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Abstract. Secondary organic aerosol (SOA) accounts forand mechanisms of formation (NRC, 2004sehl, 2005;
a significant fraction of ambient tropospheric aerosol and alPCC, 2007).
detailed knowledge of the formation, properties and trans- Atmospheric aerosols are formed from a wide variety of
formation of SOA is therefore required to evaluate its im- natural and anthropogenic sources. Primary particles are di-
pact on atmospheric processes, climate and human healthectly emitted from sources such as biomass burning, com-
The chemical and physical processes associated with SOBustion of fossil fuels, volcanic eruptions and wind-driven
formation are complex and varied, and, despite considersuspension of soil, mineral dust, sea salt and biological ma-
able progress in recent years, a quantitative and predictivéerials. Secondary particles, however, are formed in the at-
understanding of SOA formation does not exist and there-mosphere by gas-particle conversion processes such as nu-
fore represents a major research challenge in atmospherideation, condensation and heterogeneous and multiphase
science. This review begins with an update on the currenthemical reactions. The conversion of inorganic gases such
state of knowledge on the global SOA budget and is fol-as sulfur dioxide, nitrogen dioxide and ammonia into partic-
lowed by an overview of the atmospheric degradation mechulate phase sulfate, nitrate and ammonium is now fairly well
anisms for SOA precursors, gas-particle partitioning theoryunderstood. However, there is considerable uncertainty over
and the analytical techniques used to determine the chemthe secondary organic aerosol (S®Ayrmed when the at-
ical composition of SOA. A survey of recent laboratory, mospheric oxidation products of volatile organic compounds
field and modeling studies is also presented. The following(VOCs) undergo gas-particle transfer. It is estimated that
topical and emerging issues are highlighted and discusse@0 000 to 100000 different organic compounds have been
in detail: molecular characterization of biogenic SOA con- measured in the atmosphere (Goldstein and Galbally, 2007).
stituents, condensed phase reactions and oligomerization, tlEhe complexity of the situation is compounded further by
interaction of atmospheric organic components with sulfu-the fact that each VOC can undergo a number of atmospheric
ric acid, the chemical and photochemical processing of or-degradation processes to produce a range of oxidized prod-
ganics in the atmospheric aqueous phase, aerosol formatiancts, which may or may not contribute to SOA formation
from real plant emissions, interaction of atmospheric organicand growth. There is also an important difference between
components with water, thermodynamics and mixtures in at-processes controlling particle number and processes control-
mospheric models. Finally, the major challenges ahead irfling particle mass; condensation of vapors (sulfuric and ni-
laboratory, field and modeling studies of SOA are discussedric acids, ammonia, and secondary organics) onto existing
and recommendations for future research directions are proparticles may dominate particle mass without necessarily in-
posed. fluencing particle number. Both number and mass are impor-
tant to understand various aspects of the climate and health
effects of atmospheric aerosols (Adams and Seinfeld, 2002;
Oberdorster et al., 2005). Although clear progress has been
1 Introduction made in recent years in identifying key biogenic and anthro-
pogenic SOA precursors, significant gaps still remain in our
Atmospheric aerosols, consisting of liquid or solid particles scientific knowledge on the formation mechanisms, compo-
suspended in air, play a key role in many environmental pro-sition and properties of SOA.
cesses. Aerosols scatter and absorb solar and terrestrial radi- The objective of this paper is to review recent advances
ation, influence cloud formation and participate in heteroge-in our understanding of SOA. It builds upon a number of
neous chemical reactions in the atmosphere, thereby affeckarlier reviews of organic aerosols in the atmosphere (Jacob,
ing the abundance and distribution of atmospheric trace gasegpo0; Jacobson et al., 2000; Turpin et al., 2000; Seinfeld
(Andreae and Crutzen, 1997; Haywood and Boucher, 2000)and Pankow, 2003; Gelerias 2004; Kanakidou et al., 2005:
As aresult, aerosols markedly affect the radiative balance inryzzi et al., 2006: Sun and Ariya, 2006; Rudich et al.,
Earth’s atmosphere and play a central role in climate (IPCC2007) and complements the recent work of Kroll and Sein-
2007). Atmospheric aerosols also have an important impacte|d (2008) which focuses specifically on the chemistry of
on human health and it is now well established that expo-soA formation. This review begins with an update on the
sure to ambient aerosols is associated with damaging effectsyrrent state of knowledge on the global SOA budget and is
on the respiratory and cardiovascular systems (Harrison angh|iowed by an overview of the following topics related to
Yin, 2000; Davidson et al., 2005; Pope and Dockery, 2006).the formation and characterization of SOA: gas-phase oxi-
However, there are significant uncertainties in the true impacHation of SOA precursors, gas-particle partitioning and che-
of atmospheric aerosols on climate and health because of gjcal composition. Recent developments in laboratory, field
lack of knowledge on their sources, composition, propertiesand modeling studies are also presented. These sections pro-
vide an effective foundation for the detailed discussions that
follow on a range of current and emerging issues related to

