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Abstract. Secondary organic aerosol (SOA) and oxidized This range ofcorg and O/C ratio is significantly wider than
primary organic aerosol (OPOA) were produced in labora-has been previously obtained. To first order, hg-to-O/C
tory experiments from the oxidation of fourteen precursorsrelationship is well represented by a linear function of the
representing atmospherically relevant biogenic and anthroform «qrg = (0.18+0.04) x O/C + 0.03, suggesting that a sim-
pogenic sources. The SOA and OPOA particles were genple, semi-empirical parameterization of OOA hygroscopicity
erated via controlled exposure of precursors to OH radicalsaand oxidation level can be defined for use in chemistry and
and/or Q in a Potential Aerosol Mass (PAM) flow reactor climate models.

over timescales equivalent to 1-20 days of atmospheric ag-
ing. Aerosol mass spectra of SOA and OPOA were mea-
sured with an Aerodyne aerosol mass spectrometer (AMS)1
The fraction of AMS signal am/z=43 andm/z=44 ({43,

fa4), the hydrogen-to-carbon (H/C) ratio, and the oxygen-t0-The physical and chemical properties of organic aerosols
carbon (O/C) ratio of the SOA and OPOA were obtained,(oA) are highly complex. Due to atmospheric processes
which are commonly used to characterize the level of oX-gych as dilution, mixing and oxidative aging that result in
idation of oxygenated organic aerosol (OOA). The resultsformation of oxygenated OA (OOA; Zhang et al., 2005), OA
show that PAM-generated SOA and OPOA can reproducgy gperties are highly dynamic, making their characterization
and extend the observefis—/s3 composition beyond that  chajlenging. The task is further complicated by limitations
of ambient OOA as measured by an AMS. Van Krevelen di-in common measurement techniques (often incomplete and
agrams showing H/C ratio as a function of O/C ratio suggestngirect) that are typically used to characterize OA in situ.
an oxidation mechanism involving formation of carboxylic ¢yrrent knowledge is summarized in several artickszgi

acids concurrent with fragmentation of carbon-carbon bondset 51, 2006 Kroll and Seinfeld 2008 Hallquist et al, 2009
Cloud condensation nuclei (CCN) activity of PAM-generated jimenez et a]2009.

SOA and OPOA was measured as a function of OH exposure The characterization of OOA in climate models requires

and characterized as a fuqcnon of O/C ratio. CQN activity gimplifying parameterizations of aerosol chemical and phys-

of the SOA and OPOA, which was characterized in the4f°rmical propertiesKanakidou et al.2005. Laboratory and field

of the hygroscopicity parameteprg, ranged from 8.4 10 measurements have shown that meaningful simplified repre-
to 0.28 over measured O/C ratios ranging from 0.05 to 1.42 g ntations of OOA chemical composition are possible (Mur-

phy et al., 2006; DeCarlo et al., 2006; Pratt et al., 2009;

Hawkins et al., 2010; Mazzoleni et al., 2010). Source ap-

Correspondence toA. T. Lambe portionment of OA using Aerodyne aerosol mass spectrom-
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last several years (e.ghang et al.2005 Lanz et al, 2007, with the AMS. Thefss andfsz measurements are correlated
Hildebrandt et a].2010. Ng et al.(2010 demonstrated that with corresponding H/C and O/C ratio measurements to re-
the measured fraction of AMS organic signalsnaftz=43 late unit mass resolution AMS measurements to the more
(fa3) andm/z=44 (44) provide a reasonable representation universal H/C and O/C elemental ratiddg et al, 2011H.

of the OOA oxidation level. In general, the AMfg, in- Van Krevelen diagrams are used to provide insight into pos-
creases and the AMf3 decreases with oxidation level of sible oxidation mechanism¥dn Krevelen1950. The CCN

the OOA. Based on higher mass resolution AMS measureactivity of the SOA and OPOA is characterized using the hy-
ments Aiken et al, 2010 DeCarlo et al.201Q He et al, groscopicity parameter, and a correlation betweenand
2010, the increase iffy4 is interpreted to be due to forma- O/C ratio is obtained.

tion of Cq ions, while the decrease Tz is due to oxida-

tion of C3HS and/or GH3O™ ions. High-resolution AMS

measurements have made it possible to obtain more detaile?l Experimental methods

information about OOA mass spectra, leading to other sim-

plifying representations. One such representation, which i2.1 Overview

not limited to AMS measurements, focuses on the ensemble

oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/C) ra-The SOA and OPOA precursors were oxidized in a PAM flow

tios of organic aerosolsA{ken et al, 2008 Wozniak et al. reactor, which is a horizontal 151 glass cylindrical cham-
2008 Heald et al.201Q Mazzoleni et al.201Q Kroll et al., ber 46 cm longx 22cm ID. Organic species were trans-
201D). ported through the PAM reactor by a carrier gas consisting

of 8.5lpm N> and 0.5lpm @Q. The average species residence
time in the PAM reactor was typically 100s. Four mercury
lamps (BHK Inc.) with peak emission intensityiat 254 nm

Inadequate representation of OOA CCN activity is a po-
tentially large source of uncertainty in climate modé&han

and Schwartz2007 Liu and Wang 2010. Field experi- were mounted in teflon-coated quartz cylindrical sleeves in-

ments have measured OOA with higher CCN activity in ar cie the chamber, and were continually purged with The

masses that are distant from sources and characterized by in- o
creased atmospheric processitzhéng et al.201Q Wang Size distribution and AMS spectra of PAM-generated SOA

: and OPOA were measured with a combination of a Scanning
et al, 2010. Lgporatory expenments'have also shown th.atMobiIity Particle Sizer (SMPS, TSI 3080 DMA and 3010
the hygroscoplcny of SOA and OPOA increases as afuncnonCPC 5:1 sheath-to-aerosol flo,vv ratio) and an AMS, respec-
of oxidant exposureHutff Hartz et a l 2005 Varutbangkul tively,. The aerosol was size-selected by a DMA (6iﬁeren-
XN?JlI;uzg?gl PZ%t(t)ZrSGitof’l'sigzgggléngoitqagoi?giﬁ Qts aal- tial Mobility Analyzer) prior to CCN measurements with a
' 9 ’ : ' continuous flow CCN counter (CCNC, Droplet Measurement
201Q Engelhart et a).2011). Therefore, an important ob-

o . L . . . Technologies) operated at 0.5 Ipm. A simplified schematic

jective of ongoing studies is determining simple correlat|onsd. fth . | s sh L

of relevant chemical and physical properties of OOA using llagram o the expenmentg Setup is shown in F.hglnpuj[
lines 1 and 2 provided carrier gases(ND;) and OH radi-

readily measured parametedinfjenez et al2009. A recent . .
. . . cal precursors (& H20). Lines 3, 4, and 5 supplied SOA
study byMassoli et al(201Q characterized the CCN activ- and OPOA precursors that are discussed in Qe&tPrior to

ity of SOA generated from three precursors over 0X'd‘f’ltloneach experiment, the PAM reactor was conditioned with OH

exposures equivalent to 0.5-10 days of atmospheric agingr'adicals until a particle background less than 10émas
Massoli et al. found that CCN activity was positively cor- attained

related with the SOA O/C ratio (O/C=0.38-0.98) and had
hygroscopic properties similar to ambient OOA. While these
studies have provided a baseline characterization of SOA an

.OPOA CCN activity, they span a'smgll sgbset of atmospher-OH radicals were produced via the reactiop ©hv — 0O,
ically relevant precursors and oxidation timescales.

