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Abstract. The lightest Non Methane HydroCarbon is not limited to cloud droplets, but proceeds also in the ab-
(NMHCQC), i.e., acetylene (&H>) is found to form secondary sence of clouds, i.e., does not stop once a cloud droplet evap-
organic aerosol (SOA). Contrary to current belief, the num-orates. Atmospheric models need to be expanded to include
ber of carbon atoms,, for a NMHC to act as SOA precursor SOA formation from WSOC photochemistry of CHOCHO,

is lowered to:=2 here. The OH-radical initiated oxidation of and possibly othek-dicarbonyls, in aqueous aerosols.

C,H» forms glyoxal (CHOCHO) as the highest yield prod-
uct, and>99% of the SOA from GH> is attributed to CHO-
CHO. SOA formation from gH, and CHOCHO was studied ]
in a photochemical and a dark simulation chamber. Furtherl Introduction
the experimental conditions were varied with respect to the

chemical composition of the seed aerosols, mild acidificationoecondary Organic Aerosol (SOA) formation is linked with

with sulphuric acid (SA, &pH<4), and relative humidity debates at.)out. air quaIiFy, visibility, public health, climate,
(10<RH<90%). The rate of SOA formation is found en- &nd the oxidative capacity of the atmosphere. Recent exper-
hanced by several orders of magnitude in the photochemicd["enta! findings indicate SOA contributes about 30-60% of
system. The SOA yields/koa) ranged from 1% to 24% and th€ organic component of the aerosols (OA) in urban air, and
did not correlate with the organic mass portion of the seed.>70% of OA in rural air and the free troposphere (Zhang
but increased linearly with liquid water content (LWC) of ©t @l 2007).  The contribution of SOA to aerosol optical
the seed. For fixed LWQsop varied by more than a factor dep_th (AOD) is estimated to be larger than that_of primary or-
of five. Water soluble organic carbon (WSOC) photochem-9anic aerosol (POA) or black carbon (BC) (Tsigaridis et al.,
istry in the liquid water associated with internally mixed inor- 2006). This contribution is likely to increase as (1) current
ganic/WSOC seed aerosols is found responsible for this seefi0dels significantly underestimate SOA production in large
effect. WSOC photochemistry enhances the SOA sourc@nd very different compartments of the atmosphere (Heald
from CHOCHO, while seeds containing amino acids (AA) €t al-, 2005; de Gouw et al., 2005; Volkamer et al., 2006),
and/or SA showed among the lowest of Bioa values, and (2) current models assume the mass absorption cross-section
largely suppress the photochemical enhancement on the raf/AC) of OA to be zero, while laboratory and field evidence
of CHOCHO uptake. Our results give first evidence for the consistently suggests that OA absorbs light (Kirchstetter et

importance of heterogeneous photochemistry of CHOCHOR!-» 2004; Sun et al., 2007; Barnard et al., 2008), and (3) air
in SOA formation, and identify a potential bias in the cur- quality regulations should result into a reduced contribution
rently availableYsoa data for other SOA precursor NMHCs. of sulphate in the future, while SOA precursor emissions are

We demonstrate that SOA formation via the aqueous phas¥erY Poorly characterized (Volkamer et al., 2006) and could
continue to increase disproportionately compared to sulfate

(Tsigaridis and Kanakidou, 2007; Heald et al., 2008). No-
Correspondence taR. Volkamer tably different models agree with respect to the importance
BY (rainer.volkamer@colorado.edu) of biogenic VOCs for SOA formation on regional and global
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scales (Griffin et al., 1999; Kanakidou et al., 2000; Chungall CHOCHO source (Volkamer et al., 2007). An increas-
and Seinfeld, 2002; Lack et al., 2004; Tsigaridis et al., 2006;ing body of experimental evidence (Karpel vel Leitner and
Henze et al., 2008). These model results are also in genbore, 1997; Schweitzer et al., 1998; Blando and Turpin,
eral agreement with*C measurements of organic aerosols 2000; Sorooshian et al., 2006; Loeffler et al., 2006; Carl-
at background sites in the US (Klinedinst and Currie, 1999;ton et al., 2007; Altieri et al., 2008a, b) suggests the pro-
Bench et al., 2007; Schichtel et al., 2008) and in Europe (Szicessing of CHOCHO and CHOCHO precursors in cloud and
dat et al., 2006; Lanz et al., 2007; Gelencser et al., 2007)fog droplets is an important source for SOA (Ervens et al.,
While model predicted and observed SOA tend to agree bet2003; Lim et al., 2005; Warneck, 2005; Ervens et al., 2008).
ter in biogenic environments (Tunved et al., 2006), field ob- CHOCHO uptake to aerosols forms an alternative pathway
servations using highly time resolved measurements show nfor SOA formation in the absence of clouds. Compared to
correlation between enhancements of organic aerosol masdouds, aerosols contain 3-5 orders of magnitude less liquid
and biogenic VOC precursors (de Gouw et al., 2005; Sulli-water, and aerosol water has therefore been easily rejected
van et al., 2006; Weber et al., 2007), but show an excellentas “too small” a volume to dissolve a significant amount of
correlation with anthropogenic pollution tracers (de Gouw etgas-phase organics. The experimental evidence for CHO-
al., 2005; Volkamer et al., 2006; Sullivan et al., 2006; Weber CHO uptake to particles is more scarce, and far less con-
et al.,, 2007). This presents a currently unresolved conflictclusive (Jang et al., 2002; Kroll et al., 2005; Liggio et al.,
with the1%C measurements. 2005a; Corrigan et al., 2008). Conflicting evidence exists
SOA is defined as the organic aerosol mass formed imabout the magnitude and mechanism of CHOCHO uptake, as
the atmosphere by gas-to-particle partitioning of semivolatilewell as the role of acid-catalysis to control CHOCHO reactiv-
products of the atmospheric oxidation of organic va- ity in aerosols. Recent modeling studies deem CHOCHO and
pors. In the widely established view, partitioning theory methylglyoxal responsible for 5-11 Tgyr SOA formation
(Pankow, 1994a) is employed to describe the partitioning ofglobally, suggesting this SOA source could be comparable to
semivolatile organic vapors only between the gas-phase anthe sum of SOA formed from monoterpenes, sesquiterpenes,
the organic fraction of aerosol mass (including the aerosolsoprene, and aromatics (Fu et al., 2008; Myriokefalitakis et
water attracted into that phase from the hygroscopic properal., 2008). More than 85% of this SOA is deemed to form
ties of SOA) (Seinfeld and Pankow, 2003). This view usesin clouds, mostly at altitudes below 1.5 km (Fu et al., 2008),
as the key input the vapour pressure of gas-phase oxidatiowhere aerosols are mostly aqueous.
products, which decreases with the number of carbon-atoms Current state-of-the-art SOA models use empirical fits to
of the precursor. Early work suggested the existence of aimulation chamber data to calculate SOA yields and par-
threshold in the number of carbon atomsy, for a precursor titioning coefficients (Odum et al., 1997; Robinson et al.,
to form SOA (toluene forms SOA, benzene does not) (Pan22007). Conditions in these chambers approximate the pol-
dis et al., 1992). However, more recent experimental stud{uted atmosphere to a considerable extent, i.e., with respect
ies find SOA formation from benzene£6) (Martin-Reviejo  to VOC/NGC ratios, NG concentrations, temperatures, the
and Wirtz, 2005) and isoprena=5) (Claeys et al., 2004). pool of condensable species produced, OH-radical concen-
Some SOA models have also considered partitioning of SOArations, light conditions, and oxidation time-scales. How-
species to an aerosol water phase (Pun et al., 2003; Griffin etver, most SOA observed in chambers is attributed to second-
al., 2005). These models only consider the dissolution of theand higher generation oxidation products (Hurley et al.,
gas-phase reaction products, do not treat aqueous chemist®001; Kroll and Seinfeld, 2005), while faster SOA forma-
explicitly, and the mass fraction of SOA that partitions in tion is observed in the atmosphere (Volkamer et al., 2006;
this way is typically a few percent of the total SOA, the pre- Riddle et al., 2008). Little attention has thus far been paid
dominant SOA source in current models is from semivolatileto the possible effect of the chemical composition of seed
vapors. aerosols. In particular, most chamber studies of SOA vyields
SOA formation from acetylene ¢Ely, i.e.,n=2), the light-  to date have either used no seed at all (i.e., homogeneous nu-
est non-methane hydrocarbon (NMHC), questions volatility cleation of SOA), or added ammonium sulfate (AS) seed to
of the gas-phase oxidation products as the only controllingprovide a surface area for condensation (Odum et al., 1997;
parameter of SOA formation. #El, oxidation products are Martin-Reviejo and Wirtz, 2005; Ng et al., 2007; Kroll et
at least 6 orders of magnitude too volatile to explain parti-al., 2007). Experiments with water containing seed are less
tioning to aerosols based on physical processes alone (i.ecommon, but have been used to ascertain the effect of ionic
condensation, absorption). These differences are too large tstrength on the partitioning of semivolatile products (Cocker
be explained by organic aerosol activity coefficients, whichet al., 2001a, b). More recently it was demonstrated that hy-
are thought to modify effective vapor pressures by less thamrophobic organic aerosol seed does not participate in the ab-
one order of magnitude (Bowman and Melton, 2004). How- sorption processes that underlie the current concept of vapor-
ever, GH> efficiently forms glyoxal (CHOCHO) upon ox- pressure driven partitioning of gas-phase oxidation products
idation by OH-radicals (Yeung et al., 2005). In Mexico to the organic aerosol phase (Song et al., 2007), further in-
City, CoH> oxidation accounts for about 8% to the over- creasing the discrepancy between SOA measurements and
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models. There is currently no systematic study of the effect
of chemical composition of seed aerosols on SOA yields. 70 mateﬂung:gm%ir’
Here we study directly the SOA formation fromi&, and RH s4blacklights " f)

ganic/organic seed aerosols, in a simulation chamber unde
both photochemical and dark conditions. The relative hu-
midity and chemical seed composition studied resemble an
important subset of particles found in the atmosphere. Excoss

CHOCHO on different inorganic, organic and mixed inor- T
==

pump
2 Experimental ene [ 2
P ﬂ ‘?'lT‘ H,O / heater NOx CcO
Lo Addition of C,H, and CH;ONO
Experiments were conducted in a ? indoor smog cham- =) Neutralizer |
ber equipped with 64 blacklights, and made of Teflon, with pump M | Cleanair
a surface/volume (S/V) ratio of 3M. The experimen- cu?mm Generator
tal setup is shown in Fig. 1. The chamber was filled with Wetwitzer

dry, clean air (Aadco pure air generatets ppbv of hy-

drocarbons, 0.1% RH), followed by vapour addition of ul- Fig. 1. Experimental setup used in this study.