Correspondence tal. C. Wenger
BY (1-wenger@ucc.ie) 1A full list of abbreviations is provided in Sect. 7.

Atmos. Chem. Phys., 9, 5155236 2009 www.atmos-chem-phys.net/9/5155/2009/



http://creativecommons.org/licenses/by/3.0/

M. Hallquist et al.: SOA: current and emerging issues 5157

the formation, composition, transformation and properties of Recent top-down estimates using several different ap-
SOA. The major challenges ahead are discussed and recomproaches lead to higher estimates for SOA, with a broad
mendations for future research directions are proposed.  range from 140-910 TgC/yr (Goldstein and Galbally, 2007).
These top-down estimates are an order of magnitude larger
than the bottom-up estimates, and the extreme outer limits
2 Global SOA budget differ by roughly two orders of magnitude. SOA formation
. _ of 140-910 TgC/yr would require 11-70% of the entire mass
Estimates of global SOA production have been made byyt emjtted VOCs (including isoprene, which represents 38%
two fundamentally different approaches. The traditional ap-o¢ the VOC budget) to be converted to the particle phase. The
proach is a bottom-up estimate where known or inferred bioy,5 a1 end of this estimate appears unrealistically high based
genic (most notably isoprene and terpenes) and/or anthrog, 4 qilable data for SOA yields from chamber experiments
pogenic VOC precursor fluxes are combined in global mo-(g g 5 few percent from isoprene). However, the difference
dels with laboratory data from oxidation experiments lead-;, range of the top-down and bottom-up estimates clearly
ing to SOA formation in order to obtain a global organic g,ggests that chamber oxidation experiments substantially
aerosol field (Chung and Seinfeld, 2002; Kanakidou et al.,,hqerestimate total SOA production during the full course

2005; Henze and Seinfeld, 2006; Henze et al., 2008). Anyt e vOC oxidation process and is an issue that needs to be
alternative approach is a top-down inverse estimate based ofy4ressed.

constraining the eventual fate of known precursor emissions Here, some new evidence based on recently measured
to infer the total SOA production_rate_(GoIdstein and Gal- gar0s0l composition will be employed to revise the top-
bally, 2007). These approaches give different results. down estimate from Goldstein and Galbally (2007) based
Bottom-up estimates give total biogenic SOA (BSOA) op, scaling from the sulfate budget, which is believed to pro-
fluxes of 1270 Tg/yr corresponding to biogenic secondary,ige the tightest constraint of the methods employed in that
organic carbon (BSOC) fluxes of 9-50 TgC/yr for an organic ok A “hybrid” approach, which combines this revised

matter to organic carbon ratio (OM/OC) of 1.4, which is 15 qown estimate with bottom-up estimates from various
typically assumed in many modeling studies (Kanakidou etyher sources, will then be employed to estimate the BVOC
al., 2005). The organic aerosol (OA) in bottom-up models conripution to the total OC budget. The various fluxes and
shows a sharp vertical gradient, with much more present in;ncertainty ranges used to develop this budget are presented
the boundary layer than in the free troposphere (Heald et al, Taple 1.