+ O(D) followed by the reaction GD) + HoO—2 OH.

In the present work, we generate SOA and OPOA from theO3 was generated by irradiating,Qvith a mercury lamp
oxidation of fourteen precursors using a Potential Aerosol(A =185 nm) outside the PAM reactor. The; ©oncentra-
Mass (PAM) flow reactorang et al, 2007 Lambe et al.  tion was measured using ary @onitor (2B Technologies).
2017). In addition to SOA generated from the oxidation of Oxygen (G'D)) radicals were produced by UV photolysis of
well-known volatile organic compound (VOC) precursors, Oz inside the PAM reactor. The radical(D) then reacted
we characterize the properties of SOA generated from oxi-with water vapor (introduced using a heated Nafion mem-
dation of intermediate volatility organic compounds (IVOC), brane humidifier; Perma Pure LLC) to produce OH radicals
which have recently been identified as potentially importantinside the PAM reactor. Most experiments were conducted at
sources of SOARobinson et a).2007 Chan et al. 2009 relative humidities ranging from 30 % to 40 %, depending on
Presto et a) 2009 de Gouw et a].2011). Mass spectral mea- the temperature in the PAM reactor (2282 at different
surements of PAM-generated SOA and OPOA are obtainedJV lamp settings. At a given measured relative humidity,

5.2 OH radical generation
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Fig. 1. Simplified schematic of experimental setup. As indicated, inputlines 1 and 2 provide carrier gages)@hd OH radical precursors
(O3, H20). Line 3, 4, and 5 provide precursors for SOA and OPOA production as described in Sect. 2.3.

this parameter remained constant to witHi® %. A sub-  tions as a result of ®absorption. In addition to OH and3O
set of experiments was performed at higher RH (52 %—60 %)oncentrations, other parameters that can potentially differ
and is discussed in more detalil in Sect. 2.3. from atmospheric conditions and induce experimental arti-
The OH exposure, which is the product of the OH con- facts are oxidant ratios (e.g. OH/HCHO,/R0,), precursor
centration and the average residence time in the PAM reacand aerosol Conc_entratl_ons, and wall interactions. AII labo-
tor, was varied by changing the UV light intensity through ratory ch_ambers, including smog chambers, are subjected to
stepping the voltage applied to the lamps between 0 andhese artifacts\latsunaga and Zlemanﬁom_ Lambe et al.
110V. The OH exposure was obtained indirectly by mea-2011. One advantage of the PAM reactor is that wall losses
suring the decay of SOdue to reaction with OH in the &re reduced relative to smog chambers.
PAM reactor. SQ calibration measurements were conducted
as a function of UV lamp intensity andsQconcentration
(Lambe et al,.1201]). Typical OH2 exposures3ranged from cigure S1 in the Supplement shows molecular structures of
(1'&9'8)3101 to (2'5*0'7':’)X101 moleccmr®s.  EXpo-  goa and OPOA precursors used in the present work. SOA
suresin this range are equivalent to 1-20 days of atmospherl\g,as generated via gas-phase oxidation of VOCs and IVOCs,
oxidation assuming an average atmospheric OH concentrggiqyed by homogenous nucleation. Subsequent heteroge-
tion of 1.5x 106_molec cnr (Mao et al, 2009. Both G5 45 oxidation of the SOA is possible, but is likely too slow
and OH can oxidize organic species. However, even wigh O o of significance relative to much faster oxidation in the
present, OH was the principal oxidant in all experiments ex-gas phaseL@mbe et al. 2009. OPOA was generated via
cept for selected studies witrpinene ands-pinene, where  peterogenous oxidation of condensed-phase precursors.
experiments with @ as the oxidizing agent were conducted The VOC precursors used in this study werdecane if-
by turning the lamps off. Cio), isoprenep-pinene,B-pinene, toluene, m-xylene, and
OH concentrations in these experiments (approximatelymesitylene. VOC precursors were prepared in compressed
2x10° to 2x 109 molec cnt3) are higher than ambient OH gas cylinders and introduced into the PAM reactor at con-
concentrations, although the integrated OH exposures argolled rates using a mass-flow controller. Depending on the
similar. To first order, a heterogenous oxidation kinetics specific study, mixing ratios of the gas-phase precursors en-
study byRenbaum and Smit{2011) found that increasing tering the PAM reactor ranged from 50 to 330 ppb (see Ta-
the OH concentration from>»810® to 2.6x10'° molec cnt3 ble S1 in the Supplement). The IVOC precursors used in
while decreasing the corresponding flow tube residence timehis study weren-heptadecanen{C,7), diesel fuel, longifo-
from 66 to 2s yielded similar results. From their analysis, lene, and naphthalene. With the exception of naphthalene,
they suggest that extrapolation of flow tube reactor condi-IVOCs were introduced into the carrier gas flow using a per-
tions (high [OH], short exposure times) to atmospheric con-meation tube placed in a temperature-controlled oven as de-
ditions (low [OH], long exposure times) is appropriate. scribed byMcKinley (2008. Naphthalene vapor was in-

The most significant experimental artifact arising from the froduced by flowing N over solid naphthalene placed in a
use of high OH concentrations is probably nonreactive ab-Teflon tube Chan et al.2009. Representative size distribu-
sorption of G on the surface of particlesRénbaum and tions of SOA generated from-pinene and naphthalene are
Smith, 2011). Oz absorption may block active sites on the shown in Fig. S2 of the Sgpplement. Semivolatile oxidation
surface of particles that would otherwise be available for het-Products may have partitioned less to the condensed phase
erogenous oxidation by OH radicals. Ag@vels used in @S @ result of UV lamp-induced temperature changes in the
the present work, the results of Renbaum and Smith sugge$tAM reactor.
a~30 % decrease in the rate of heterogenous oxidation reac-

2.3 Particle generation

www.atmos-chem-phys.net/11/8913/2011/ Atmos. Chem. Phys., 11,8928-2011



8916 A. T. Lambe et al.: Studies of chemical composition and CCN activity of SOA

Table 1. f44 and f43 for PAM-generated SOA/OPOA. Column 1 Table 2. Average Van Krevelen slopes [(H/C)/(O/C)] of PAM-
lists SOA/OPOA precursor, and “maxOH” and “minOH" denote generated SOA/OPOA. Typical slope uncertainty is 10—-20 %.
measurements at the maximumax 1012 molec cn3 s) and min-
imum (~1x 10 molec cn 3 s) OH exposures, respectively. Typi-