trapure water (Milli Q, 18 M2) to the desired relative hu-

midity (RH). For all experiments seed aerosols were added

prior to the organic by nebulizing dilute salt or salt/organic olution adjusted spectra of the absorption cross section of
solutions, and passing the aerosols vi&'%o neutralizer CHOCHO (Volkamer et al., 2005b). Known volumes taken
connected to the chamber. All chemicals were purchasedrom this bulb were added to the chamber. To convince our-
from Aldrich, unless otherwise noted. The solutions wereselves that the CHOCHO concentration is reasonably con-
made up of either pure compounds (0.1 M) or mixtures ofstrained in our photochemical experiments, CHOCHO was
equal mass (about 0.1 M for each solute) of ammonium sulmeasured inside the chamber by means of solid-phase mi-
fate (AS, purity 99+%), ammonium bisulfate (ABS, Alfa Ae- croextraction (SPME) with on-fiber derivatization using o-
sar, 99.9%), Suwannee River fulvic acid (FA, IHSS), Hu- (2, 3, 4, 5, 6-pentafluorobenzyl) hydroxylamine (PFBHA,
mic acid sodium salt (HA, tech.), and the amino acids (AA) 98+%) (Baker et al., 2005) in selected experiments. Af-
Glycine (>98.5%), and Tyrosinex98.5%). Succinic acid ter addition of seed aerosols and chemicals to the chamber
(SucA) seeds were prepared from vaporizing pure compoundhe chamber was operated as a static reactor. Temperature,
(99+%) in a stream of clean air connected to the chamberRH, NO, NG, aerosol size distributions, and in some ex-
CoH2 (Airgass, grade 2.6) was further purified by passing periments CO were periodically monitored over the course
a small flow via an acetone-slush bath held at a temperaef an experiment. The Thermo Environmental Instruments
ture T=—85°C. Concentrations of §4,, CH3ONO (Taylor NO-NO»-NOy analyzer sampling flow was 0.6 | mif. Size

et al., 1980), NO (Matheson) were determined from addingdistributions were measured by a scanning mobility parti-
known volumes of these gases to the chamber. Typical initiacle sizer (SMPS) system (long DMA and TSI 3010 particle
concentrations were [E]=20 ppm, [CHONO]=5ppm, counter). The DMA flow of 3Imin! was taken from the
[NOJ=5 ppm. CHONO/NO/UV-light was used to generate chamber; 2.5 min! were filtered and used as sheath flow;
OH-radicals. For CHOCHO, the reversible uptake to cham-0.51min~! was unfiltered aerosol sampling flow. The RH
ber walls, mixing fans, or sampling lines, has been iden-was measured in the DMA sampling line about mid-way be-
tified as an uncertainty if experiments are conducted ovetween the chamber and the SMPS. The RH of sheath air was
extended experiment times (Kroll et al., 2005). This un-the same as that of the chamber. Diffusion losses in the sam-
certainty was minimized here by homogeneously producingpling lines are<1% for diameters-50nm. The TSI 3010
CHOCHO inside the chamber from the photo oxidation of particle counter flow is 11mint (0.5Imin~1 aerosol and
CoH, with OH-radicals, thus eliminating the need to ac- 0.5Imin~! filtered make up flow). Number distributions
tively stir or mix the chamber volume, and systematically are sampled over a range of 20 to 600 nm mobility diame-
reducing experiment time. For the dark experiments au-er about every 120s. Number and volume concentrations
thentic CHOCHO samples were prepared from flowing Hehave been compared with a TSI 3936L72 SMPS system, and
through heated mixtures of glyoxal trimer dihydrate (GTD) were found to agree withi#10% (Matsunaga and Ziemann,
with P,Os. About 1% CHOCHO/He mixtures were stable 2009). Aerosol wall loss was quantified over a period of
over several days if stored in the dark. The mixing ratio of about an hour prior to each experiment in terms of a volume
CHOCHO in the gas mixture was periodically checked from loss rater (r=Aln (V,/V,—,)/At=1.5 10°s~ in Fig. 2),
measuring the distinct absorption features of CHOCHO inand aerosol wall loss was corrected in the further analysis.
the UV and visible spectral range, and comparison to resWe measured a wall loss-rate for CHOCHO of 31®°s~1
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3.0E+04 i lamps were turned ON for up to several 10 min.
/\ o voiss The experimental conditions were varied to study photo-
258104 e a3 | chemical and dark reaction systems, and in terms of CHO-
% \\ v o o) CHO concentration, OH radical concentration, RH, seed
Boet V/ B s | volume, seed chemical composition, liquid water content
& e / \\ —soun s (LWC), and the mass of the organic portion of the seed
i // \ (Mom), and are listed for individual experiments in Ta-
% 10E+04 ble 1. LWC of seed aerosols was calculated using an ad-
/ / \\ ditive approach that sums the amount of water attracted
505403 from inorganic and organic components of the seed. The
J// % Aerosol Inorganic Model (Wexler and Clegg, 2002) was ini-
0.0E+00

tiated at representative temperature and RH conditions to
calculate LWC for inorganic seed components, accounting
for metastable aerosols. For organic components the hy-
Fig. 2. SOA formation in the photochemical oxidation obi,.  groscopic properties were taken from the literature: SucA
The size distribution of the seed aerosols (grey lines) shifts towards(Ansari and Pandis, 2000; Peng et al., 2001), FA (Peng et
Iqrger diameters immediately aftc_arzlEtz is photochemical_ly OoXi- al., 2001), AA (Chan et al., 2005); hygroscopic properties
dized to produce CHOCHO (red lines). Data from experiment #20 ¢ 1A were approximated as those of Suwannee River ful-
(AS+FA) is shown here. vic acid. Mym was calculated from subtracting the LWC
from the aerosol volume, and converting the volume portions
of individual seed components based on their densities
in our setup, or 12% change in the gas-phase CHOCHO condas=1.77 gcnT3; dags=1.79gcnT3; dsyca=1.56 gcnr3;
centration over 60 min of experiment time. This loss rate dea=1.47 gcm3; dya=1.72gcnts; dGlycine=1.46 g cnr3;
is non-negligible, and comparable to that observed by otthyrosinezlAchrrTS). The density of 40%,, glyoxal
ers (i.e., at EUPHORE, S/V ca. 1.3 7<6x107's™?  aqueous solutiodglysos=1.27 g cnT corresponds to a dry
for dry conditions (Volkamer, 2001); at CALTECH, S/V ca. equivalent density of glyoxal oligomers of 2.13g<tf In
1.9m 1, 1=3.2x10"°s71 for 50% RH, Kroll et al., 2005).  our calculation of SOA mass formed we converted the ob-
Flushing the chamber and filling it with humidified clean served volume using a densitigoa=2 g cn 2 (a conserva-
air removed N@ to below the detection limit (about 1 ppb; tively rounded number for the density of glyoxal oligomers
i.e., dilution factor>10%. The dilution ratio was found in their dissolved equilibrium distribution). The actual den-
smaller for CHOCHO, which is consistent with the release sity of oligomers is currently not known. It should be noted,
of CHOCHO from the walls, as had been observed previ-however, that the value of density cancels out with relative
ously (Kroll et al., 2005). This CHOCHO memory effect comparisons between different experiments; any uncertainty
was quantified at 3% for the chamber cleaning procedurén the density of oligomers thus does not affect the conclu-
used between experiments. CHOCHO measurements consions that are reached from relative arguments. Use of a dif-
pared reasonably well (within 30%) with simulations of the ferent density value for oligomers will translate into changes
CoH2/CH30ONO/NO/light system based on a subset of the of the absolute SOA yields and:fvalues.
Master Chemical Mechanism (Bloss et al., 2005) that ac- The SOA yield,Ysoa, was calculated as the mass of SOA
counted for wall-loss. The model was constrained to matchformed divided by the mass of,8, reacted. The uncer-
the observed rate of NO-to-N@onversions, and reproduced tainty in the SOA yields reflects the combined error from: (1)
the amount of CO produced in the reaction system withinuncertainty in the wall loss corrected volume change, (2) un-
15%. Based on these model/measurement comparisons Weertainty in the amount of £, reacted as predicted by our
estimate the CHOCHO concentration is known to about 30%box model, (3) uncertainty due to CHOCHO wall effects (de-
in this study. The same model was used to estimate the corscribed above); it does not include uncertainty in the density
centration of OH radicals in the chamber, and calculate theosf CHOCHO-SOA. The uncertainty in (1) and (3) is system-
amount of GH; reacted. The OH concentration was system- atically minimized here from using a photochemical CHO-
atically varied between different experiments by adjustingCHO source (which overcomes the need for mixing), and fa-
the light level in the chamber. The OH concentration did vary cilitates reduced experiment times, especially in experiments
by less than 10% from the average OH concentration listecconducted at higher OH concentrations.
in Table 1 for individual experiments, but OH concentrations
were varied by more than a factor 15 between different exper-
iments (8<10P<[OH]<1.4x10° moleccnt®). The amount 3 Results
of CyH» reacted varied between 100 and 4@11‘3. For
experiments with higher OH the lamps were turned ON for Significant SOA mass is formed fronpB, during all exper-
typically about 90s; for experiments with lower OH fewer iments where a seed was present. Oxidation8i£n the

10 1000

100
Dp [nm]
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Table 1. Experimental conditions.

Exp # RH AvgOH  Glyoxal Seed-V dv we M9, HSq Uptake type
[107em=3  [ppb]  [um3em™3]  [umPem™d  [%ly  [wgm™3] [107Matm]
AS average 1652.9
13 46 2.2 160 10.5 340.5 41.7 10.9 15425 A
9 49 11 117 6.6 150.3 44.3 6.5 1513.0 A
18 56 8.7 137 13.0 5:82.0 49.9 115 22#8.5 A
7 88 1.3 143 20.7 1061.1 78.5 7.9 1581.7 A
FA average 62422.8
19 16 10.3 171 18.5 1480.5 3.2 14.7 62.416.8 A+B
14 51 15 158 25.0 6:83.5 8.6 16.8 61.234.8 A
AS+FA average 5949.7
17 49 10 162 12.0 10:00.5 20.1 6.9 61F3.4 A+B
11 54 1.7 100 9.7 551.1 32.2 54 61.313.2 A
27 66 7.3 70 26.2 1180.5 39.7 12.9 5348.0 A+B
26 67 4.8 121 22.8 194831.2 40.2 11.2 60612 A+B
12 82 1.0 91 8.0 8225 52.6 3.1 > 74.6+26.4 A+B
20 86 6.1 70 13.6 1140.9 56.9 4.8 > 73+15.6 A+B
3A 50 n.a. 100 49.7 > 11 29.7 25.7 > 258 B
AS+FA+acids
15° 60 1.8 189 63.7 > 209 45.0 37.6 > 134 B
16 49 1.3 167 201 > 420 31.9 149 > 134 B
349 52 13.5 173 57.0 > 116 44.4 23.6 > 9.2 B
359 53 7.5 64 17.1 > 6.3 45.0 7.1 > 451 B
SucA
6 61 0.9 88 106.9 1461.9 35.8 107.1 152 A
ABS average 44 47.5
23a 24 6.9 108 8.8 1490.2 17.7 13 39.84.8 A
23b 24 6.3 185 8.8 480.4 17.7 13 51.%8 A
8 51 1.7 141 4.2 4461.0 46.4 4 58.1214.4 A+B
21 61 7.0 92 15.2 6F#1.3 55.0 12.2 35487.9 A+B
ABS+FA
24a 28 6.4 118 23.4 1480.2 12.3 16.6 > 189 A+B
24b 28 7.3 193 23.4 321.0 12.3 16.6 > 201 A+B
22a 62 6.8 99 14.0 541.5 33.8 7.5 > 424 A+B
22b 62 6.3 179 14.0 1242.6 33.8 7.5 > 53 A+B
ABS+HA
25a 42 9.2 55 13.5 > 1.44+0.3 20.2 9.5 > 329 A+B
25b 42 7.6 139 13.6 > 2.6+0.2 20.2 9.5 > 234 A+B