2005). The sources of biogenic VOCs (BVOCs) are mainly  pariicle mass spectrometry measurements on aircraft and
derived from terrestrial ecosystems. However, there are alsgy 4 number of ground-based monitoring locations reveal that
important emissions of BVOCs from the oceans, in particu- ot particles throughout the troposphere are mixtures of or-
lar of dimethylsulfide, which is oxidized to methanesulfonic ganics and sulfate (SiO) with the organic to sulfate ratio
aC|d' aerosol (Kettle and Andre_ae, 2009). cher 'dem'f'ed(organic/sulfate) ranging between 1:2 and 2:1 (Murphy et al.,
marine SOA components are dicarboxylic a_mds (Kawam_urazooe; Zhang et al., 2007b). From this it can be inferred that
and Sakaguchi, 1999) and dimethyl- and diethylammoniumgganic/sulfate is roughly 1:1. Also, several techniques sug-
salts (Facchini et al., 2008). Meskhidze and Nenes (2007}t that the OM/OC value typical of the background atmo-
suggested that marine emissions from isoprene could alsgphere is at least 2:1 (Turpin and Lim, 2001; Aiken et al.,

be a source of SOA. The latter is still an open question,oong). Thus, as the ratio of sulfur to sulfate (S/sulfate) is 1:3,
although it has been estimated that the global production
of SOA from marine isoprene is insignificant in compar- ficially inflates the uncertainty range. Thus here, and in later es-
ison to terrestrial sources (Armold et al., 2009) Modelstimates, the ranges have been determined by first calculating the
also include emissions of primary organic aerosol (POA) offmean of the mid-range value (i.e. (9+50)/2=29.5 for BSOA and

. (1.4+8.6)/2=5.0 for ASOA) and a confidence interval of the dif-
about 35 TgC/yr (about 9 TgC/yr of anthropogenic POA andference between the range values (i.e+~96 41 for BSOA and

25 TgC{yr of POA from open biomass burning (BB) Sl,JCh_aSS.6—1.4:7.2 for ASOA). Uncertainty propagation rules are then
forest fires; Bond et al., 2004) and a smaller contributionzppjied to those values to estimate the mid-range value for the
from anthropogenic SOA (ASOA) in the range 2-12Tg/yr sum (i.e. 29.5+5.0=34.5 for total SOA) and the size of the new
(~1.4-8.6 TgClyr with OM/OC =1.4; Henze et al., 2008). confidence interval (i.e. sqrt(417.22)=41.6 for total SOA). Fi-
The total organic aerosol budget in bottom-up estimates thugally the range for the summed quantity is calculated as the new
ranges from 50 to 90 TgClyr, clustering toward the low énd. mid-range value plus and minus the new confidence interval (i.e.
34.5-41.6/2=13.7 and 34.5+41.6/2 =55.3 for total SOA) (D. Fa-
2A question arises on how to estimate the range of a summedhey, personal communication, 2008, NOAA, Boulder). Although
quantity from the ranges of the summed components. For examthe various range estimates which are being added in this way have
ple if one wants to calculate the range of total SOA from the pub-been derived in different ways and may have different statistical
lished estimated ranges for BSOA (9-50 TgC/yr) and ASOA (1.4—properties, this method is preferable to other approaches. The fluxes
8.6 TgClyr), one could add the extremes to come up with a totalpresented here are also rounded to reflect the large uncertainties in
SOA estimate of (10.4-58.6 Tg/yr). However this procedure arti- these calculations.
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Table 1. Flux estimates (TgC/yr) for the different sources of organic aerosol based on the latest top-down approach. S1 and S2 represent two
plausible scenarios, based on global constraints. See text for more details and a description of terms and abbreviations.

Best Low High S1 S2 Modern Fossii HOA OOA

estimate  limit  limit ocC ocC
OC Top-down estimate 150 60 240
Primary anthropogenic 5 2 8 2 5 5 5
Primary biomass burning 11 5 18 8 15 11 6 5
Oxidized low volatility anthropogenic 5 1 10 10 5 5 5
Oxidized low volatilty biomass burning 14 1 26 20 15 14 14
Secondary anthropogenic 10 3 17 10 15 10 10
Secondary biomass burning 17 0 34 20 20 17 17
BSOC 88 0 180 10 150 88 88
Sum 150 80 225 130 20 11 139