-9 Precursor Slope
cal measurement uncertainty is 5-10 %.
n-C1o -0.80
Precursor faamaxoH  fa3maxoH faaminoH  fa3minoH n-Ca7 —0.60
diesel fuel —0.64
n-Cqo 0.27 0.043 0.038 0.11 lubricating oil —1.7
tiosa! fuel o2 o005 005 om BES -087
iesel fue . ) : . .
lubricating oil 0.035 0087  0.0038 0.10 Isoprene —087
BES 0.055 0.076 0.013 0.054 a-pinéne —048
isoprene 0.12 0.12 0.077 0.16 p-pinene —0.57
a-pinene 0.28 0.064 0.085 0.16 longifolene  —0.45
B-pinene 0.27 0.044 0.065 0.11 glyoxal =12
longifolene 0.21 0.045 0.040 0.055 toluene —0.48
glyoxal 0.39 0.001 0.029 0.002 m-xylene —0.46
toluene 0.31 0.021 0.16 0.09 mesitylene —~0.55
m-xylene 0.30 0.048 0.095 0.17 naphthalene  —0.05
mesitylene 0.25 0.079 0.069 0.21
naphthalene 0.29 0.010 0.073 0.0079

2.4 Particle monitoring and analysis

OPOA was generated by heterogenous oxidation of bis(Z-P ficl iting the PAM ¢ dth h
ethylhexyl) sebacate (BES) and 10W-30 engine lubricating articles exiting the reactor passe rougn an annu-
oil particles. BES and lubricating oil particles were gener- lar denudgr filled with Carulite 20.0 catalyst (Qarus _C_orp.)
ated via homogenous nucleation in a heated flask. Particleg1at ?)electlvel_y removed ozone W'th.a denudmg effl_czle_ncy
were size-selected with a DMA (TSI 3071A) and were trans-?SO %. Particle numb_er concentrations and size distribu-
ported through an activated charcoal denuder that removel{ons Were measured with an SMPS. _
organic gas-phase and volatile condensed-phase species be-Mass spectra of the aerosol were measured with an Aero-
fore the particles entered into the PAM reactor. BES and®yN€ time-of-flight aerosol mass spectrometer (ToF-AMS)
lubricating oil particle diameters were 145nm and 200 nm(Drewnch et'aI,IZOOS DeCarlo et a'l. 2009. Elemen-
respectively. The purpose of the denuder was to maximiz%f_‘I analysis _yleldmg O/C and H/C ratios was performed on
the role of heterogenous oxidation in experiments with POA |gh-resolut|on_ ToF-AMS _(HR'TOF'AMS) measurements.
precursors (BES and lubricating oil). The influence of the de-IN some experiments this mstrum_ent was not avallgble and
nuder on gas-particle partitioning was minimal for BES be- measurements were performed _W|th a lower resolution com-
cause of its low volatility, but was significant for lubricating pact TOFI'AM_S (Ic-ToF—AMS).”FlgurefQ, 45, Z] S2, S3,
oil: about 60 % of the lubricating oil was removed from de- ang Table 1 include data collected rhom bo_t c-ToF-AMS
nuding. As a result, the influence of evaporation-oxidation- 2" HR-ToF-AMS meaSlér_emFelnts./ w en using C'EOF'A(';AS
recondensation cycling of OPOA, which has been observednéasurements presented in FigO/C ratios were 0 talne
in previous studiesMiracolo et al, 2010, was minimized in from f44 measurements that were converted to O/C ratios us-
the lubricating oil experiments ' ’ ing specific HR-ToF-AMS44-t0-O/C calibration factors for

Another set of experiments was conducted with an inter-eaCh, system. Thisis an ada'ptat?on of the t'echnique despribed
nally mixed primary aerosol composed of glyoxal and am- by Aiken et al. (2008, and is discussed in more detail in
monium sulfate. Particles were generated by atomizing ar>ect: 3.2. . ) )
aqueous solution of glyoxal and ammonium sulfate using a_ 1€ CCN activity of particles was measured with a con-
constant output atomizer (TSI 3076). To ensure that parti-inuous flow CCN counter (CCNC) using a previously de-
cles remained well above the crystallization relative humid-SCriPed techniqueRoberts and Nene2005 Lance et al.
ity of ammonium sulfate, the RH in the PAM reactor was 2006. Bnefly! the aerosol was S|ze-selecteq using a TSI
controlled in the range of 52% to 60% for these experi- 3080 DMA prior to CCN number C(_)ncentratlon measure-
ments. A separate calibration of the OH exposure using SO Ments with the CCNC and total particle number concentra-
was performed at these conditions. While the oxidized gly-{i0n measurements with a CPC (TSI 3022A). CCN activation
oxal/sulfate particles are OPOA, we instead refer to this ma-Curves were generated by holding the particle size constant
terial as SOA to more accurately reflect secondary formationVhile systematically varying the CCNC column tempera-
of glyoxal in the atmosphere. ture gradient to obtain controlled water vapor supersaturation

between 0.1-1.5% or until 100 % activation was reached,
whichever occurred first. The water vapor supersaturation

Atmos. Chem. Phys., 11, 8918928 2011 www.atmos-chem-phys.net/11/8913/2011/
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was calibrated using size-selected ammonium sulfate parti- OH exposure (molec om™s)

cles with dry diameters ranging from 25 to 85 nm. At each 00 05 10 15 20x107
size, the critical supersaturation was calculated from stan- e
dard Kohler theory, assuming the surface tension of pure wa- 0.4 @ b D Oxalic acid
ter and complete dissociation of ammonium sulfate in solu- ] n-Cio
tion. If dissociation of ammonium sulfate was incomplete, el
the calibrated supersaturation values are biased low relative 'gggca“ng oil
to the true supersaturation values. The CCN hygroscopic-
ity parametery, was calculated using Eq. (1pétters and .
Kreidenweis 2007), which was solved using &-lookup ta- \\
ble (http://www4.ncsu.edaimdpetter/code.htil "\.\
. D3—D? doy My . e e
(D)= D3_ Dg(l—K) exp< RTpw ) ( ) 0-4é (b) Pr&rsgralic acid
10 = isoprene
HereSis the saturation ratio over a droplét,is the cloud 03] \\. % fbinene
droplet diameterDy is the dry diameter of the size-selected i "'I_}g\i\ longifolene
particles Ris the universal gas constaiftjs the sample tem- ,SF 0 25 LEA
perature, andil,, ow, andoy, are the molecular weight, den- E
sity, and surface tension of water(=0.072Jn12). The 0.1;
critical supersaturatios;, which is determined from CCNC E
measurements, corresponds to the maximum value ir-the 0 E p - .
Kohler curve; note thad; = S—1. Selected dry mobility di- I s
ameters ranged from 45 to 150 nm for SOA and from 145 0414 progursor
to 200 nm for OPOA. The corresponding lower limits for 19 i gyoxal
«k-values ranged from 0.061 (45nm) to<60—* (200 nm). 0.3 0@\ O mggt';f;ie
Lower limits for all k-values are shown in Figs. S3 and S4 <+ L& @E\ 8 naphthalene
of the Supplement, along with upper limits forvalues of WSPo24l Ty TR Eq
unoxidized POA (6:10~%). Eachk-value represents an av- 1y = Nusi
erage of 1-4 separate activation experiments. 0.1 k =3
04 5 \.
3 Results and discussion 0 005 040 045 020 025
3.1 PAM-generated SOA/OPOA and its comparison f43

with ambient OOA
Fig. 2. f44 shown as a function of43 for SOA and OPOA gen-

As has been stated, the measured fraction of AMS organigrated in the PAM reactor from oxidation () alkanes and BES,
signals atm/z=43 (f43) and =44 {44) provide a reasonable (b) biogenic terpenoids, an(t) aromatics and glyoxal. Symbols

representation of the OOA oxidation level. The compo- are colored by OH exposure; error bars represelt in measure-
ments. Measured,3 and f4 of oxalic acid shown for reference.