@ calculated using the Aerosol Inorganic Model 11, see details in the text;

b converted using density values as given in the text;

¢ converted using density of 40% aqueous solution of CHOCHO (1.27%cm
d CHOCHO added:; type B uptake in the dark, not included in the average;
€ AS+FA+tyrosine+glycine;

f AS+FA+SA+tyrosine+glycine;

9 AS+FA+SA.

absence of seed aerosols did not form any aerosol. Similarlyformation for AS+FA seed (experiment #20) as an exam-
exposing seed to light did not cause measurable changes g@ie. Grey lines indicate the size distribution of seed aerosols.
the size distributions. Volume growth was only observed if A shift in the size distribution towards larger diameters was
CHOCHO was either added directly into the chamber, or wasobserved immediately aftero,8, was photochemically oxi-

photochemically produced fromp8a. Figure 2 shows SOA  dized by OH-radicals. The number concentration of particles

www.atmos-chem-phys.net/9/1907/2009/ Atmos. Chem. Phys., 9, 19082009
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Table 2. Products formed in the £8,/CH30NO/NO/light sys- . T A . AS T B
tem, effective Henry’s law coefficients. Values in the right column 202 FA k& FA / 120
have been normalized to CHOCHO. = . _}° A% O ASHAL
X 15} i {> 3 é {> {15
<
Product n  Conc. H(2985%ﬁ (Concx Heff)norm >_8 10¢ <{> . : {)// % 110
[ppb]  [Matm™] [rel. units] s 5® It Xf‘; " {5
CoH, 2 22000 0.041 35107 o s " sl ! 0
CHOCHO 2 100 2.6107 1 0 5 10 15 0 5 10 15
HCHO 1 320 3200 341074 ofg e " cl [s Ass D] 10
—4 10} e ABS+FA Lo + 11
HCOOH 1 61 8900 2.010 _ IR Aes MEASHIN
CHsNO; 1 6 2 4.6¢1079 < 8} + - + {8
co 1 93 0.00098 3510711 "< 6} [ 6
HNO3 0 28 2.1x10° 2.3x1073 N [ ]
4 - 4
HONO 0 300 50 58106 & &
2t s ¢ o ¥ 12
0 " " " " " " " 0
0 5 10 15 0 2 4 6 8 10
A AS+FA+SA E A AS+FA+SA F
remained constant in all experiments presented in this work. 30}, ﬁiiiiiiﬁ*“ ! Z iiiiﬁiiﬁ“"* 130
The aerosol volume growth corresponding to this shiftinthe & f* SucA * SucA
aerosol size distribution was used to quantify SOA forma- §20' 120
tion. > 1ot 1 ¥ ! 1 ¥ {10
The oxidation products from £, are very volatile. The AA| PO |
products formed in our reaction system are predicted by 0 . . . . . . 0
the model as summarized in Table 2. For room tempera- 0 50 100 _3150 0 20 40 6? 80
ture the vapour pressure for all products is well above 1 kPa M., [ng m] LWC [ug m~]

(CRC Handbook, 2003), i.e., about 6 orders of magnitude
too volatile to explain partitioning to aerosols as the resultFig. 3. SOA yield (Y'spa) as a function of organic seed massyiy!
of physical processes (condensation, sorption into an organiA, C, E) and liquid water content, LWCE| D, F). No obvious
liquid). Also shown are the respective Henry’s law coeffi- correlation is found betweelisoa and My, but Ysop correlates
cients, or lower limits in the case of CHOCHO (Kroll et al., well with LWC for_ all seed-types studied. For pure AS_(;oIid line),
2005; Sander et al., 2006). As is evident from Table 2, CHO-AS*FA (dashed line), and pure ABS (dotted line) sufficient exper-
CHO is the only product that partitions to the aerosol aqueoud™e"S Were conducted to demonstrate that the increasedi

. . - with LWC is linear.
phase in appreciable amounts. Notably, our conservative es-
timate of Hwf, cHocHo results in a lower limit for the amount
of CHOCHO that is expected to partition to aerosols that aC-p=0.76), and ABS Ys0a=0.01+0.00&LWC, R=0.99)
counts for more than 99% of the source for aerosol growthseeqs, However, no obvious correlation was observed be-
Higher values for i have been reported in the presence of yyeenygoa and Mym. For example, for AS+FA seed among
sulphate and from field evidence {0° M_atm‘l, \Volkamer  the highestrsoa values were observed in experiments with
et al., 2007; Ip et al., 2009), and are in general agreemen particularly low Nym, while among the lowestson values
with the results presented here. The change in the size diSyere observed at moderately high values ofsMFig. 3a).
tribution of aqueous seed aerosols is therefore attributed tg; some seed typeksoa even anti-correlates with M
CHOCHO uptake to the seed aerosols. (e.g., ABS+FA in Fig. 3c). We take this as strong evidence

that the aqueous aerosol phase is a chemical reactor for SOA
3.1 Is SOA formed via partitioning to the organic phase vs.formation from GH,.

the aqueous phase?

3.2 Dependence of SOA yields on seed chemical composi-
In Fig. 3, Ysoa is plotted as a function of M, (panels a, tion
¢, ) and as a function of LWC (panels b, d, f). The data
has been grouped by individual seed types, which are idenNo new particle formation was observed from the photo-
tified by specific symbols. An excellent correlation is ob- chemical oxidation of gH,. However, Ysoa from CyHz
served betweelispoa and LWC. Sufficient experiments were was non-zero on all seeds studied here. The actual value
conducted to demonstrate thedopa in fact scales as a lin-  of Ysoa was found a strong function of the seed chemical
ear function of LWC for AS ¥soa=—0.001+0.004& LWC, composition, as is evident from the considerable scatter of
R=0.92), FA and mixed AS+FAXspa=0.001+0.01&LWC, the plotted data points in Fig. 3Yspa varied by a factor
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>20 (i.e., 1.19%Ysoa<25.2%) over the range of experi- while the difference is smaller (factor 1.5) for the less acidic
mental conditions investigated. For comparable LWC, e.g.conditions (Fig. 3d). We do not find evidence that would sug-
LWC=101gm~23, Ysoa varied by more than a factor of 5, gest higherYsoa under acidic conditions. For comparable
and increased in the following sequence: AS+FA+AA LWC and over the timescales accessible in our sékin
(3.2%), AS+FA+AA+SA (3.8%), SucA (4.7%), AS (5%), values from AA, SA or SucA containing seed were lower
AS+FA+SA (5.8%), ABS (8.8%), ABS+HA (7.2-25.2%), thanYsopa from AS seed.
ABS+FA (9.6-21%), AS+FA (17.2%), FA (17.3%). For
this comparison the observed linear relation with LWC was3.3 The timing of SOA formation: photochemical vs. dark
used for AS, ABS, FA and AS+FA; for AS+FA+SA avail- systems
able data points were interpolated; for SucA, AS+FA+AA, _ ]
AS+FA+AA+SA, ABS+FA, and ABS+HA linear interpola- The yolume grovvth of all seed types investigated can be cat-
tion through zero was applied (to derive a lower limit in the €90rized broadly into two types: (type A) a rapid volume
latter two cases); linear extrapolation between available datgfoWth is observed upon turning lamps ON (when using pho-
points was applied for ABS+FA, and this data was scaled foriochemical source for CHOCHO from,#, oxidation), and
ABS+HA (to derive upper limits). (type B) slow and continuous growth is observed (indepen-
Interestingly, AS seed — by far the most widely used seecdent of the lamps, or in the dark when CHOCHO was added
in chamber studies of SOA yields to date — showed amonglirectly). Notably, lamps are used in our study to form OH-
the lowestYsoa from C;H, of any seed investigated. For rad!cals. OH-radicals and UV photons are gvgllablg during
aqueous AS'spa compares to that observed for SucA. How- periods when _Iam_ps were t_urned ON to participate in aque-
ever, addition of water soluble FA had a pronounced effectoUS Phase oxidation chemistry. No oxidants are produced
on Ysoa from AS. At comparable LWCYsoa is found to during dark p_hases between experiments, or in expenmer_ﬂs
be 3.75 times larger for mixed AS+FA than for AS seed conducted without lamps. The rate of volume change is
(Fig. 3b). Ysoa from ABS is slightly higher than for AS found enhanced by a factor of about 500 for type A growth
(Fig. 3d). However, the addition of FA (and HA) had less compared to type B growth. _
of an effect onYspa for ABS than for AS. For example, at Most experiments showed type A grovvth in the presence
LWC=5 g m~3, the Ysoa for AS+FA is about 9.6%, i.e., is of light, fo.lloyve.d by type B growth in the Qark (see Ta-
larger than for ABS+FA Xsoa=7.2%), despite the fact that ble 1). This is illustrated in Fig. 4_for experiments tha}t all
Yson is higher for ABS than AS. This suggests that the rel- used the same A_S.+_FA se_ed squtlon.. .In some experiments
evantYsoa for mixed ABS+FA (and likely ABS+HA) may the seeq was acidified mildly by addition of.AA (tyrosine
be closer to the lower limit number of the range extrapolated@nd glycine), or SA to the AS+FA seed solution (p#i for
above. the AS+FA+SA seed). Panel b shows only experiments that
The lowest yields are observed for seeds containing amind/eré conducted at different RH, and used the same AS+FA
acids (AA) like tyrosine and glycine. Over the timescales ac-S€€d, while in panel ¢ experiments with addition of acids are
cessible by our setup, the presence of AA redutgs, by a shown. The Fjata from panels a was normalized in panels b
factor of 5.3 for AS+FA seed. It is important to note that this @nd ¢ according to Eq. (1):
conclusion can only be drawn as the LWC for the AA studied y v, 100 50
here is well known. AA containing seed showed the largestVnorm:= X x
LWC of all experiments conducted, and therefore yielded Vsced  [Glyl: — %LWC
the largest'spa values observed (Fig. 3f). The apparent ef- whereV; is the observed volume at timeWgeegis the seed
fect of AA to reduceYspa becomes visible only after LWC volume before the experiment, [G)yis the CHOCHO mix-
has been normalized; only thégoa is actually comparable ing ratio in units of ppb (normalized to 100 ppb here), and
to the other seeds studied. The apparent reductidfsda %LWC is the percent contribution of LWC to total seed vol-
becomes more pronounced over longer timescales. Furtheume (normalized to 50% here)lVd{orm:—1) hence represents
more, mild acidification with SA leavekspoa essentially un-  the volume change in units of percent, if 100 ppb CHOCHO
affected for AS+FA+AA seed, but strongly redudésa for were present in the gas-phase at 75% RH (for AS+FA seed in
AS+FA seed. Experiments containing AA and SA yielded Fig. 3b; 50% RH for AS, not shown). For experiments #19,
Ysoa values on the bottom scale of those observed. Similarly#20, and #27 the conditions varied by about a factor of 2
low yields were observed on SucA seed. Additional evidencen seed volume, a factor of 2.5 in gas-phase CHOCHO (70—
on the role of acid comes from a comparison of ABS+FA and171 ppb) and span a large RH range (:6®H<86%), re-
AS+FA seed. ABS behaves more acidic at lower RH, while sulting in a factor of more than 6 difference in the observed
AS is neutral at any RH. The LWC dependenceYeba volume change (see Table 1 and Fig. 4a). Interestingly,
is primarily determined from varying RH in our work, and Eq. (1) fully accounts for these significant differences, and
hence ABS+FA seed at LWC3& m~2 is more acidic than  the normalized time profiles (Fig. 4b) are indistinguishable
at LWC=5,gm~3. Interestingly, a factor of 3.5 lowefsoa within error bars. Similarly, AS, ABS, FA, SucA, mixed
is observed for ABS+FA and ABS+HA at LWCz8y m3, ABS+FA and ABS+HA seed showed type A growth, but