(87%) (13%) (7%) (93%)

the value for OC/S in particles throughout the troposphere ighrough a cycle of evaporation, oxidation, and recondensa-
about 3:2, with a likely range from 3:1 to 3:4. The global tion as oxidized, lower-volatility products (Donahue et al.,
sulfur budget is relatively well known, with most estimates 2009). Our best estimate is that approximately 16 TgClyr
between 50 and 110 TgS/yr (Barrie et al., 2001). Almost all (9—23 TgCl/yr) of the traditional POA remains permanently
sulfate is lost through particle deposition, so the sulfate parin the condensed phase while 19 TgCl/yr (5-33 TgCl/yr) un-
ticulate deposition flux is also between 50 and 110 TgS/yr.dergo gas-phase oxidation before recondensing. The realiza-
The same observations giving the value of 3:2 for the car-tion that emissions span a continuous range of volatility has
bon to sulfur ratio (C/S) show that typical particles are in- created a debate about nomenclature. Semivolatile organic
ternally mixed, and thus the mass ratio can be applied to theompound emissions with saturation concentrations below
flux estimate without introducing significant biases. Conse-about 100ugm~2 are currently classified as non-volatile
quently, the estimate of the global particulate OC depositionPOA in most models. To avoid confusing policy makers,
flux ranges between 60 and 240 TgC/yr. The best estimatsome have advocated calling this material “oxidized primary
flux is 150 TgClyr. organic aerosol (OPOA)”. However, this label is easily mis-
The top-down estimates constrain ttwgal, netorganic taken for POA that is heterogeneously oxidized in the particle
aerosol flux, including primary and secondary emissionsphase. Furthermore, much of the evaporation is thought to
of both anthropogenic and biogenic material. To estimateoccur rapidly after emission, and most of the oxidation reac-
the contribution to SOA from BVOC emissions we must tions are therefore expected to occur in the gas phase. Other
thus subtract from the top-down estimate the contributionsthan the low volatility of the emissions, these attributes are
from other organic aerosol sources. These include primarjhose of secondary organic aerosol; therefore, many advo-
emissions, anthropogenic SOA, and SOA formed from low-cate calling this material SOA as well.
volatility vapors co-emitted with POA, for example from  Subtracting the low-volatility emissions from the top-
biomass burning. Additional constraints come from mea-down estimate, the global SOA formation from volatile
surements of the overall oxidation state of the organic aerosgprecursors is about 115 TgCl/yr, ranging between 25 and
and radiocarbon constraints on the relative contribution 0f210 TgC/yr. SOA from volatile precursors thus comprises
modern and fossil carbon sources. approximately 70% of the OC mass, though with broad un-
Bottom-up POA emissions of about 35 TgC/yr include certainty. Furthermore, approximately 90% of the OC mass
biomass and fossil-fuel burning (Bond et al., 2004). Here,is likely to be in an oxidized form, based on the argument
it is estimated that primary anthropogenic emissions are bepresented above.
tween 5 and 15 TgC/yr and biomass-burning emissions are Ambient aerosol mass spectrometry (AMS) measurements
between 15 and 35TgC/yr. However, recent work on pri- have revealed that OA mass spectra can be separated into
mary emissions has shown that a large fraction of the comseveral characteristic factors, which can significantly con-
pounds in concentrated plumes (tailpipes, near fire plumesstrain this budget. Depending on the application and loca-
etc.) evaporates as the plume dilutes to ambient conditionsion, from two to six factors have been described. The origi-
(Shrivastava et al., 2007), with the vapors then oxidizing tonal and simplest approach, which employs two factors to ex-
form lower-volatility products (Robinson et al., 2007; Sage plain the large majority of the observed variance, will be used
et al., 2008). Consequently, between half and two-thirds ofhere. Ambient organic aerosol spectra can be separated into
the primary emissions in current inventories are likely to goa relatively reduced component (Hydrocarbon-like Organic
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Aerosol, HOA), and a relatively oxidized component (Oxi- and internal combustion engines. On the other hand, sce-
dized Organic Aerosol, OOA) (Zhang et al., 2007b). HOA nario S2, with 225 TgC/yr total OC production, attributes 2/3
comprises only about 10% of the organic carbon (5% of OA)of the total to BVOC emissions. The final columns in Table 1
at background locations (Zhang et al., 2007b). However, di-summarize both the modern versus fossil and HOA versus
rect emissions of partially oxidized POA, such as that pro-OOA attribution for the best-estimate scenario, but all three
duced from biomass burning (Aiken et al., 2008) may ap-scenarios are broadly consistent within these constraints.
pear partially as OOA in the 2-factor solution. If we as- Figure 1 shows the overall VOC and SOA global flux esti-
sume that slightly more than half (6 TgC/yr) of the biomass- mates in a simplified manner following Goldstein and Gal-
burning POA appears as HOA, combined with 5TgC/yr an-bally (2007). Organic non-methane carbon emissions are
thropogenic POA we estimate a global budget of 11 TgCl/yrtaken to be relatively well known at 1350 TgC/yr. In ad-
HOA and 139 TgC/yr OOA. This is consistent with the top- dition, global production of carbon monoxide from sources
down flux estimate constrained by sulfate fluxes and also th@ther than methane oxidation is also relatively well known,
ambient split between HOA and OOA. and even accounting for some uncertain production of CO