nse\r/]tggxdeﬁ.? Thea;sure of leSS-OtXIdlzed’ S?mIVOIa“:? %O'Abashed lines indicate range of ambigit and f43 measurements
(SV- ) while thef,4 component represents more highly (Ng et al, 2010, while dashed-and-dotted lines indicate range of

OXidizeq' low-volatility OOA (LV-OOA) Huffman et al, laboratory measurements. For details see text.

2009 Jimenez et al.2009. Results of a thermal denuder

experiment, which is described in more detail in the Supple-

ment, are in qualitative accord with this interpretation of the

fa3 andfza components. Briefly, PAM-generated naphthaleneand HR-ToF-AMS. To simplify presentation, the data are dis-

ando-pinene SOA were produced at several OH exposures irplayed in three panels. Figuta shows SOA generated from

the PAM reactor and then passed through an Aerodyne themas-phase alkanes, and OPOA generated from BES and lu-

mal denuderkuffman et al, 2008 set to controlled temper-  bricating oil particles. Figur@b shows SOA generated from

atures ranging from 30 to 25C. In each case, tHgs-to-f43 biogenic terpenoid precursors, and F2g.shows SOA pro-

ratio increased after heating, as shown in Fig. S5 of the Supduced from aromatic compounds and from glyoxal, a known

plement. photooxidation product of aromatic compound®lkamer
Figure 2 showsfs4 versusfsz for SOA and OPOA gen- et al, 2002, Nishino et al, 2009 2010. In each figure,

erated from individual precursors in the PAM reactor. Data SOA/OPOA precursors are designated by symbols shown in

shown in this figure were collected with both the c-ToF-AMS the figure inset. The color of the symbols indicates the level

www.atmos-chem-phys.net/11/8913/2011/ Atmos. Chem. Phys., 11,8928-2011
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of OH exposure in the PAM reactor. Dashed lines indicatef44. The region defined by the dashed-and-dotted lines shown
the range off44 andfs3 observed in ambient SV-OOA and in Fig. 2 was constructed to bound the extremes offige
LV-OOA factors (Ng et al, 2010. In each figure, for com- andfss measurements obtained in the laboratory, with oxalic
parison, we showiy4 andfss for an atomized oxalic acid solu- acid as an oxidation endpoint. As is evident, measurements
tion (0.36 and 0.00048 respectively) measured in the preserfor SOA generated from glyoxal and mesitylene fall close to
work. Oxalic acid is a known oxidation product of aque- the dashed-and-dotted boundary lines.
ous glyoxal Ervens et al.2004 Carlton et al, 2007, is Several SOA precursors examined in the present work
often the most abundant dicarboxylic acid in ambient OOA |,5e been characterized in smog chamber stutligs: al,
(Sorooshian et 312006 Takegawa et al.2007), and rep-  201q Chhabra et a).201Q 2011). For a specific precursor,
resents the highest oxidation state of atmospheric organiCie f,, andfss of SOA generated in smog chambers and in
presentin aerosolK(oll etal, 201). the PAM at low OH exposures are generally similar. Be-
The following features are noted in Fig. (1) For all  c4yse higher OH exposures are possible in the PAM reactor
types of PAM-generated SOA, increasing the OH exposurgnan in smog chambers, the range of attaifgdncreases
|ncreases‘44. and decreasefys. However, as will .be dis-  gignificantly. One exception is SOA generated from iso-
cussedfys first increases and then decreases with OH exprene, which may have fragmented into more volatile prod-
posure in most cases. (2) For the SOA/OPOA displayed incts at higher OH exposures in the PAM reactardl et al.,

Fig. 2a and2b, the measureéhs and f43 signals span the  200g). This might have prevented the formation of SOA with
range observed in ambient SV-OOA and LV-OOA as indi- 1,0 12, Further, we note that our experiments were done

cated by the dashed lines. For SOA/OPOA generated fromy, the presence of water vapor, which is not always the case
precursors shown in Figc (and for some precursors shown or smog chamber studies. Relative humidity can influence
in Fig. 2b), f44 andfss extend significantly outside the am- he composition and distribution of oxidation products, as

bient range as delineated by the dashed-and-dotted boundapjg peen observed in some studies (daguyen et al.2011
lines. (3) With increased OH exposufas andfs3 for all Zhou et al, 2011).

types of PAM-generated SOA/OPOA converge towards the
faa andfs3 of oxalic acid. Tablel, columns 2 and 3 show
fa4 and the correspondinfyz measured at the highest OH
exposure £2x10%moleccn3s) for each type of PAM-
generated SOA/OPOA. Likewise, columns 4 and 5 show

with the correspondinéys obtained at the lowest OH expo- .
sure (10 moliccml?s)_ The highest measurdgh ang faz trend for SOA generated from these precursors. High-
correspondingdas for SOA generated from glyoxal afgs = resolution AMS measurements, which facilitate deconvolu-

" tion of the totalfs3 signal into separate fractions of organic

0.39£0.05 andfys = 0.0010.01. These values are similar signal consistingsofgg-ﬁ (f +)pand GHAO™ (f ?)
to those measured in our experiment with oxalic afid €  ° 7 \cgHd 3 C2H30
0.36,f43 = 0.0048). Lee et al.(2011) measuredaz andfsg ion fragments, revealed that thgs curvature arises from
for oxalic acid and for organics generated from the oxida-the increase and subsequent decreasi,if,o+ with ox-
tion of aqueous glyoxal. In their manuscript they presenteddation. This curvature iy3 was observed for SOA gen-
results graphically without stating numerical values. From €rated from gas-phase alkanes, biogenic terpenoids, mesity-
their graphical representation, we estimae~ 0.3 andfss lene, and naphthalene. Curvaturejifs3 space suggests a
~ 0 for both oxalic acid and oxidized aqueous glyoxal. progression from earlier-generation oxidation products con-

