0+0.1 0.4+0.1 6.0 0.10 0.65 0.34 0.17 0.82 0.17
4 6.0+0.1 3.1+01 14+01 26+0.1 0.8+01 0.1+£01 35 0.18 0.64 0.36 0.23 0.80 0.19
5 6.3+0.1 26+0.1 1.740.1 25+0.1 0.0&£0.1 0.2+0.1 4.3 0.16 0.66 0.34 0.23 0.99 0.01
6 5.0+0.1 22+0.1 1.2+0.1 21+0.1 0.2+0.1 0.0+£0.1 3.0 0.22 0.67 032 031 0.93 0.07
7 85+0.1 4.3+0.1 26+01 28+01 04+0.1 0.3+01 43 0.17 0.73 0.27 0.22 0.93 0.07
8 56+0.1 16+0.2 12+0.1 34+0.1 0.0+£0.2 0.3+0.1 3.2 0.16 049 051 031 0.99 0.01

4, 5, 6) and low (mean distribution for episodes 3, 7). The
merged results for the high, intermediate, and low OCﬁ/SO

episodes are shown in Fig. 3. We find mean patrticle diam-
eters calculated from each merged size distribution for the
OC/SG™ ratio groups are 72.4nm, 92.5nm, and 124.5nm

for the high, intermediate, and low OC/%Dratios, respec- @]

tively. A shift to smaller size at higher OC/ﬁO ratios is =
consistent with expectations based on back-trajectories anc; ~ ,°
distinct chemical compositions of the sources. The mean ©

particle diameters are also consistent with the slight rise in I
Asc{405/781) with increasing OC/ﬁO as shown in Fig. 2. , E = :Zdogéegi ?Zémr::;anj ;;55 o :

The CPC total count is used to adjust the total concentration 107 B T 0 e, mean D, = 72.4 nm

count and account for particle losses within the SMPS. The S S S U s o

SMPS plus APS size distributions, together with the CPC v st 2t %000

total count, are used as constraints to determine effective re- diameter / nm

fractive indexes inferred from fitting the mean aerosol opti-

cal properties measured by the PASS-3. The ratio definedtig. 3. Particle number size distribution measured with SMPS and
asAcpc= CPC/SMPS is on average 4.2 over the data rangeAPS systems during CAPMEX. The mean particle diameters cal-
available during the entire campaign; however, this value isculated from the number distributions are 72.4nm, 92.5nm, and
highly variable for the different episodes; therefore to fur- 124.5nm for the high, intermediate, and low OCfSCepisodes
ther constrain its value, we adjusteidpc by constraining and their locations in the number distribution are shown by the
the fitted real part of the index of refraction for the aerosol C010r-coded arrows.

measured during the low OC/%O episodes. For this case

we assumed tabulated values for the real part of the index of

refraction for sulfate and for EC and OC in the green, and To retrieve the complex refractive indices-¢ ik) for all
derived a volume-averaged value of= 1.435 (d’AImeid:al cases for different wavelengths, we follow the procedure de-

et al., 1991: Bond and Bergstrom, 2006). The reason fOIscribed next. Using the scaled observed number size distribu-
using, the low OC/S§ episode as a constraint is that the 1oNS (AcpcdN/diog Dp)for particles smaller than 2000 nm,

EC and OC component contribute minimally to the real in- W€ vary the real and imaginary parts of the refractive in-

dex of refraction at 532 nm and therefore the exact value oidex ELO _mgtch tge nt]le?n valur?sl,:)AofS?Z obserlﬂ@&(t)ﬁ) \?\?dth
their refractive indices is not critical. A particle count adjust- Pscd2) In epenaently for eac =05 Wavelengin. We then
ment factorAcpc= 3.78 was found by forcing the fitting to calculate a weighted average residual between the measured

n = 1.435 and thedcpc was used for the rest of the fitting 2nd the calculategang(1) andsc42) and take the average
analysis. The fitting is done using a homogeneous spher nd the standard deviation of the indices of refraction that

Mie theory code to match the optical property observationsreSUIt in a discrepancy between the predicted and measured

(absorption and scattering at three wavelengths) for the high(,jata that IS below 5%. The 5% threshold was chosen asa
medium. and low OC/Sb cases as discussed next. conservative representation of the measurement uncertainty.
’ This fitting process is repeated for each of the O@SO

cases to determine effective bulk imaginary indices of re-
fraction for ambient mixed carbonaceous aerosol undergoing
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transport to Jeju. The complex refractive indices for each
of the high, intermediate, and low OC/$Oepisode groups
are separated into their real and imaginary parts and plotted
against wavelength in Fig. 4. The error bars represent only
the standard deviation of the mean of the real and imaginary
parts of the refractive index and do not include other sources
of uncertainties (e.g. uncertainties in particle concentration).
The mean particle diameters and wavelength dependentcom-g ,, 1 1 A
plex refractive indices for the low, intermediate, and high 400 500 600 700 800
OC/SG~ cases are listed in Table 4. wavelength / nm