Volatile anthropogenic precursors, typically substituted through reactions that bypass CO, is thought to account for
aromatics, are estimated to contribute between 1.4 an®00-500 TgCl/yr. These numbers suggest that between 800
8.6 TgClyr to SOA, as discussed above (Henze et al., 2008)and 1000 TgCl/yr are returned to Earth’s surface through dry
Additional anthropogenic precursors very likely result in and wet deposition of particles and vapors. This constitutes
several-fold more ASOA (Volkamer et al., 2006; de Gouw a large majority of the carbon emissions. It is exceedingly
et al., 2008; Kleinman et al., 2008; Shrivastava et al., 2008)difficult to separate wet deposition of particles from wet sca-
which is conservatively estimated here as a factor of 2, giv-venging of vapors, and dry deposition is even less well con-
ing an estimated ASOA production rate of 10 TgCl/yr, rang- strained. However, the estimates developed above based on
ing from 3—-17 TgCl/yr. Along with the evaporation of POA relative carbon and sulfur deposition rates are entirely con-
emissions described above comes an uncertain flux of intersistent with this global picture, and the total deposition flux
mediate volatility material (Shrivastava et al., 2008). SOA s still reasonably constrained by the global mass balance.
formation from biomass-burning precursors is very uncer-Ultimately, these mass-balance calculations leave the least
tain at present and may only make a minor contributioncertain number to be estimated as a difference. Goldstein
(Capes et al., 2008) or be comparable to the biomass-burningnd Galbally (2007) suggested that the most uncertain di-
POA (Grieshop et al., 2009). We estimate it here as 2/3 offference was due to SOA formation. However, vapor deposi-
the biomass-burning POA or 17 TgCl/yr, ranging between Otion is possibly the most uncertain term and could account for
and 34 TgClyr. These values combine to yield an estimatec majority of the global non-methane carbon flux. There are
27 TgClyr SOA formation from non-BVOC volatile sources, atleast two significant ramifications to this. First, at least two
ranging between 3 and 40 TgC/yr. of the most important parameters in the global VOC/SOA
Subtraction of the estimated anthropogenic and biomassudget are very poorly constrained. Second, global mod-
burning SOA from the estimate for total volatile SOA leads els attempting to capture the dynamic behavior of organic
to a net BSOA production rate of about 90 TgC/yr, with a aerosol will be very sensitive to these parameters; errors in
very wide potential range. The total flux estimates are sum-+the deposition calculation of both organic vapors and parti-
marized in Table 1. Net BSOA could be nearly zero, or it cles will create significant errors in the SOA production and
could be as much as 185TgCl/yr. There are two major di-burden.
fferences from the bottom-up modeling estimates of SOA This discussion has so far addressed niee SOA flux.
formation. First, those estimates appear to neglect signifAs outlined in Sect. 5 of this paper, there is considerable
icant non-BVOC sources of SOA. Second, even accountevidence that vapor-particle transformation is dynamic and
ing for those sources, the top-down estimates suggest thdtidirectional: organic aerosol formation can be induced by
modeling studies underestimate BSOA. The best estimate igas-phase aging reactions that yield products with lower va-
that bottom-up inventories underestimate BSOA formationpor pressures than their parents, yet on the other hand, the
by about a factor of 2. We estimate that BVOC contribute heterogeneous oxidation of organic particles can generate
approximately half of the total OC on a global basis, and thatproducts with higher vapor pressures that evaporate from the
modern sources in total comprise about 80% of the OC. particles. At present it is difficult to constrain the potential
The values presented here remain highly uncertain. Thignagnitude of these processes for estimations of SOA flux.
uncertainty is illustrated in Table 1 where two plausible sce-For example, assuming an uptake coefficient of 1 for the hy-
narios, S1 and S2, based on global constraints are presentedtoxyl (OH) radical on organic particles (Lambe et al., 2007;
Scenario S1 has a relatively low budget (80 TgC/yr) and onlyRudich et al., 2007), the lifetime of organic particles towards
12% of the global OA budget is attributed to BVOC oxida- heterogeneous oxidation is about 2 days (Molina et al., 2004;
tion. Instead, the large majority of OOA formation in this Robinson et al., 2006), i.e., the average organic compound
scenario comes from oxidation of lower volatility vapors co- within the particle has been oxidized at least once. Murphy
emitted with combustion sources such as biomass burningt al. (2007) provide a field constraint on the rate of mass
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Emissions 1350 TgC/yr ditions (Atkinson anq Arey, 2003). The in?tial oxidation step
leads to the generation of a set of organic products contain-
P”ma;yr&”:r"riz?:;‘z -------------------------------- :Iggl’y: Ox. 1o ing one or more polar oxygenated functional groups, such as
Ox Lowvolatlty At .. 5790 | 503 4 GO aldehyde {-C(=O)H), ketone {C(=0)-), alcohol (-OH),
Ox Low Volatility Bio. ......14 TgC/yr 2 nitrate ONGOy), peroxyacyl nitrate-{£{C(=0)OONQ), car-
SO 1o Te0u 1400 TG boxylic acid (-C(=0)OH), hydroperoxide{OOH) and per-
BSOA ... 88 TgClyr carboxylic acid £ C(=0)OOH) groups, which tend to make
the products less volatile and more water soluble. Further
oxidation may introduce additional functional groups, such
Particle Deposition Vapor Deposition that the “second-generation” set of products (and subsequent
150 TgClyr 800 TgClyr generations) may be of even lower volatility and higher so-