Figure 2 and Tablel, column 5 indicate that théss of  t&ining carbonyl functional groups (highky,n,0+) towards
PAM-generated SOA/OPOA at low OH exposures varies/ater-generation oxidation products containing acidic func-
widely over the range of precursors. This reflects the widetional groups (highefas, lower fc,p;0+). These trends will
range of precursor structures. As shown in Figs. S6-S8 of th&€ discussed further in Sect. 3.2. Tagcurvature observed
Supplement, the wide range of precursor structures is caplh the present work has also been observed in other studies
tured by the complexity of AMS spectra for several types of (Kroll etal., 2009 Ng et al, 2010 Chhabra et al 2011 Lee
SOA generated at low OH exposures. Thespread is par- €t al, 2013). However, SOA/OPOA produced from glyoxal,
ticularly wide for SOA generated from aromatic precursors lubricating oil, BES, toluene, and m-xylene did not exhibit
(Fig. 2c). For this class of compoundfig is low for SOA the clearfsz curvature as observ_ed in Fig. S9_. For each of
generated from non-methylated aromatics (naphthalene) ani€Se systems, there are plausible explanations for the ab-
it increases with precursors of increased methylation, reachS€nce of observablgs curvature. However, we cannot sup-
ing a maximum with mesitylene. The range of measuredPort these explanations without introducing significant spec-
f43, along with the overall complexity of the AMS spectra Ulation to the discussion.
(Figs. S6-S8), decreases with increasing OH exposure. This For SOA generated from the oxidation of gas-phase alka-
is presumably because oxidation converts the lesser-oxidizedes and longifolene, bot}‘tg«El;r and GH3O™ ions contribute
compounds contributing tfas to products that contribute to appreciable £10 %) fractions of the totah/z= 43 signal at

For PAM-generated SOA obtained from the oxidation of
nine of the fourteen precursors studiég,first increases and
then decreases with OH exposure. This change is empha-
sized in a separatgss—fa3 graph (Fig. S9 of the Supple-
ment), where data from Fig.are shown to highlight the;,—

Atmos. Chem. Phys., 11, 8918928 2011 www.atmos-chem-phys.net/11/8913/2011/



A. T. Lambe et al.: Studies of chemical composition and CCN activity of SOA 8919

(60 0.4 (a)  [Precursor
0 0204060810 ] ° naphthalene
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R : ? PPN
R ég \’\ ] Lo . 05 o
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0.44 (b) n-C;7 SOA ] Y ., AN
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0.37 AN A f(C3H,*) ’ L B L B L B AL
< T VA N\ | o fC,H0) 0.00 0.05 0.10 0.15 0.20 0.25
< 0.2 F
WIOZA B N fas
0131\ % I N . . .
] i RN Fig. 4. f44 shown as a function ofs3 for SOA generated in the
0.0 - PAM reactor from a mixture of naphthalene anepinene. f43
0.4 e and f44 data for SOA generated seperately from naphthalene and
T diesel fuel SOA a-pinene are replotted from Fi@. Error bars representls in
¢ total s ts. Dashed lines indicate range of amigigrend
03] A RO measurements. Da ge of amffigrnd f43
] ACsHy )+ measurements, while dashed-and-dotted lines indicate range of lab-
3 o2l -J_© ACH0T) oratory PAM reactor measurements.
Y ] N
0.14 S \’\
E ! N\ Ambient OOA represents a complex mixture of organics
0.0 : : : : : contributed from many precursors. To explore the mass spec-
0.00 0.05 0.10 0.15 0.20 0.2 tral characteristics of SOA generated from mixed precursors,
f43 we generated SOA from a mixture o6f50 % naphthalene

and~50 % «-pinene at several OH exposures. Theand
fa3 for this mixture are shown in Figd, together with the

low), and totalf43 (red) for SOA generated in the PAM reactor from fa4 andfsg data (from F'Q-Z) of SOA generatgd se_parately
the oxidation of(a) n-C1q, (b) n-C17, and(c) diesel fuel. Dashed from naphthalene and-pinene. Data shown in this figure
lines indicate range of ambienfy4 and f43 measurements, while ~Were collected with the c-ToF-AMS. The figure shows that
dashed-and-dotted lines indicate range of laboratory PAM reactofmixing two SOA precursors — one generating l&yy-SOA
measurements. and the other generating hidghy SOA — produces SOA with

fa3 approximately averaged between the two components.

) _ Specifically, thefsz of the naphthalenefpinene SOA mix-
low OH exposures. In these systerf1§3H7+ increases inthe /e ranged from 0.04 to 0.09, which is between thgof
following sequence: longifolene:diesel fuel<n-Cip <n-  naphthalene SOA ang-pinene SOA at each OH exposure;
Ci7. This trend suggests a correlation between carbon chaig similar result was obtained Hyee et al.(2011) from the
length of the precursor ari, - of the SOA. If GH3O"  aqueous OH oxidation of a mixture of glyoxal and pinonic
contributions td43 are isolated in these systems, the extent ofacid. In ensemble measurements of laboratory and ambient
f43 curvature increases, as shown in Fdor SOA generated  SOA mixtures, the extrentgs values may be minimized due
in the PAM reactor fronm-C19, n-C17, and diesel fuel. Inad- to averaging. Such a tendency is perhaps evidenced imtFig.
dition, for SOA generated from-Cy, n-Cy7, and diesel fuel, and also in Fig2, where the ambient OOA measurements
both Cq and GH4O™ ions contribute appreciable fractions fall within a smaller triangle than the laboratory measure-
of them/z= 44 signal at low OH exposures, as indicated by ments. Howeverfs4 of the mixture was always lower than
the Fig.3 colorbar. To our knowledge, in addition to SOA {44 of naphthalene SOA ang-pinene SOA at a specific OH
generated from isoprene at low OH exposures in this workexposure. This result suggests that a more guantitative un-
and in previous studiefNQ et al, 2010, these measurements derstanding of the mixed SOA composition would require
represent the only measurements of laboratory SOA containknowledge of the yield and volatility of SOA generated from
ing significant GH4O™" contributions tan/z=44. each precursor, which is beyond the scope of this work.
Positive Matrix Factorization (PMF) is a receptor model-
ing technique used to extract source factors from temporal

Fig. 3. f44 shown as a function ofch;r (blue), fc,Ha0+ (Vel-
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s 1.04]@) pected, most types of PAM-generated SOA were poorly cor-
© il o related with HOA, except for SOA generated from alkanes at
(] ] O . .

CE low OH exposures (e.g-C17 as shown in Figsb). These re-

@ i sults are consistent with these three PMF factors representing
g 061 0 aerosols with increasing residence times in the atmosphere.
< 7

o E .