1)
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> 1.24 y_ . Fig. 5. Time series of the aerosol volume for type A uptake kinet-
3 addition ics. Data from experiment #20 (ABS+HA) is shown here. Grey
1-1': areas indicate times with lamps ON. No effect is observed if the
1 O_: seed is exposed to light in the absence of reagents in the chamber.
e veo "~ OO O After addition of chemicals to the gas-phase, an immediate shift
40  -20 0 20 40 60 in aerosol volume is observed whenHd; is photochemically oxi-

dized (twice here), followed by type B growth in the dark. Type B

growth as parameterized in Fig. 3 for AS+FA can explain that ob-
Fig. 4. Kinetics of SOA formation from gH,. Grey areas indicate served for ABS+HA seed (solid Ii.ne),.see text. Th(_e rapid vqlume
times with lamps ON(A) time-series of experiments #15 (solid growth during periods when the light is tur_ned ON is propo_rtlonal
stars), #19 (open squares), #20 (open circles), #27 (solid circles)t,o the amount of CHOCHO produced, and inversely proportional to
#32 (solid triangle), #34 (solid diamond), #35 (open diamond); seeI‘WC of the seed aerosols.

Table 1 for experimental conditiongB) The normalized volume

(see Eq. 1) accounts for differences in gas-phase CHOCHO concen-

trations, and liquid water content of the seed. For AS+FA seed two A reference experiment #32 was conducted in the dark
distinctly different rates of SOA formation are observed if CHO- chamber, with known amounts of CHOCHO added directly
CHO is produced from the photochemical source (#19, #20, #27to the chamber. A considerably slower growth rate, and
type A, dashed line) or added in the dark (#32, type B, solid line). smaller relative volume growth is observed (type B). No-

Type A uptake kinetics is observed for pure AS, ABS, FA, mixed tably, experiments #19, #20 (and #12, #17, #26 and #27
ABS+FA and ABS+HA seed (not shownjC) Type B kinetics is —_ ot shown) show a significant volume increase after the

observed for AS+FA seed acidified with AA (#15) or SA (#34, #35); lamps were turned OFF. The normalized volume growth rate

use of the phOtOChemi(?m source dqes not accelerate the uptake f.%retween dark periods of these experiments agrees quantita-
these seeds (the solid line from (B) is reproduced here for compari-, . . .
son purposes). tively with thqt obsgrved in the dark CHQCHO _ex_perlment
#32, and confirms directly that CHOCHO is a building block
for the observed SOA formation. We conclude that type A+B
the absolute volume change depends on the seed type (s8&owth is happening for AS+FA seed at high and low RH.
Sect. 3.2 above). Normalization according to Eq. (1) ac-Similarly, ABS, FA, mixed ABS+FA and ABS+HA seed
counts for differences in experimental conditions in the caseshowed type A+B uptake behaviour, while AS and SucA
of AS, ABS, FA and AS+FA seed. No dependence was ob-Seed only showed type A uptake, but did not show contin-
served on the light level used. Experiments conducted withued growth in the dark chamber. Repeated type A volume
a factor of 6 reduced light levels gave results that are essergrowth is observed if the lamps were turned ON consecu-
tially identical after normalization according to Eq. (1). This tively, followed by type B uptake during dark periods in be-
demonstrates that for these seeds the photochemical volunf@een, as illustrated for ABS+HA seed in Fig. 5. Notably,
growth scales directly proportional to the gas-phase CHO-0 volume growth is observed if the seed is exposed to light
CHO concentration, and the liquid water of the seed, andn the absence of reactants in the gas phase (shown for two
further suggests that the availability of UV photons does nottrials in Fig. 5). The type B growth rate shown in Fig. 5
limit the rate of CHOCHO uptake. does not represent a fit to the data, but was calculated us-
ing the type B growth rate derived from Fig. 4b for AS+FA
seed. Interestingly this rate does explain type B growth rates

time [min]
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observed for ABS+HA seed as well, despite different CHO- —1 T
CHO and seed volume levels, reflecting that the normaliza- 0 [(A) AS + Fulvic Acid ++ )y
tion according to Eq. (1) applies also to type B growth. While 60 ‘+ *
type A growth is significantly lower for ABS+HA compared 40k ( ]
to AS+FA, type B growth rates seem to be controlled largely 20k ]
by gas-phase CHOCHO and LWC of the seed, and appear . . . et
to be comparable within the measurement precision for both 88 n ') Fu.lvic Acid ’
seed types. 60 '_i 1
Most notably, seeds containing AA like tyrosine and = I ]
glycine, and/or SA did not show type A growth, despite the E 40 [ ) ( ]
fact that the same photochemical system was used. The pres-® 20 - x5 -
ence of these acids reduced the amount, and the rate of vol-= 0 N,
ume growth as illustrated in Fig. 4c. The normalized growth "o L(C) AS
rate for these acidified experiments agrees reasonably well §'< 20} -
with type B growth observed for the dark periods of exper- = f ” H g—
iments #20 and #32 (type B growth from panel b is repro- 10} ( é - -
duced in panel ¢). We do not find an enhanced rate of vol- - =
ume growth for seeds that were mildly acidified with SA Op—t——t—
compared to the non-acidified seed. Seeds containing AA 60 (D) ABS + -
show a slightly faster initial volume growth, but this initial 0 s
growth seems to level off over extended experiment times, I ( Q ¢ ;
and is below the type B growth rate after about 30 min ex- 20} -
periment time. It should be noted however, that the smaller I M . . B

relative vplume change associafced with type B growth poses 010 50 30 40 50 60 70 80 90
an experimental challenge that is not compensated easily by RH [%

extended measurement times. The uncertainties from the [%]

correction of aerosol volume loss to the chamber walls and

(reversible) uptake of gas-phase CHOCHO to the chambefFig. 6. RH dependence of the effective Henry’s law constangs, H
walls then become dominant error sources. The reductiolff CHOCHO for different seed aerosol¢A) Ammoniumsulfate
in uptake rates and relative volume changes for seeds thafixed with fulvic acid (AS+FA)(B) Fulvic acid (FA),(C) Ammo-

contained AA or SA however is beyond experimental doubt, Mumsulfate (AS)(D) Ammoniumbisuifate (ABS). Open symbols
'represent values of & derived under the assumption that CHO-

f acid d h f ilabl C(?HO partitions to the overall seed volume (case 1). Solid symbols
ot acids reduces the amount of avallable water, or ScaVenget%present values of &t derived under the assumption that CHO-

any excited states produced from organic photochemistry incio partitions only to the portion of the seed volume that corre-
the aerosol aqueous phase. The pronounced acceleration §onds to aerosol liquid water (case 2). The apparent RH depen-
the rate of volume change. For neutral seeds, the pronouncegknce of Hy in case 1 is fully accounted in case 2, presenting di-
acceleration of the rate of volume change suggests that addiect evidence that CHOCHO uptake proceeds through the aerosol
tional CHOCHO uptake is triggered as the result of organicaqueous phase.
photochemistry in the aerosol aqueous phase. The measured
Ysoa Nnumber establishes as a result of competing uptake and
scavenging rates of the intermediates of SOA formation innormalization to facilitate a quantitative discussion between
the aerosol water. different seeds and experimental conditions, and do not mean
to imply any conclusion about the reaction mechanisrg H
3.4 Dependence of effective CHOCHO solubility on rela- values for AS, ABS, FA and AS+FA are plotted as a function
tive humidity of RH in Fig. 6. Hy values were calculated in two ways:
(1) based on the measured seed volume (black open dots)
Given that photochemical volume growth scales proportionaland (2) based on the portion of the seed that was LWC (solid
to the gas-phase CHOCHO concentration, and LWC (Fig. 4kred dots). Calculations ofdd that are based on the measured
and Eq. 1), the effective solubility of CHOCHO ] was  seed volume give systematically lower values; thogg\rl-
calculated from type A volume growth, and values are listedues further show an apparent dependence of RH. Notably,
in Table 1. In experiments where also type B growth wasthis apparent RH dependence is fully accounted after nor-
observed, s was calculated based on the largest volumemalization of the LWC portion of the seed. Such calculation
growth observed. In experiments where type B growth didgives essentially constant and higheghtalues for all seeds
not level off, Hy is listed as a lower limit number in Ta- shown, over the entire range of RH probed. This further cor-
ble 1. We calculate these:Hvalues primarily as a means of roborates that LWC is a crucial quantity for determining the

www.atmos-chem-phys.net/9/1907/2009/ Atmos. Chem. Phys., 9, 19082009



1916 R. Volkamer et al.: WSOC photochemistry of CHOCHO
90 . . . " 3.5 Dependence of effective CHOCHO solubility on OH
80 LA radical concentrations