Fig. 1. Global flux estimates of VOC and OA. Fluxes shown are :cublllty. tstevirt’hthe Oéldatlﬁn. metChfamsrlns also Ilead Ito
described in the text and aerosol fluxes are summarized in Table 1.ra9me” ation ot the carbon C. ans to form fower mo egu ar
weight (MW) oxygenates (which tend to be more volatile),

loss f d . il f heric oriai and the gas-phase oxidation, given enough time, would ul-
oss from oxygenated organic particles of tropospheric Orlglntimately convert all the carbon in the emitted VOCs into

in the lower stratosphere. By analyzing the loss of organlccoz_ This is in stark contrast, therefore, with the situation

mass from these partlcle_zs, it is shown Fhat particles larget, . e secondary aerosol precursors, such as emitted SO
than~300 nm lose organic mass over a time scale of aroun

nd NQ, for which the ultimate thermodynamically-favored
4—6 months in an environment with high levels ot @nd & y y

. ) roducts of the gas phase mechanismgS®; and HNG)
OH. George et al. (2008) exposed ambient particles t0 OHy o yhe forms that are most associated with the particle phase.

for ;elv eral eql;;valent day; and ;0un|d (:nly a mlnlor loss OfSOA is therefore formed from the gas-to-particle transfer of
part|c¢|a mass h y es\)/?jporatlgn a:1n only for eqltllvél ent eXpol'partiaIIy oxidized organic material, occurring in competition
sures longer than 9days. Further recent work (Capes et alyith further oxidation in the gas phase.

2008; DeCarlo et al., 2008; Dunlea et al., 2008) found that a As a result of the complexity of the emitted VOC mixture,

imall Igss of carbon was cgmperssated by a ge;m of oXygen Qnd of the degradation chemistry, the atmosphere contains
eep.t € OA mass apprOX|ma}te y constar)t (after agcountlngnany thousands of structurally different organic oxygenates,
for d_|Iut|on) during the evolution Qf pollution and biomass which possess a wide range of properties (e.g., reactivity,
b“f”'”ngA- '(I;ogethehr these studies Su_gggst that tT_i El"vapcbhotolability, volatility and aqueous solubility) and different
ratlclzn ° OA ue to_b efceroger;]eous oxXI ation ISI gné ely to propensities to undergo gas-to-particle transfer. The distri-
make a major contribution to the organic aerosol budget. 1, iiqn of products formed, and the dependence of this distri-
A further and important caveat to the above budget estiy) ion on ambient conditions such as NiBvel and relative
mates is the emission rate of BVOC. Guenther et al. (1995)numidity (RH), is therefore a major factor in determining the

estimated the uncertainty in_tempe_rate regions to be a factopg ence that a given precursor VOC has on the formation
of three, and probably more in tropical areas. Although more .