‘g 1| O (@) 3.2 H/C and O/C ratios of PAM-generated SOA and

g o4 DO OPOA

£ E o

=3 ]

3 0.2 o-HOA U An alternate representation of OOA composition uses the
g | |ivoom o Van Krevelen diagram to show changes in the hydrogen-to-
“. 0.0 = carbon (H/C) and oxygen-to-carbon (O/C) ratios as a func-

Fig. 5. Linear correlation coefficient-€) between mass spectra of
PAM-generateda) a-pinene SOA andb) n-C17 SOA and ambi-

OH Exposure (molec cm™ S)

tion of oxidative aging. Because O/C correlates vijthand
H/C correlates withfs3, (Ng et al., 2011b), the diagram is

1.0+ (b)
g {my O /\‘ : . .
2 o8- O al_’lalogous to thdys — f43_ representation described earh_er.
@ i 0 O Figures S10a and S10b in the Supplement show O/C ratio as
§ i o a function offz4 and H/C ratio as a function df3 for PAM-
E 0.6 generated SOA/OPOA. These figures extend the datasets
9 E = published byAiken et al.(2008, Chhabra et al(2010, and
~ 044 o Ng et al.(2011b. Figure S10a shows that with the exception
(i E of SOA generated from glyoxal, the O/Cfz relationship
£ 0.2 @-HOA o is linear for all systems studied and well described by the
Z ] |gsvoon - dashed line in the figure (O/C = 3.8244 + 0.0794), which is
0.04 the best fit to multiple laboratory and field dataset&kén
00 05 10 ‘{5‘3 ‘ 2‘_(‘))(‘1(‘)1‘2 et al, 2009. The deviation observed for glyoxal, which was

first reported byChhabra et al2010), is due to the high ini-
tial oxygen content of glyoxal (O/€1) despite lowfs4.

Figure S10b shows that, in general, the relationship be-
tween H/C and,3 is monotonically increasing but nonlinear.

ent hydrocarbon-like organic aerosol (HOA), ambient semivolatile The black dashed line in the figure (H/C=1.01 + 6043

OOA (SV-0O0A), and ambient low-volatily OOA (LV-OOA) factors
(Ng et al, 20113 as a function of OH exposure in the PAM reactor.

—16.01xf43%) is a quadratic fit to smog chamber and field
data (Ng et al, 2011h; grey dashed lines represehi0 %
confidence intervals to the quadratic fit as presented by Ng et
al. (2011). In many cases, PAM-generated SOA/OPOA fall
near or within the confidence intervals of the Ng et al. (2011)

profiles in field measurement®datero and Tappet994. parameterization. Several systems lie well outside the confi-
A more detailed comparison of PAM-generated SOA anddence intervals or display different Higs trends, suggest-
ambient OA can be obtained using ambient OA factors de-ng that in some cases the relationship between H/C ratio
rived using PMF. With this technique, one can extract massandfsz is more complicated. For example, SOA generated
spectra associated with distinct OA classes: specificallyfrom glyoxal has significant hydrogen content but does not
hydrocarbon-like organic aerosol (HOA), semivolatile OOA yield m/z=43 signal; we also note that the H/C ratio of un-
(SV-O0A) and low volatility OOA (LV-OOA) Ulbrich et al, oxidized glyoxal (H/G=1.5) is similar to values reported by
2009. As was done bylimenez et al(2009 andMorgan  Chhabra et a2010 and may indicate hydration of glyoxal.
et al. (2010, we cross-correlated and obtained linear corre-For OPOA generated from lubricating oil and SOA gener-
lation coefficients £2) for mass spectra of PAM-generated ated fromn-Cio, n-Cy17, and diesel fuel under low oxidation
SOA with mass spectra of composite HOA, SV-OO0A, and conditions, a significant fraction of the/z=43 signal con-
LV-OOA PMF factors derived from multiple field datasets sists of (E;H;r ions. This may not have been the case in sys-
(Ng et al, 2011a Ulbrich et al, 2011). Results are shown tems examined by Ng et al. For OPOA generated from BES,
in Fig. 5a and b for SOA generated in the PAM reactor from the H/C ratio decreases with increasiag a trend which is
a-pinene anch-Cy7 respectively. Data shown in this figure the opposite of all other types of PAM-generated SOA and
were collected with both the c-ToF-AMS and HR-ToF-AMS. OPOA.

SOA generated frora-pinene was well correlated with SV- Figure 6 contains Van Krevelen diagrams that show H/C
OOA at low OH exposuresr{=0.88-0.92) and LV-OOA versus O/C for SOA/OPOA generated in the PAM reactor
at high OH exposures-{=0.89-0.93). Similar trends were from the fourteen precursors shown in F&j(The reverse
observed for SOA generated from other precursors. As exof this diagram, i.e. O/C vs. H/C, would provide a closer
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OH Exposure (molec cm”s) sors, except for unoxidized lubricating oil, BES, and glyoxal,
00 05 10 15 2.0x10” where open symbols represent measured H/C and O/C ra-
tios. Measured H/C and O/C ratios of oxalic acid are also
2279 (a) o D oxalicacid shown for reference. Dashed lines represent the left- and
2.0 Q e right-hand sides of the ambierfl4—f43 triangle converted
12 ‘ é deseitiel into Van Krevelen diagram coordinateNg et al, 20118);

SIE ? .......... BES the grey shaded region indicates the associated uncertainty

T | A{%iﬁ _)\'_’_-::._:} in converting fromfs4 andfs3 values to O/C and H/C ratios.

1.0 ‘% —$ Consistent with observations discussed in connection with
0.8 Fig. 2, the following features are noted in Fif§. (1) As

0.6 ‘ ‘ expected, increasing the OH exposure increases the O/C ra-
229 [(b) 0 0 oralic acid tio and, in most cases, decreases the H/C ratio. (2) Mea-
2.0 B o sured H/C and O/C ratios of PAM-generated SOA and OPOA
187 § lgiaene span the range observed in ambient OOA as indicated by the

o 1? dashed lines. As in Fig2 and4, mixing multiple SOA pre-

T L cursors may cause extreme H/C ratios to be averaged out
101 —é towards the center. (3) For most types of PAM-generated
087 SOA/OPOA, the measured H/C and O/C ratios converge to-
061 ‘ ‘ wards the H/C and O/C ratios of oxalic acid.

22]1(c) [ @ oalcaci The rate at which the H/C ratio changes with the O/C ra-
2.04 Q ool % maens tio in Van Krevelen diagrams can provide information about
181 O naphthalene functional groups that may have formed in the process of ox-

O :j idation. As discussed inleald et al (2010, a slope of zero

T .k > in Van Krevelen spaceAH/C =0) is consistent with addi-
107 O_é tion of alcohol groups to a carbon backbone. A slope-&f
081 b i (AH/IC=-2xA0/C) is due to addltl_on of c_arbonyl groups,
061 and a slope of1 (AH/C=—AO0/C) is consistent with for-

00 05 10 15 20 mation of carboxylic acid groups, or alcohol plus carbonyl
o/C groups. As discussed byg et al.(2011b, addition of car-

boxylic acid groups concurrent with C-C bond cleavage can
yield slopes between 1 and 0.
Average (H/C)/(O/C) slopes calculated for PAM-

Fig. 6. Van Krevelen diagrams showing H/C ratio as a function of
O/C ratio for SOA and OPOA generated in the PAM reactor from