~
o

It is of interest to explore whether our results depend on the
conditions under which £+, was oxidized. The OH-radical

concentrations predicted by our model over the course of in-
dividual experiments varied by about 10% from the average

'r+————-¢

(o2}
o

. [x10"M atm™]
a1
o

40F ® AS + Fulvic A : i A )
o Eulvic Acid ] values listed in Table 1; OH was systematically varied by
5 30} m AS ] more than a factor of 15 between different experiments. Over
T 20k .. - _+ ....... P, the range of OH-radical concentrations probed the thl-
10F h ues for any given seed type did not depend on the OH concen-
0 R R R R R R R A tration, as is shown in Fig. 7b. This is in line with a product
10 20 30 40 50 60 70 80 90 distribution that did not vary much between experiments (see
RH [%] Table 2), and the conclusions in Sect. 3, that SOA growth is
essentially attributed to CHOCHO partitioning to the aerosol
90 B L A S L ] phase; in particular, the rate of any gas-phase polymerization
. 80F ) reactions would be expected to depend on the OH radical
H'E 70} ¢ - concentration, which is not observed.
% 0= — —+— —-— = =] Notably, studies of the OH radical initiated oxidation
= 5ol + ] mechanism of gH, show no change in the CHOCHO for-
~ . . ] mation in the presence and absence of{N&hd suggest that
% 40F ; ASI + FUIV.IS Acid ] the CHOCHO formation mechanism involves initial OH at-
=30} Fulvic Aci 9 tack to the triple bond followed by a sequence of rapigd O
T 20F mAS *_ ] addition/isomerization reactions that recycle the OH-radical
100 L B S without need for R@— RO conversion (Hatakeyama et al.,
0 . . . . . 1986). These simulation chamber experiments are consis-

0 2 4 6 38 10 12 tent with OH-cycling experiments using laser-flash photoly-
OH [x107 molec Cm'3] sis (Siese and Zetzsch, 1995), flow tube Chemical lonization
Mass Spectroscopy and computational studies (Yeung et al.,
Fig. 7. Water soluble organic carbon (WSOC) photochemistry _2005) thgt all S_hOW Consistently that hy_droxyl peroxy radical
enhancement of CHOCHO partitioning to AS+FA and pure FA intermediates involved with the formation of products from
aerosols compared to pure salt solutions (AS). CoH»y are very short lived. Contrary to conventional RO
radicals, for which their fate could depend on the experimen-
tal conditions (reaction with NO vs. HIRO,), the fate for
CHOCHO uptake to aerosols; if calculations were based orthese RQ is exclusively determined by rapid isomerization
the overall seed volume the actualg/alue could be under- reactions. Yeung et al. (2005) infer the lifetime with respect
estimated by as much as a factor of 30 (for FA seed, Fig. 6b)to isomerization to be on the order of 700 ns. Assuming a rate
This finding presents a deviation from the traditional defini- constant of %10-12cm®molec ! s~? for the RG+NO re-
tion of Molarity as the molar concentration of a solute per action, and [NO]=5 ppm, the fate of these Ri® determined
volume of solution (water+seed). to more than 99.9% by the isomerization reaction. The in-
The effect of adding FA to AS seed is illustrated in Fig. 7a. Sensitivity of the OH-radical initiated oxidation mechanism,
The factor of 3.5 higher kk for AS+FA seed is reflective of  i-€., to form CHOCHO, is in general agreement with Fig. 7b,
the higherYsoa (Fig. 3b). Interestingly, the two experiments and support the robustness of our results also in the absence
#12 and #20 (AS+FA seed at R#80%) showed type A+B  Of NOx.
growth that did not level off over the timescales investigated; The lower range of OH radical concentrations in our ex-
the respective ki values in Table 1 represent lower limitval- Periments are comparable to those observed in the atmo-
ues. For both experiments these lower limit values are highepphere (Shirley et al., 2006); typical OH concentrations were
than the values observed at lower RH (Fig. 7a). Both experabout 10-50 times higher than the global annual mean OH
iments were conducted above the deliquescence RH (DRH§oncentration (Prinn et al., 2001; Heard and Pilling, 2003).
of AS, and the observeddq value is found to be approxi- The lack of any OH-radical dependence suggests that our re-
mately the sum of kk values observed for pure AS and FA sults can be extrapolated to atmospheric conditions.
seed. For experiments below the DRH of ASsHalues of
mixed AS+FA seed were found essentially identical to those
of pure FA seed. The highergk value for AS+FA seed at
RH>DRH deserves further investigation.
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4 Discussion and atmospheric relevance bars. The difference in amounts and the rate of CHOCHO
uptake may reflect either of the following: (1) CHOCHO is
There are currently three laboratory studies that investigatérreversibly taken up by photochemical reactions; (2) photo-
the uptake of CHOCHO to aerosols in the dark (Kroll et al., chemistry speeds up the reaction rates, but does not alter the
2005; Liggio et al., 2005a; Corrigan et al., 2008), and onereaction products; (3) photochemistry speeds up the reaction
study reporting field evidence in support of the atmosphericrates, and forms essentially different products than dark re-
relevance of SOA formation from CHOCHO (Molkamer et actions; or (4) a combination of the above. The question of
al.,, 2007). Our work is unique for three reasons: (1) thewhether the oxidative CHOCHO uptake to AS is indeed fully
widely used concept of SOA yields is linked directly to a par- reversible, i.e., can indeed be described by Henry’'s Law, re-
ticularly volatile CHOCHO precursor NMHC; SOA forma- mains to be answered.
tion from GH, demonstrates directly that the current theory  Kroll et al. (2005) had suggested that the uptake of CHO-
of SOA formation as it is widely used in atmospheric models CHO to AS is controlled by ionic strength. This appears to
is incomplete; (2) SOA yields from 1, show a strong de- be somewhat unlikely based on the anti correlation between
pendence on the chemical composition of seed aerosols, aridnic strength and the missing CHOCHO sink observed in
raise questions whether a similar dependence of SOA yield#/exico City (Volkamer et al., 2007). Based on the results
exists also for other SOA precursors; and (3) we demonstratéom this work, any effect of ionic strengths is much smaller
that organic photochemistry in the aerosol aqueous phase ifan the effect of organic photochemistry to enhance CHO-
needed to accelerate SOA formation from CHOCHO, andCHO uptake to aerosols.
dominates over dark processes. We also observe evidence for There is one study available for discussion of SucA. Cor-
continued chemical processing of CHOCHO in the dark, butrigan et al. (2008) did not observe any CHOCHO uptake
the amounts of SOA produced, and rate of SOA formation byin the dark under conditions where SucA is believed to be
dark processes are much smaller than by the photochemicalry and solid (up to 54% RH). Our study was conducted at

reactions. slightly higher RH (61% RH), and SucA containing about
36%,,, LWC showed type A uptake kinetics in the photo-
4.1 Comparison with literature values chemical system. Consistent with findings by Corrigan et

al. (2008) we did not observe type B growth in the dark,

Ours is the only study of CHOCHO uptake to aerosols con-when the aqueous seed was exposed to about 90 ppbv CHO-
ducted in the presence of gas-phase oxidants. The produc@HO. It appears unlikely that aerosol water associated with
formed in the presence of UV photons and OH-radicals aredicarboxylic acids catalyzes any irreversible reaction with
likely different from those formed under dark conditions in CHOCHO under dark conditions. Interestingly the uptake
the absence of oxidants. kinetics, and amounts of CHOCHO related growth for AS