-e- low OC/SO,*
- med OC/SO,*
-e- high OC/SO,*

1.50 i

14555 i

Real part of refractive index (r)
—-
n
n

Enhanced absorption by organic and nitrate rich aerosol is
evident in the observed increase of the imaginary part of the
refractive index §k/61) and by the enhanced rate of increase
with wavelength /1) at short wavelengths. The imaginary
part of the refractive index] is greater for larger OC/Sfp
ratios at all wavelengths. A distinct, sharp increaseé @t
short wavelength (405nm) for the high OC/SOepisode
implies enhanced light absorption by OC in this forest-fire
impacted plume (Chakrabarty et al., 2010). As the OCﬁ/‘SO
ratio increasessk/s1) increases as well. The highest value
at 405 nm fork (0.029) is observed for the high OC/$0 wavelength /nm

episode 8. We hypothesize that the absorption enhancerig. 4. Complex refractive index for calculated for low, medium,
ment at short wavelength is due to absorption by OC (€.gand high OC/S§~ episodes in CAPMEX. The color-coding is

large polyaromatics) or by OC processed in the presence 0g\nalogous to Fig. 3, the high OC/%O case is in blue, the inter-
NOy to particle phase organic nitrates. We also note that

there is short-wavelength enhancemerit far each episode, mediate OC/S@Y In black and the high OC/S‘?Q case in red.
showing the general absorption enhancement of OC, which

is present in each composition ratio group. The largest enOCmasscomposition data for closure and to quantify the ef-
hancement fok (200%; k405 nm)/(k781nm) is calculated for ~ fects of mixing and processing. The mean EC and OC mass
the high OC/S@" episode, also corresponding to the low- percentage of Pl total mass are 0.3 and 2.8% for the low
estwaos measured for any aerosol transport episode in theOC/SG~ case, 0.7 and 5.6% for the intermediate OC7SO
campaign. The enhancement is less for medium and lowcase, and 0.7 and 7.8% for the high OCﬁSQase. Using
OC/SG~ and NG;/SC;~ ratios ¢~150%), which indicates  our derived k values at 781 nm, we can estimate the episodic
that w()) is determined by the amount of OC, §CGand  coating factor () by considering the ratio:f :k‘;g'f/((EC

SC;~ in mixed carbonaceous aerosol, primarily at shorterPMzs mass %/1003k%), wherek%) = 0.71, the wave-
wavelengths. Taken together, the in sitGr), composition,  length independent imaginary component of the refractive
and size distribution measurements, and the calculated comndex of soot (Bond and Bergstrom, 2006). Estimation of
plex refractive indices corroborate reports of enhanced short in this fashion for the each of the OC/§Ocases gives
wave absorption in remote column radiance data for carbonacoating enhancement factors of 3.1, 2.0, and 2.7. These ab-
ceous aerosol made in Mexico City (Barnard et al., 2008),sorption enhancements at 781 nm are smaller (due to mass
for example. Additionally, the wavelength dependence ofbased approximate optical calculations) but are consistent
our complex refractive indices at 405, 532, and 781 nm deWwith the mean coating enhancement factors 5.2, 3.6, and
termined from our direct and comprehensive in situ mea-3.2 calculated independently for the low, intermediate, and
surements of aged, complex mixed carbonaceous aerosol Bigh OC/S@~ cases in Sect. 3.4. The largest enhancement
Cheju over a 2 month period are consistent with analysis of ds predicted for the low OC/S%) case with either method

ha_ndful of quartz filter samples of chh less aggd urban poland the higher oc/gb cases exhibit similar mean pre-
lution and smoke samples (from Weizmann Institute rooftopdicted absorption enhancements. Additionally, we are able
in Rehovot, Israel) at 390 and 532 nm reported by (Dinar eto separatetec from kgrc using (53— k539 and deter-
al., 2008), and the complex refractive index at 550 nm from a,..; — i
similar size-resolved optical property analysis of some fresamIne an effectiveg,c thaF matches t_he_eplsod|c OC M
o . Ip _ t?] ||° . Y X y . b oty dnass percent from the filter analysis, i.e. OC mass percent
aiongggz)smo e samples in the laboratory (Hungershoefer %: ['(kggg_kgg'p/km]xloo. ThekBr¢ term describes the

" : imaginary component of the refractive index of the non-
We compare the complex refractive indices derived abovesoot material in the aerosol, likely a mixture of absorbing

with independently measured BMltotal mass, Eass and OC and nitrated-OC. Optimizin@,’3rC for all three cases,

-e- low OC/SO,* i
-e- med OC/SO,*
-e- high OC/SO,*

Imaginary part of Refractive Index (k)
=)
>
=
T

400 500 600 700 800
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Table 4. Mean particle diameters and complex refractive indices for the low, intermediate, and high ﬁj&tﬁ@as in CAPMEX. The

complex refractive indices are calculated from an iterative procedure constrained by observed wavelength dependent optical properties,
discussed in the text. The mean particle diameters are calculated from the merged particle number size distributions in each of the low,
intermediate, and high OC/%O cases.