(a) alkanes and BEb) biogenic terpenoids, ar(d) aromatics and . .
glyoxal. Symbols are colored by OH exposure, except for opengemarat(_}d SOA and OPOA were obtained from data in

symbols which represent unoxidized precursors (Note: forg-C Fig. 6 a.nd are shown in Tabl. Consistent with results of
n-C;7: O/C =0 and H/C =2.2; for isoprene;/g-pinene, longifo- ~ Massoli et al(201Q andChhabra et al(2011), most of the
lene: O/C=0 and H/C =1.6). Measured H/C and O/C ratios of at-measured slopes range fron0.87 to—0.45, suggesting that
omized oxalic acid are shown for reference. Representative erropxidative aging in these systems forms primarily carboxylic
bars indicatet10 % uncertainty in H/C ratios anti15 % uncer-  acid groups (or carbonyl and alcohol groups) and breaks
tainty in O/C ratios. Dashed lines represent range of H/C and O/Ccarbon-carbon bonds, leading to fragmentatidvig et al.
ratios in ambient OOA converted from correspondfpg andfss (20119 found (H/C)/(O/C) slopes: —0.5 for ambient OOA,
vall_Jes; §haded grey region indicates conversion uncertainty as d§yhich falls in the midrange of our measurements. The SOA
scribed inNg et al.(2011). generated from isoprene and gas-phase alkanes have steeper
average (H/C)/(O/C) slopes-0.87 to—0.60) than ambient
OOA, patrticularly at low OH exposures in the PAM reactor,
analogy to thefas—f43 relationship displayed in Fi@. How- where the H/C ratio decreased faster than at higher OH
ever, we chose the conventional format that has been useexposures. As shown in Figa, the H/C ratios of SOA
to represent products of coal combustion). Data shown ingenerated from alkanes and isoprene at low OH exposures
this figure were collected with the HR-ToF-AMS. To sim- range from 1.6 to 2.1, which is on the high end of H/C ratios
plify presentation, data are displayed in three panels as wagypically measured in ambient OOA.
done in Fig.2. Figure6a SOA generated from gas-phase = PAM-generated lubricating oil, naphthalene, and glyoxal
alkanes and OPOA generated from lubricating oil and BESSOA/OPOA displayed different trends with oxidation. The
particles. Figur&b shows SOA generated from biogenic ter- (H/C)/(O/C) slope of OPOA generated from lubricating oil
penoid precursors, and Figc shows SOA produced from was—1.7+0.2. The H/C ratio of SOA generated from naph-
aromatic compounds and from glyoxal. Open symbols rep-thalene is lower than the range of H/C ratios typically mea-
resent atomic H/C and O/C ratios of the unoxidized precur-sured in ambient OOA. In addition, the H/C ratio of SOA
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Fig. 7. CCN-derived hygroscopicity parametetfg) shown as a function of O/C ratio for PAM-generated SOA and OPOA. Symbols are
colored by precursor class (blue: gas-phase alkanes, green: biogenic terpenoids, red: aromatics, grey: POA), and error batslsepresent
in measurements. Figure inset shows layyy measurements of OPOA ameC17 SOA on an expanded scale. Measukggy of oxalic

acid is shown for reference. Solid black line indicates a linear fit to the data (slope =0.18, intercept=<6.083) with dashed black

lines representing-10 confidence intervals. Purple dashed and solid lines represent linear parameterizatiolimioger et al2009 and

Chang et al(2010. Shaded rectangle represents typical range of ambiggand O/C valuesl(u and Wang201Q Ng et al, 2010.

generated from naphthalene did not significantly change within the PAM reactor and 0.83 to 0.93 in the measurements of
increasing OH exposure, yielding an (H/C)/(O/C) slope of Chhabra et al. (2011). The agreement in H/C ratios for SOA
—0.05+0.02; similar trends were observed for SOA gener- generated from isoprene is similar (1.6 to 1.7 in the PAM re-

ated from naphthalene in a smog chamb@hnl{abra et aJ.  actorand 1.5to 1.6 in the measurements of Chhabra et al. for
2011). For SOA generated from glyoxal, the (H/C)/(O/C) OI/C ratios ranging from 0.45 to 0.65).

slope was—1.2+0.2, consistent with addition of carboxylic

acid groups towards formation of oxalic acid. 3.3 CCN hygroscopicity parameter forg) of

For several types of PAM-generated SOA, the (H/C)/(O/C) PAM-generated SOA and OPOA
slope changes significantly over the course of oxidation. This
evolution suggests that the reaction mechanism changed Fany studies have measuregly ~ 0 for OPOA andcorg ~
the SOA became more oxidized. The changes in Van Krevey 1 for SOA (e.g. Petters and Kreidenweis, 2007, and refer-
len slope are most pronounced for SOA generated from alkagnces therein). Experimental studies suggest ihgtde-
nes (Fig.6a), where the slope increases from abedt4 to  pends on chemical composition and/or oxidation level of
—0.3 with increasing oxidation. Along with corresponding soa/OPOA George et a).2009 Petters et al2009 Chang
changes iris3 andfsg, the observed changes in slope may in- ot al, 201Q Massoli et al, 201Q Engelhart et a).2011),
dicate a transition in the oxidation reaction mechanism fromgq the work presented here provides the most extensive ev-
carbonyl and acid/alcohol formation with minor fragmenta- jjence that oxidation level influencas,;. Measurements
tion to acid formation with significant fragmentation. This ¢ korg Were made for SOA and OPOA generated from the
possibility will be examined in future work. fourteen precursors listed in Table Figure7 showsiorg

H/C and O/C ratios of SOA generated from six of the pre- as a function of O/C ratio for PAM-generated SOA/OPOA
cursors used in this work were also characterized in smodexcept for SOA generated from glyoxal, which is presented
chamber studiesQhhabra et al.2011). For example, at and discussed separately later in this section). Data shown in
O/C ratios ranging from 0.48 to 0.77 where our measure-this figure were collected with both the c-ToF-AMS and HR-
ments overlap with Chhabra et al. (2011), the H/C ratio for ToF-AMS. The results yielded values for the hygroscopicity
SOA generated from naphthalene ranged from 0.77 to 0.7®arametekorg ranging from 8.4 10~ to 0.28 for O/C ratios
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that ranged from 0.05 to 1.42, as well&sy < 6 x 10~ for 1.0
unoxidized BES and lubricating oil particles. The shaded 7 [ 0/C=03, xyy=0.084
rectangle in Fig.7 represents the typical range of ambient 0.8 o Su/lfat:e}é(l))’/o';:?r:iifrl
O/C ratio andkorg values (Liu and Wang, 2010; Ng et al., Xorg = 0.1870/C + 0.03
2010). The measuredyg for oxalic acid is also shown
in Fig. 7, and is in agreement with published values rang-
ing from 0.27 to 0.36 Retters et al.2009. Asa-Awuku
etal.(2010 andEngelhart et al(2011) measureaqrg=0.30
for the water-soluble fraction of smog-chamber-generated
SOA. These results, coupled with the maximum observed ]
korg=0.28 for PAM-generated SOA, suggestg~ 0.30 is .
an upper-bound value fagg. 0.0 o.iz fo.4 _ 0-f6 0.8 1.0
The black dashed line in Fig7 represents a linear volume fraction of organics

fit applied to the SOA/JOPOA measurements; grey linesg;, g cajculated contributions by OOA gy in Mixtures of am-
represent+lo confidence bands. The linear fit yields noniym sulfate and OOA shown as a function of organics volume
korg=(0.18£0.04)x O/C +0.03 over the measured range of fraction. Blue and red lines represent calculatedalues for mix-
conditions. Figure&/ shows thatkorg and O/C ratio are pos-  tures of ammonium sulfate and OOA with O/C ratios of 0.3 and 1.0,
itively correlated ¢2 = 0.83). Obviously, level of oxidation respectively. Black diamond symbols represent measunealues

is not the only factor that can affectrg. While this corre-  for a mixture of ammonium sulfate and glyoxal. Grey dashed line
lation is not currently understood at the molecular level, theindicates level below which OOA contributionsiga are consid-
dependence afyrg 0N O/C ratio suggests that a simple, semi- ered insignificant £20 %).

empirical parameterization af,g and O/C ratio can provide
a first-order approach to better estimegg of OOA.