Kroll et al. (2005) derived kk based on the total seed vol- and SucA are comparable. In analogy to AS, we conclude
ume, and a density of 1gcm for SOA from CHOCHO; that any irreversible reaction of CHOCHO with SucA in our
both assumptions lead to an underestimate of the actyyal H system must be driven by photochemical reactions. Alterna-
value. The re-evaluatedeil value comparable to this work tively, the reaction rate to form oligomers from CHOCHO
is a factor of 4.6 larger, i.e., & As kron=1.2x 10®Matm1 in the associated water phase could be strongly enhanced
at 50% RH. We find a 40% higher value otfifor AS in by photochemistry, yet follow a reversible mechanism. It
our photochemical system, but the rate of CHOCHO uptakeremains to be elucidated whether the photochemically en-
is enhanced by 2-3 orders of magnitude in our photochemhanced uptake of CHOCHO to AS and SucA follows a re-
ical system. Notably the CHOCHO uptake kinetics for AS versible or irreversible reaction mechanism.
followed type A growth over the range of relative humid-  The reaction of amines to form covalent N-C bonds has
ity conditions studied; no type B growth was observed in been exploited by analytical techniques for the detection of
the following dark period of experiments. This is in con- carbonyls including CHOCHO for a long time (Koshy et al.,
trast to the continued growth observed over several hours ir1975; Yu et al., 1995b). Little is known however about the
dark systems (Kroll et al., 2005; Liggio et al., 2005a; Gal- extent to which gas-phase reactions of amines play a role in
loway et al., 2008) and UV-light irradiated systems in the the formation of particles, or affect the atmospheric chem-
absence of OH radical sources (Galloway et al., 2008), andstry of CHOCHO. More information is available on amino
surprising, as type B growth rates as those observed by otheacids, which have recently been shown to catalyze the forma-
authors should have been observable in our system. Notablyion of oligomers from acetaldehyde via aldol condensation
the amounts of SOA formed after several hours in their ex-(pathway 1), or a Mannich Pathway (pathway 2) (Noziere
periments remain 40% below the SOA formed within 90 s and Cordova, 2008). While similar reactions may also trigger
in our study. While our results appear to confirm the con-aldol condensation ef-dicarbonyls, the rate limiting step for
clusion for reversible CHOCHO uptake for AS (Kroll et al., both pathways consists in the formation of enamine, which
2005) over an extended RH range, the 40% higher uptakenay proceed also in the case of CHOCHO, as the additional
in our photochemical system is only marginally within error aldehyde group in water undergoes rapid gem-diol chemistry.
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For acetaldehyde, pathway 2 was shown to dominate ovetype B growth on SucA observed here, and our finding that
pathway 1 at molar concentrations above 0.15M arginine.addition of SA had no effect on the rate of CHOCHO uptake
For glycine, the most abundant AA in atmospheric particles,in the dark. The apparent correlation of growth rate with
the rate of enamine formation is lower by about a factor of pK, could hence equally be interpreted as LWC controlled
four than for arginine (Noziere and Cordova, 2008). Un- CHOCHO uptake, and competing acid effects, as concluded
der the molar concentrations of glycine (and tyrosine) usedn this work. LWC is not well constrained in Corrigan et
in this study (about 2—4 M), the AA concentration is suffi- al. (2008), and such interpretation seems likely also in light
ciently high that any enamine that may form from CHOCHO of the growth rate data for glycine and glutamic acid, which
would likely react via a Mannich pathway. Glycine concen- appears to be internally consistent only if regarded in context
trations used in this study are about two orders of magni-to the presumably higher LWC at higher RH. The reduced
tude higher than those found in atmospheric particles (up taiptake of CHOCHO to acidified aqueous solutions observed
0.02 M) (Zhang and Anastasio, 2003; Matsumoto and Ue-in this work and Corrigan et al. (2008) appears to be analo-
matsu, 2005; Noziere and Cordova, 2008); however, our congous to the observation of reduced methylglyoxal uptake on
centrations are low compared to those employed in Corriganmmore acidic solutions (55-85%,, SA) (Zhao et al., 2006),
et al. (2008), where essentially pure solid AA were used.which suggested a competition of acid for liquid water, and
Under such particular experimental conditions Corrigan etrecognized the relevance of liquid water rather than acid as
al. (2008) argue that the presence of particle phase nuclecatalyst for SOA formation. Our study directly confirms such
ophiles, sulfate and acidity all appear to increase CHOCHCOcompetition exists also for CHOCHO uptake due to organic
uptake. However, growth factors observed on sodium sulfatgphotochemistry in aerosol water. At the pH found in atmo-
are larger than growth factors on any AA. Arginine and glu- spheric particles throughout the troposphere, acidity is also
tamic acid experiments are the only AA systems that showedhn inhibiting factor in SOA formation. In terms of the CHO-
enhanced uptake over sodium chloride, which was chosen aSHO reactivity enhancements, we conclude that sulfate is
a reference seed that only forms glyoxal oligomers in the assecond to organic photochemical reactions; the presence of
sociated water phase (no reactions with sodium chloride ar@ucleophiles and SA reduces this reactivity.
expected). The observed growth factors on sodium chloride The dependence of SOA yields on seed chemical composi-
were larger than for glycine and other AA studied, includ- tion demonstrates that the chemical reactions that form SOA
ing one of the two glutamic acid experiments. Overall, the depend on the chemical environment provided by the seed.
enhancements attributed to AA catalysis over salt solutionsther than the direct role of providing reactive functional
were, if observable, rather small (Corrigan et al., 2008). Ingroups, indirect roles of the seed could include catalytic roles
our study addition of glycine and tyrosine to AS+FA seed did of aerosol water, seed chromophores facilitating photolytic
reduce the rate of CHOCHO uptake by 2—-3 orders of magniprocesses, and particle pH influencing the reaction rate of
tude compared to experiments in the absence of AA in theCHOCHO processing in aerosol water.
photochemical system. We observe growth rates in the dark
to be comparable in the presence and absence of AA, and d¢.2 Do SOA vyields depend on the seed chemical composi-
not find evidence that the most abundant AA in atmospheric tion also for other VOCs ?
aerosols, i.e., glycine, enhances the reactivity of CHOCHO
in aerosols. Most studies of SOA yields to date used either no seed at all
Similarly, acid catalyzed heterogeneous reactions of CHO+{e.g., Hurley et al., 2001 and references therein), or added
CHO are found second to photochemical reactions to enAS seed in an attempt to overcome barriers in the Gibbs free
hance the CHOCHO uptake to particles. For the mildly acid-energy towards homogeneous nucleation of semivolatile va-
ified seeds investigated here (see Table 1) the photochemicalors, or ascertain the effect of ionic strength on the parti-
rate of CHOCHO uptake is reduced by several orders of magtioning of semivolatile products (Odum et al., 1997; Cocker
nitude compared to identical seeds that were not acidifiecet al., 2001; Kroll et al., 2007). AS seed has been shown
with SA. Differences in experimental conditions may explain to accelerate the rate of SOA formation, but does not affect
results different from those observed by (Jang et al., 2002)the SOA yield compared to experiments conducted in the ab-
those experiments were conducted with more acidic parti-sence of seed (Kroll et al., 2007). Notably, our observation
cles in a photochemical reaction system. An acid effect onof rapid photochemical SOA formation on AS could con-
CHOCHO uptake was also observed by Liggio et al. (2005a)tribute to this acceleration, though AS is among those seeds
and Corrigan et al. (2008), while — consistent with our re- that forms least SOA in this work. Cocker et al. (2001a, b)
sults — no acid effect was observed by Kroll et al. (2005). did not observe any measurable effect of RH on SOA yields
Notably, in the apparent correlation of the growth rate with from a-pinene, m-xylene and 1, 3, 5-trimethylbenzene, and
pK, (Corrigan et al., 2008) the strongest acid studied (oxalicattributed this to the existence of two separate SOA and aque-
acid) was an outlier to any apparent acid trend. Oxalic acidous salt phases in a single particle. This interpretation of
and SucA showed negligible CHOCHO uptake in the dark,phase separation is supported also by thermodynamic model
despite rather high RH. This is consistent with the absence o€onsiderations (Chang and Pankow, 2006). Consequently,
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experiments using seeds composed of inorganic aqueouwssignificant fraction of the missing SOA source (Volkamer et
salts, SOA, or mixtures of both will not be particularly sen- al., 2006, 2007). Notably, this conclusion was reached with-
sitive to any aqueous phase organic photochemistry, as theut making any assumption about the reaction mechanism,
amount of liquid water associated with SOA is much smallerreflecting that the uncertainty related to SOA formation from
than that associated with aqueous salts. Notably, the OHEHOCHO on aerosols spans several orders of magnitude.
radical initiated oxidation of 1, 3, 5-trimethylbenzene does For AS seed, Kroll et al. (2005) reproduced experiments
not form CHOCHO as oxidation product, and CHOCHO by Liggio et al. (2005a) over extended experiment times, and
yields from a-pinene are very small. Also, CHOCHO yields observed that initial CHOCHO uptake slowed and reached
from m-xylene are low compared to other alkylbenzenes (se@ plateau after several hours. They concluded that CHO-
Table 1 in Volkamer et al., 2007), reducing the sensitivity of CHO uptake to aqueous AS is reversible. This implies that
all three systems further towards effects as those observed ithe chemical bonds formed when CHOCHO reacts with sul-
this study. Regardless, CHOCHO and glyoxylic acid werefate in the dark (Liggio et al., 2005c), or forms oligomers in
identified in Cocker et al. (2001b) among the aerosol phaseerosol water (Kroll et al., 2005; Hastings et al., 2005; Liggio
products. There is no currently known mechanism to produceet al., 2005c¢) are not stable and appear to be broken already at
glyoxylic acid via a gas-phase oxidation mechanism, while itambient temperatures. Corrigan et al. (2008) observed con-
is a known product from agueous phase oxidation of CHO-tinued growth upon exposing CHOCHO to (mostly dry) as-
CHO and other precursors (Ervens et al., 2003). The obserpartic acid, sodium sulfate, arginine, glutamic acid aerosols
vation of glyoxylic acid among the constituents in SOA gives (among others) in a dark chamber, and attribute this growth
direct evidence that the molecular formation routes for SOAto reactions of CHOCHO with sulfate, nucleophiles (AA),
formation appear to have been affected by the presence adnd oligomer formation in thin water layers associated with
small amounts of water (either from multiphase chemistry atmostly dry aerosols. The apparent growth rate appears to
the interface between aqueous salt phases, or in water assodiecrease with time, and it is not clear at present if it con-
ated with SOA); CHOCHO and glyoxylic acid accounted for verges towards a plateau. It should be noted that the re-
about 0.1% each of the extracted SOA mass from m-xylenesults by Corrigan et al. (2008) on dry seee(0VC <4%,,
under dry conditions. showed most growth) and in the dark are somewhat diffi-
To the best of our knowledge ours is the first study thatcult to compare with our results on mostly aqueous aerosols,
systematically investigated the dependenc&gs on seed  where AA and/or SA largely reduce the photochemistry en-
chemical composition. Unless SOA generated in chambers ifanced aerosol growth rate (see also Sect. 4.1.). Our find-
equally water soluble as SOA generated in the atmospherengs that photochemical aerosol growth directly scales with
our findings point to a possible bias in current simulation (1) the CHOCHO concentration, and (2) the LWC for any
chamber data: a reduced interface for organic photochemgiven seed type are compatible with Henry’s Law behavior,
istry in externally mixed SOA and water phases (within the but allow no definite conclusion whether such growth is re-
same particle), compared to a greatly enhanced interface imersible or irreversible (see Sect. 4.1.). About half our ex-
bulk aqueous aerosols containing water soluble organic carperiments showed continued growth in the dark over acces-
bon (WSOC). WSOC is a major component of the seedssible time scales; however, about an equal number showed
studied here, as well as the SOA produced in the atmosphemgo such growth. While an increasing number of studies
(Sullivan et al., 2006; Weber et al., 2007). If a similar ef- now provide evidence that CHOCHO partitions to aerosols in
fect of seed chemical composition was confirmed also foramounts larger than expected, it remains to be demonstrated
other SOA precursor VOCs, this would significantly increase convincingly whether such CHOCHO uptake proceeds by a
the predicted amount of SOA formed on local, regional andreversible or irreversible mechanism. Notably, we choose
global scales. to present our results in terms offvalues primarily for
means of a quantitative comparison with other studies, and
4.3 Can CHOCHO uptake be described by Henry’s Law ? for discussion purposes, and do not mean to imply that pho-
tochemical CHOCHO uptake is necessarily reversible.
Whether or not the partitioning of CHOCHO to aerosols can
be described by Henry's Law is directly tied to the question4.4 Atmospheric implications
whether the uptake mechanism is reversible or irreversible.
The relevance of this question is illustrated from discussionlt is of interest to place the results from the present work
in Volkamer et al. (2007): reversible CHOCHO uptake as de-into perspective in terms of our understanding of the mecha-
scribed by Kroll et al. (2005) can explain several 10 igPm  nism of SOA formation in the atmosphere. Traditional SOA
of SOA mass for the typical urban CHOCHO concentra- models struggle with predicting the fast timing and the large
tions found in Mexico City (Volkamer et al., 2005a); irre- amount of SOA produced in the atmosphere (Heald et al.,
versible CHOCHO uptake (Liggio et al., 2005a) predict sev-2005; de Gouw et al., 2005; Johnson et al., 2006; Volka-
eral 10ugm—2 SOA. The missing CHOCHO sink to form mer et al., 2006; Riddle et al., 2008). Recent experimen-
SOA is closer to the upper end of this range, and can explairial work has further demonstrated that only a portion of the
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organic aerosol seems to participate in the absorption proSOA vyields derived in simulation chamber experiments of
cesses for semivolatile oxidation products (Song et al., 2007)other SOA precursors (see Sect. 4.4.4.).
This evidence further increases the already substantial mis- Vapor pressure as the only parameter to control SOA for-
match between SOA predictions and observations. Tradimation clearly is insufficient to explain SOA formation from
tional SOA models contain a high bias with respect to theC,H,, and the variability of SOA vyields at fixed 4 ob-
predicted amount of SOA from semivolatile oxidation prod- served in this study. SOA models require a conceptual ex-
ucts in the atmosphere. pansion to also reflect SOA formation via the photochemi-
cal and dark solubility — reactivity scale in aqueous aerosols.
4.4.1 Conceptual expansion of SOA models: the photo-The implementation of such SOA formation in atmospheric
chemical solubility-reactivity scale models requires knowledge of partitioning coefficients (e.g.,