Composition ratio Mean particle diameter  Wavelength/nm Complex refractive index
low OC/SOAZ[ 124.5nm 405 1.444 0.01-0.012+ 0.00%

532 1.434+0.01-0.008t 0.00%

781 1.542+0.01-0.00%7 0.00%
intermediate OC/SﬁT 94.5nm 405 1.598 0.01-0.01# 0.00%

532 1.54'A0.01-0.013: 0.00%

781 1.668+ 0.01-0.01H 0.00%
high OC/SCi_ 72.5nm 405 1.492-0.01-0.029 0.00%

532 1.426+ 0.01-0.014 0.00%

781 1.524+0.02-0.015t 0.00%

we determine thatc/BrC =0.17, 0.11, and 0.16 match the chemical composition and optical properties. Also, we show
OC PM, 5 mass percent for the high, intermediate, and lowthat MACg,c can represent a substantial part of the total
OC/SQ’;‘ cases, respectively. Many poly-aromatics and ni- MAC for carbonaceous aerosol. Overall, our findings under-
trated PAH species have values between 0.1 and 1 near score the manner in which OC can enhance light absorption
400 nm, see table 3 in Jacobson (1999), and their formaby coating and mixing with EC and exhibits how absorbing
tion and entrainment in particles, especially during trans-and non-absorbing components of carbonaceous aerosol can
port, can increase short wavelength absorption appreciablynoderate absorption across the visible spectrum.

We have closed the loop between the particle size distribu- A recent study shows that a small reduction in global

tions, chemical composition, and optical properties to showmean aerosol single scatter albedo (0.986 to 0.970 at 550 nm)
how the chemistry and morphology of mixed carbonaceousrom a higher absorbing carbonaceous fraction increases
aerosol can significantly increase their ability to absorb sunthe net anthropogenic radiative forcing 0.3 Wni2
light, thereby forcing climate and altering local photochem- from —0.5Wn12 (Myhre, 2009). For a fire-impacted
istry. high OC/SCﬁ‘ episode in CAPMEX, we observed]gs =
0.79+0.05, w532 = 0.84+0.10, w7g1 =0.83+0.11] com-
pared with meandsos = 0.9240.05, ws3» = 0.94+ 0.06,
4 Conclusions and significance w7g1 = 0.95+0.05] observed during two low OC/%O
episodes. Chemical composition (both absorbing and non-
Transport of absorbing carbonaceous aerosols accounted f@ibsorbing, organic and inorganic components) significantly
76% of the observation time on Jeju, South Korea in Augustaffects aerosol optical properties particularly at shorter wave-
and September 2008. We sampled a range of polluted ailengths, especially during transport. Furthermore, our empir-
masses with varying amounts of particle carbon, sulfate, orical analysis also show that coatings and processing during
ganics, and nitrate. Direct photoacoustic measurements Gfansport may enhance light absorption by black carbon by
intensive optical properties are empirically correlated with factors of greater than 3 indicating that the published esti-
chemical composition observations. Episodes with highmates of warming and heating rates derived from filter-based
OC/SG~ and NG;/SO;~ ratios exhibit lowerwags, which particle absorption measurements are likely too low and need
is corroborated by the optical closure analysis. We close thge-examination for wavelength and composition dependence
loop between particle size, composition, and optical property(Ramana et al., 2010). Our results underscore the need to
data by using them to extract wavelength-dependent complexxplicitly parameterize aerosol composition effects on wave-
refractive indices over a range of OC/$Oratios. We pre-  |ength dependent optical properties in regional chemistry and
dict the largesk (0.029) at 405 nm for episode 8, which has climate models to asses their climate impacts, particularly
the highest OC/S$) ratio, and the imaginary component is in the Asian outflow, whose composition is changing due to
2.4x greater thaw predicted at 405 nm for the low OC/§O energy growth and clean air policies. Our chemical-optical
case. We used the complex refractive indices to make simirelations and derived wavelength dependent MACs for car-
lar quantitative conclusions about the coating absorption enbonaceous aerosols provide empirical parameterizations that
hancement factor compared with an analysis based solely oanable such analysis by modelers.
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