As is evident, for low O/C ratios ranging from0.05 to
0.2, the relationship between,y and O/C ratio is not en- . .
compassed by the linear fit shgwn in Fig. Measurements chambersifuif Hartz et al, 2005 King et al, 2007 Prenni
that fall in this range of O/C include OPOA generated from et al, 2007, George et a).2009 Engelhart et &).2011. In

the heterogenous oxidation of BES and lubricating oil, andthese studiescorg values fall in the range ob;erved in the
SOA generated from-Cy7 (see Fig.7 inset). This behav- present work. However, the range of O/C ratios was not ad-

ior suggests that for these low O/C ratios, factors other tharfduate for the formulation of a quantitative relationship with

the level of oxidation may have an important influence on respect tcorg. . i . .
korg. The observed step froryyg = 0.02 t0korg=0.06 at O/C In most cases, atmospheric aerosol is a mixture of organic
~0.15 is a result that warrants further investigation in future and inorganic material, with soluble inorganics being signif-

studies icantly more hygroscopic than organics. In this regard, it is
As shown by the color symbols, the fitted line in Fig.

important to evaluate the,g — O/C parameterization shown

averages over a number of types of SOA/JOPOA generateH] Fig. 7 in the context of inorganics mixed with OOA. Fig-

from both biogenic and anthropogenic precursors. These red'® 8 shows the calculated fractional contribution of OOA

sults can be compared to previous studies performed ove?a thex-values of a mixture of ammonium sulfate and OOA

a more limited range of conditionsChang et al.(2010 Ktotal; Ksulfate=0.6) as a function of the volume fraction of
measuredkorg for ambient OA with O/C ratios ranging organics, assuming linear volume-weighted OOA and sulfate

from 0.3 to 0.6. They proposed a linear parameterizationContribUtionS tctotal (King et al, 2007, 201Q Dusek et al.

of the form korg = (0.23£0.05)xO/C (assumingorg =0 for 2019 Prisle_ et al. 291() and completg solubi_lity of the or-
0/C=0). Massoli et al.(2010 measuredcorg for PAM- ganics and inorganic®étters and Kreidenweig007):

generated SOA with O/C ratios ranging from 0.38 to 0.98. VorgKorg
Applying a linear fit to the data presented by Massoli et Jitotat00n =
al. (2010) yieldskorg=(0.26+:0.03)xO/C. Jimenez et al.

(2009, Raatikainen et al2010Q andDuplissy et al.(201]) Where fi.00a 1S the fractional contribution of OOA to
showedkorg as a function of O/C ratio for multiple smog  «total and vorg is the volume fractions of organics in solu-
chamber and field measurements; applying a linear fit to thdion. Two lines are shown for theoretical mixtures contain-
data yieldscorg = (0.37xO/C)—0.09. We note thakorg val- ing sulfate and OOA with O/C ratios of 0.3 and 1.0, respec-
ues presented in Raatikainen et al. (2010) and Duplissy etively (the most common range of O/C in ambient OOA).
al. (2011) are derived from hygroscopic growth factor mea-Data for a mixture of ammonium sulfate and glyoxal are also
surements, which tend to yield lowegg values than cor-  shown (diamond symbols), which were derived from mea-
responding CCN measuremenkdassoli et al. 2010. The  sured mixturec-values. For these data, the O/C ratio derived
parameterizations frodimenez et al2009 andChang etal.  from HR-ToF-AMS measurements increased from 1.06 to

0.6

0.44

O [ O —

organic contributions to kotal

(2010 are shown in Fig7. In several studies;org was mea-
sured for SOA and OPOA generated in flow tubes and smog

)

VorgKorg+ 1- Vorg)’(sulfate
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1.50 as a function of OH exposure, and correspondifig possibly indicating different oxidation mechanisms. The po-
values were calculated using the fit shown in Fig. The  sition of OA in Van Krevelen diagrams may provide informa-
organic volume fraction of SOA generated from glyoxal also tion about precursor composition and reaction mechanism.
decreased from 0.53 to 0.04 as a function of oxidation. ThisFor example, ambient HOA PMF factors presentedNin
suggests that the unoxidized glyoxal oligomers undergo fraget al. (20118 have H/C ratios ranging from 1.5 to 2.0 and
mentation reactions that (1) increase the O/C ratio and (2pare characterized by a Van Krevelen slope of approximately
result in evaporation of some organic aerosol mass. —2. These observations, combined with our laboratory mea-
Thekorg— O/C parameterization described previously wassurements, suggest oxidation of alkane precursors forms OA
used to calculatorg for the two theoretical OOA/sulfate  with carbonyl functional groups.
mixtures and for SOA generated from glyoxal. As is evi- The work presented here provides the most extensive set
dent from Fig.8, for an O/C ratio of 0.3, OOA contribu- of CCN-derived hygroscopicity measurements of laboratory-
tions tox are significant £ 20 %) when the organic fraction generated SOA and OPOA. The hygroscopicity parameter
is greater than 0.6. For an O/C ratio of 1.0, OOA contribu- korg Can be represented by a linear function of the O/C ra-
tions tox are significant when the organic fraction is greater tio as«org=(0.18:0.04)xO/C + 0.03. Parameterizations in
than 0.4.Prenni et al(2007 showed that SOA contributions this form may be implemented in climate models because
to «-values for mixed SOA-sulfate particles were significant the O/C ratio of organic aerosols is easily measured, whereas
when the organic fraction was greater than 0.6; however thether parameters relevant teKodhler theory are difficult to
O/C ratio in those experiments was not available. Calcula-obtain. Therefore, the O/C ratio of OOA may represent a
tions in Fig. 8 therefore indicate the approximate range of convenient surrogate for other underlying parameters that
O/C ratios and organic volume fractions where explicit treat-govern the Khler behavior of the OOA.
ment ofkorg as a function of O/C ratio is necessary.
Supplementary material related to this article is available
online at:
4 Summary http://www.atmos-chem-phys.net/11/8913/2011/
acp-11-8913-2011-supplement.pdf
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