Most SOA model SOA f ) h | feffective Henry’s law constants, reactive uptake coefficients),
ost models represent ormation as the result o the oxidation mechanism and chemical kinetics of reactions

the gas-phase oxidation of VOCs to form semivolatile prod-y, .+ oster and inhibit SOA formation, ideally under condi-

ucts that partition by absorption (dissolution) into an organictions that resemble those found in the atmosphere
particle phase (Odum et al., 1997; Seinfeld and Pankow, '

2003; Robinson et al., 2007). These models follow (Pankowy, 4 5 aerosol vs. cloud water as a chemical reactor
1994a), according to which only the organic mass fraction

of the aerosol (Mm) contributes to absorbing semivolatile The chemical environment in aerosol water is fundamen-
gases; the partitioning coefficient for an absorptive processa|ly different from that in cloud or fog water, because
is expressed as a function of physical and thermodynamig1y the liquid water content of aerosols is 3-5 orders of
properties of the semivolatile compound: magnitude smaller than in clouds/fog droplets, and (2) the
RTMom smaller diameter of aerosols results in 2—-3 orders of mag-
PJ:W 2) nitude higher surface to volume ratio for aerosols com-
! pared to cloud/fog droplets. The different chemical envi-
whereR is the ideal gas constarft,is temperature, M, (see  ronment in aqueous aerosols compared to cloud/fog droplets
above), MW is the mean molecular weight of the absorbingis illustrated in Fig. 8. Based on measurements of the ef-
aerosol phase; is the activity coefficient of compounidin fective Henry’s law constants of dilute solutions of CHO-
this phase, an@? is the vapor pressure of compounds a ~ CHO in water Hg=4.2x10°Matm™ (Ip et al., 2009),
pure liquid. Mym is defined to include any liquid water that and seawater &=3.6x10°Matm™! (Zhou and Mopper,
is attracted due to hygroscopic properties of organic materiall990), CHOCHO should partition in appreciable amounts
(see Eq. (4) in Seinfeld and Pankow, 2003). According toonly to clouds/fog, but not to aqueous aerosols. Even
Eg. (2) aerosol components other thagMsuch as crustal the higher CHOCHO solubility in aqueous AS particles,
material, inorganic aerosol, and liquid water attracted by in-He=2.6x 10" Matm~! at 50% RH (Kroll et al., 2005), does
organic aerosol do not contribute to SOA formation. In this not significantly affect the gas-phase CHOCHO budget in
view, for any given SOA precursor NMHC there is one set the absence of clouds. However, the presence of dissolved
of Ysoa and My, data pairs; i.e.Ysoa is treated as a chem- organic matter can photochemically enhance the CHOCHO
ically inert quantity that should not depend on the chemicaluptake. Using our measured effective solubility of CHOCHO
seed composition. The seed role is limited to acceleratingn aqueous fulvic acid particles ¢ft=6.1x 108 Matm1, and
SOA formation by providing a surface for condensation. assuming 1Q.g m~3 of aerosol liquid water, about 13% of
In this work theYspa values for any given seed do not the CHOCHO will be in the particle phase. For Mexico City,
correlate with My, but instead show an excellent correla- where organic aerosols comprise the largest fraction of fine
tion with LWC (see Fig. 3, and Sect. 3.1.). Complementary particulate mass (Salcedo et al., 2006), our laboratory results
evidence for the relevance of LWC for SOA formation from predict up to 24% of the CHOCHO will partition to aerosols.
recent field observations (Hennigan et al., 2009) is consisClearly, aerosols can affect the gas-phase CHOCHO budget
tent with our results. Moreover, at any giverpithe Ysoa to a measurable extent despite their small LWC.
is found to vary as a strong function of the chemical seed The aerosol aqueous phase as a chemical reactor is dis-
composition (see Sect. 3.2.), providing direct evidence thatinctly different from cloud water. Notably, the source of
SOA formation from GH is controlled by heterogeneous oxidants is different. KO, does not partition in appreciable
chemistry. Internal mixtures of inorganic and water solu- amounts to aerosols; however, OH-radical uptake from the
ble organic aerosol (fulvic and humic type matter) increasegas-phase provides a significant source of oxidants in par-
Ysoa over pure inorganic aerosol. This highlights an impor- ticles (Ervens et al., 2003). Also, compared to the micro-
tant function of inorganic aerosol, namely to attract LWC, to milli-molar dilute solutions characteristic of cloud or fog
and thus increase the reactor volume where organic photowater (Carlton et al., 2007), reaction rates of CHOCHO are
chemistry causes thBspa enhancements over pure salt so- likely to be accelerated in 0.1-10 M solutions characteristic
lutions. Such SOA largely escapes the parameterization 0bf aqueous aerosols. The nature of oligomer formation is
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non-linear (Barsanti and Pankow, 2005), and requires exper- ;¢ a1 (2009) Kroll etal. (2005)  this work Volkamer et al. (2007)
iments to be conducted under essentially different conditions ™

that resemble aerosols.

4.4.3 Anthropogenic vs. biogenic SOA sources

Global simulations indicate that biogenic NMHC oxidation  —
is the major global source of SOA and this source has been £ .
enhanced by humans due to the anthropogenic increases i g 10°1
gas-phase oxidant and primary particle levels (Kanakidou et ¢ ..
al., 2005; Fuzzi et al., 2006). This view is supported‘f@ S 1074 |
measurements, which attribute a modern carbon age to mos i
OA found in the atmosphere. However, field observations 10'
show no correlation between enhancements of OA mass ant
biogenic precursors (de Gouw et al., 2005; Sullivan et al.,
2006; Weber et al., 2007), but instead show an excellent 10 10° 10° 10° 10° 10° 10° 10"
correlation with anthropogenic pollution factors (de Gouw H, [M atm™]

et al.,, 2005; Volkamer et al., 2006; Sullivan et al., 2006;

Weber et al., 2007). Such conflicting evidence fréfc Fig. 8. Partitioning of water soluble molecules to cloud/fog vs.
data and correlative analysis of time series data is difficultaerosol liquid water. The LWC of clouds (blue line) and fog (or-
to resolve within the purely physical (vapor pressure driven)ange line) is 3-5 orders of magnitude larger than that of aerosols
framework of SOA formation that underlies most SOA mod- (pink area). Hg values on the order of 3:510* Matm™1 (blue

els; such models necessarily maintain i€ signature of ~ dot), 3.5¢<10°Matm~! (orange dot) and 210°Matm~1 (black
precursors also in th¥'C signature of the semivolatile ox- dot) characterize equal parts in the gas- and dissolved phase for
idation products. It should be noted, however, that a pri-¢louds, fog and aerosols, respectively. Dotted lines indicaige H
marily modern'4C age of OA is not necessarily indicative LWC pairs that favor the gas-phase; dashed lines indicagelM/C

of biogenic NMHC precursors. Rather our interpretation of pairs where the dissolved phase is the dominant reservoir (the par-

the information content of4C measurements depends on titioning ratio, defined as dissolved/gas-phase, is indicated next to
P each line). The vertical lines representsHalues as measured for

the framework that we choose to think about SOA forma- chocHo in (a) bulk water (Ip et al., 2009)(b) metastable AS
tion. If, for example, the framework for SOA formation was aerosols (Kroll et al., 2005)c) metastable AS+FA aerosols (this
expanded to include heterogeneous (photo) chemistry, othefork), and(d) aqueous ambient aerosols in Mexico City (Volkamer
factors could increase or decrease particulate phase reactigt al., 2007). Aerosols are distinctly different aqueous/multiphase
ity of SOA building blocks. While the possibility for such chemical reactors than clouds/fog.
bias in the interpretation of*C age could in principle be
caused by a biogenic or anthropogenic trigger of SOA for-
mation, only an anthropogenic trigger to enhance SOA for-are deemed responsible for 5-11 TgyBSOA production on
mation from biogenic NMHC is compatible with the avail- global scales, which is comparable to the sum of SOA formed
able field evidence (de Gouw et al., 2005; Volkamer et al.,from monoterpenes, sesquiterpenes, isoprene, and aromatics
2006; Sullivan et al., 2006; Weber et al., 2007; Riddle et al.,(Fu et al., 2008; Myriokefalitakis et al., 2008); these esti-
2008). Further, there is no experimental evidence as yet thahates underestimate the role of aerosol seeds, and will fur-
would demonstrate convincingly that equal amounts of OAther increase based on the results of this study. WSOC ac-
are formed from biogenic NHMC precursors in the presencecounts for a major portion of OA in urban and rural areas
and absence of anthropogenic pollution factors. (Sullivan et al., 2006; Weber et al., 2007). Our observation
The global source of-dicarbonyls is estimated to be at of fast SOA formation from WSOC photochemistry of CHO-
least 185 Tgyr! (Fu et al., 2008). The CHOCHO source CHO is consistent with field evidence of fast SOA formation
is estimated at 45-83 Tgyt, and largely due to secondary due to first generation oxidation products, and helps explain
sources (17% from £H,, 70% from biogenic NMHCs) part of the missing SOA source in Mexico City (Volkamer et
(Myriokefalitakis et al., 2008; Fu et al., 2008); an additional al., 2006). However, our results fall short by a factor of 7-14
oceanic source (Wittrock et al., 2006) is currently largely to explain the CHOCHO sink to form SOA in Mexico City
uncertain. Aerosol uptake to form SOA could determine (Volkamer et al., 2007).
75-95% of the atmospheric fate of CHOCHO in polluted Given the large mismatch between predicted and observed
air, and form about an equal amount of SOA as the sumSOA on local and global scales, little trust should be placed
of semivolatile oxidation products from traditional anthro- in the dominance of biogenics on global scales based on
pogenic and biogenic SOA precursor NMHC in Mexico City these models alone. Clearly, the sourcexedicarbonyls,
(Volkamer et al., 2007). CHOCHO, and othedicarbonyls, and the uncertainty associated with their atmospheric fate,
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is large enough to affect the interpretation’8€ measure- CHO will increase predicted O/C ratios (see also Dzepina et
ments on scales from local to global. Anthropogenic precur-al., 2009). While the high O/C ratios of CHOCHO related
sors could be responsible for about one third of the globalSOA compare favorably to the O/C=0.9 observed in ambient
SOA production (Volkamer et al., 2006). Our results sup- aerosol, the range of observed values in chamber experiments
port the expanded definition of SOA formation, according from toluene, 1, 3, 5-trimethylbenzene, isopreaeyinene
to which SOA sources include gas-to-particle partitioning inis much lower, i.e., 0.30/C<0.4 (Aiken et al., 2008). It
the organic- and aqueous phase, organic phase processing,these low O/C ratios that are currently parameterized in
aqueous phase processing, and multiphase processing (i.@tmospheric SOA models. Finally, (5) SOA generated in
surface and bulk) (Volkamer and Kanakidou, 2007). chambers is more volatile than ambient SOA (Huffman, et
al., 2009). Thereby, the more oxidized fraction of the aerosol
4.4.4 On the issue of double-counting SOA from CHO- is least volatile. Typical values for the heat of vaporization
CHO AH of SOA generated from toluene in chambers range be-
tween 1k AH<31kJmot! (Takekawa et al., 2003; Offen-
Most traditional SOA precursor hydrocarbons are also pre-berg et al., 2006). ThaH of SOA generated from single
cursors for CHOCHO, i.e., about 80% of CHOCHO in component CHOCHO aerosol isH=13.3 kJ mot?! (Offen-
Mexico City forms from aromatic precursors (Volkamer et berg et al., 2006). While the volatility of CHOCHO related
al., 2007). The parameterization of SOA vyields from tra- SOA is difficult to separate from the convoluted volatility
ditional SOA precursor hydrocarbons that underlie currentof ambient or chamber generated organic aerosol, the CHO-
SOA models could already include SOA formed from CHO- CHO related SOA is likely to lower the effective volatility
CHO. If SOA from CHOCHO was treated as an explicit ad- of ambient aerosol. Conversely, increasing the CHOCHO re-
ditional pathway in those models, would CHOCHO SOA be lated portion of SOA in chamber experiments (see Sect. 3.2.
double counted? It appears unlikely for the following rea- and 4.3.) and ambient aerosol (Volkamer et al., 2007) will
sons: (1) the SOA source from CHOCHO closely comparedikely bring the predicted and observed volatility of SOA in
to (and slightly exceeds) that of all other currently studied closer agreement (see also Dzepina et al., 2009).
SOA precursor NMHC (Volkamer et al., 2007; Fu et al.,  Overall, it appears likely that the predominant fraction of
2008); all SOA would need to be CHOCHO related. This CHOCHO related SOA escapes the current parameteriza-
is obviously not the case, as most aerosol products that havions of SOA yields from chamber experiments (e.g., Odum
been identified to date at the molecular level are unrelated tet al., 1997; Ng et al., 2007) that underlie current estimates
CHOCHO (Yu et al., 1995a; Forstner et al., 1997; Cockerof SOA formation from atmospheric models (Kleeman and
et al.,, 2001). (2) Most chamber experiments were con-Cass, 2001; Chung and Seinfeld, 2002; Kanakidou et al.,
ducted under dry experimental conditions, and on AS seed2005; Fuzzi et al., 2006; Henze et al., 2008).
Such conditions essentially preclude SOA formation via the
aerosol agueous phase. AS showed among the Iddest
values in this study. In the presence of relative humidity there, .
) . . . . 5 Conclusions
is consistent experimental and theoretical evidence (Cocker
et al., 2001a, b; Chang and Pankow, 2006) that strongly sug-
gests that WSOC photochemistry is greatly reduced in curThe formation of Secondary Organic Aerosol (SOA) from
rent chamber data due to phase separation effects (see al§H>, the lightest Non Methane HydroCarbon (NMHC), is
Sect. 4.2.). (3) The aerosol mass spectra of SOA generated surprising, because all currently known oxidation products
the presence of agueous AS seed in chambers (Bahreini et aire at least six orders of magnitude too volatile to condense
2005) are different from OOA spectra observed in ambientor partition into the aerosol organic phase to any apprecia-
air (Zhang et al., 2005), and SOA generated from CHOCHOble extent. SOA formation from £, highlights the impor-
uptake to AS (Liggio et al., 2005a). Notably, CHOCHO up- tance of heterogeneous chemistry in SOA formation. Our re-
take to AS accounts only for 2—-3% of the missing CHOCHO sults point out the particular role of organic photochemistry
sink to form SOA in ambient air (Volkamer et al., 2007); in aerosol water as a SOA source from CHOCHO, and pos-
WSOC photochemistry is likely to result in different aerosol sibly othera-dicarbonyls. Our laboratory data is consistent
mass spectra than CHOCHO uptake to AS. Further, the difwith recent field observations (Hennigan et al., 2009), sug-
ferences in the mass spectra of (Zhang et al., 2005; Bahreirgesting that organic photochemistry in LWC is very likely
et al., 2005) appear to be largest for masses that have a higielevant also for other SOA precursor VOCs.
contribution from oxygen containing products (ei/z28, This is to our knowledge the first systematic study of the
which corresponds to CO). (4) The oxygen-to-carbon ratioeffect of seed chemical composition and photochemistry on
(O/C) for the di-hydrated CHOCHO monomer is O/C=2, and SOA vyields, and the rate of SOA formation. The seed par-
this ratio approaches O/C=1 for longer chain oligomers; O/Cticles investigated here are representative for a large sub-
is likely to be high also for the presently unidentified prod- set of aqueous atmospheric particles. The SOA yields for
ucts. As noted in (Volkamer et al., 2007) SOA from CHO- mixed inorganic/water soluble organic carbon (WSOC) seed
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aerosols are about four times larger compared to pure inoral., 2007). While our results reduce the existing imbalance in
ganic aerosol, but are comparable for the pure water solubleurrent gas-phase CHOCHO budgets most of the imbalance
organic seed aerosols. We conclude that the inorganic aerosol gas-phase CHOCHO cannot be explained as yet based on
component primarily determines the reactor size, i.e. the ligthe currently available laboratory data.

uid water content (LWC), where WSOC photochemical re- There is an urgent need for further laboratory studies to
actions cause the increased SOA yields. Any ionic strengtlidetermine the reaction mechanism, kinetics, and products of
effects of concentrated salt solutions appear to be secondaris organic photochemistry. Atmospheric SOA models need
to providing a sizable photochemical reactor. Further, ours igo be expanded to explicitly represent the aerosol aqueous
the only study to date that investigates CHOCHO uptake tophase chemistry in form of dark and photochemical reactions

aerosols in the presence of OH-radicals and UV light. Thein the presence and absence of clouds.

rate of SOA formation is about a factor of 500 higher under
photochemical conditions compared to dark conditions, i.e.,
fast enough to compete with rapid gas-phase losses.

The implications for our understanding of atmospheric

processes are significant: (1) atmospheric SOA models cupchronyms

rently widely represent SOA vyields from experiments con-
ducted in the absence of seed, or in the presence of pure am-AA
monium sulfate seed. Here we find the highest SOA yields ABS
for internally mixed inorganic/WSOC seed particles due to AS
organic photochemistry in the bulk LWC of the particles. BC
Most SOA precursors for which their chemical identity is  CaH2

known to date are major sources for CHOCHO, and other CHOCHO

a-dicarbonyls. Hence, any low bias in the currently avail- PRH
able SOA yield data might explain a significant portion of FA
the missing SOA source in current atmospheric models. (2) GTD
The effective Henry's Law constants#ifor CHOCHO are [Gly],
sufficiently high to compensate for the 3-5 orders of mag- AH

. - . . HA
nitude smaller amount of liquid water associated with at- H
mospheric particles compared to clouds/fog. We demon- Keﬁ
strate that WSOC photochemistry of CHOCHO — and pos- 7
sibly othera-dicarbonyls — is a SOA source already in the |\

absence of clouds/fog. Most notably, the SOA formation as- o \Wc
sociated with these gases does not stop once a cloud dropletyac
has evaporated, as inferred by current SOA models that rep-

resent cloud processing, but rather proceeds also in the ab- Mg,
sence of clouds, possibly even at an enhanced rate as aerosolsaw
are more concentrated solutions compared to clouds. (3) The
atmospheric relevance atdicarbonyls as a source for SOA  NMHC
depends on the competition between the rate of uptake to OA
particles compared to other gas-phase loss rates. Our re-O/C
sults demonstrate that organic photochemistry driven by OH- p,(-)
radical, and possibly light induced reactions is needed to en- PFBHA
hance the rate of CHOCHO uptake to be competitive with

rapid gas-phase losses. (4) The rate of CHOCHO uptake to POA
particles in our photochemical system is fostered by most ppb
seeds studied but reduced by the presence of atmospherically
relevant amino acids like glycine, and sulfuric acid. This
finding is difficult to reconcile with the idea of acid catalysis

to enhance the rate of CHOCHO uptake, and points to a more

complex role of particle pH, i.e., identifies a strong pH de- SMPS
pendence of the rate of photochemical reactions in the aque-

ous aerosol phase. (5) Our results explain up to 430Tgym SPME
of the missing SOA source in Mexico City as CHOCHO re-  gyca

lated (Volkamer et al., 2006), and account for up to 7-14% 1
of the missing CHOCHO sink in Mexico City (Volkamer et vy,
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Appendix A

amino acids

ammonium bisulfphate

ammonium sulphate

black carbon

acetylene

Glyoxal, the smallest a-dicarbonyl
deliquescence relative humidity
Suwannee River fulvic acid

glyoxal trimer dehydrate

Glyoxal mixing ratio, units of ppb

heat of vaporization of SOA

Humic acid sodium salt

effective Henry’s Law constant
partitioning coefficient for absorptive
partitioning of a semivolatile compourid
liquid water content

percent contribution of LWC t®seeq
Mass Absorption Cross section of
organic aerosol

Organic mass of seed aerosol

mean molecular weight of the
absorbing aerosol phase

Non Methane HydroCarbon

organic aerosol, OA=POA+SOA
atomic ratio of oxygen to carbon

vapor pressure of compounés a pure liquid
o-(1, 2, 3, 4, 5-pentafluorobenzyl)
hydroxylamine

primary organic aerosol (emitted)

parts per billion, 1 ppb=2.4610'° molec cnr3
at 25C and 1013 mbar

ideal gas constant

relative humidity

sulfuric acid

Scanning Mobility Particle Sizing
secondary organic aerosol (formed in the
atmosphere)

solid-phase microextraction

Succinic acid

temperature

observed aerosol volume at any given time t
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Vseed seed volume before the experiment
Vhorm:  total aerosol volume after normalization,
as defined in Eq. (1)
WSOC water soluble organic carbon
Ysoa SOA vyield,Ysoa=AMsgoa/ ACoH>2
i activity coefficient of compound i
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