: SOA. In addition, the degradation pathways of VOCs can
recent estimates (Guenther et al., 2006), based upon a m“ﬁhve varying impacts on ozone formation and on the free-

larger number of field studies, have produced similar ﬂuxesradical budget, and therefore also differing indirect effects on

for isoprene as in the 1995 inventory, it is clearly essentiaISOA formation, by virtue of the influence that these factors
that the global inputs of BVOC are established properly be'have on VOC oxidation rates in general

forer;[heS%(iABbLédget c_lzlinhbe fully unders_t(l)oq. The constra:]nts The importance of emitted VOCs as SOA precursors is
on the udget will, however, certainly improve over the quite variable, with many emitted compounds generally be-

n.e>§t fevy years due to the enhanced efforts in using and COMieved to be very inefficient at generating SOA. However, cer-
b|_n|ng field measurement, laboratory and modeling work Ntain classes of VOCs have long been identified as more likely
this area. to lead to SOA formation by virtue of their general high re-
activity and types of oxidation product formed. Of particu-
3 Formation and characterization of SOA lar significance are cyclic compounds, since the products of
fragmentation (i.e., ring opening) processes often have the
same (or similar) carbon number as the parent compound.
Furthermore, in the cases of cycloalkenes, aromatic hydro-
The gas-phase degradation of VOCs is initiated by reactiorcarbons and terpenes (the majority of which are cyclic), o-
with hydroxyl (OH) radicals, @, nitrate (NQ) radicals or  xidation occurs predominantly by an addition mechanism, so
via photolysis. Under certain conditions in the marine atmo-that the first-generation products generally contain two (or
sphere, chlorine atoms (Cl) may also initiate the oxidation ofmore) polar functional groups. Consequently the oxidation
VOCs. The relative importance of these competing reaction®f these classes of compounds is more likely to lead to the
depends on the structure of the VOC and on the ambient congeneration of low-volatility products than the oxidation of

3.1 Atmospheric degradation mechanisms
of SOA precursors
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similar sized VOCs in other classes. The characterization omaller compounds. For many other VOCs, little or no ex-
SOA formation from the degradation of cyclic hydrocarbons perimental information exists, and their degradation chem-
has therefore been the focus of numerous chamber investigastry needs to be defined almost exclusively by inference. As
tions over the years (e.g., Hoffmann et al., 1997; Odum et al.a result, chemical mechanisms which treat the atmospheric
1997; Griffin et al., 1999). degradation of a large number of significant emitted VOCs
The more recent identification of oligomers and (e.g., Jenkin et al., 1997; Carter, 2000; Aumont et al., 2005)
organosulfates in SOA formed in chambers and the atnhecessarily need to make the fundamental assumption that
mosphere (Gao et al., 2004a, b, 2006; Kalberer et al.the kinetics and products of a large number of unstudied
2004; linuma et al., 2004, 2005, 2007a, b; Tolocka et al.,chemical reactions can be defined on the basis of the known
2004; Baltensperger et al., 2005; Samburova et al., 2005hreactions of a comparatively small number of similar che-
Dommen et al., 2006; Surratt et al., 2006, 2007a, b, 2008 mical species. This is usually done by analogy and with the
Denkenberger et al., 2007 pBez-Gonalez et al., 2008) has use of structure-reactivity relationships to provide relatively
established that SOA formation from VOC degradation issimple rules to guide mechanism construction (e.g., Jenkin
not solely driven by the volatility of the gas-phase productset al., 2003; Saunders et al., 2003; Aumont et al., 2005). To
formed, but is also influenced by the propensity of degradavarying extents, such mechanisms also incorporate strategic
tion products to undergo further reactions in the condensegimplifications to limit their overall size, which would oth-
phase, and how this depends on conditions such as wat@rwise include as many as *%010° reactions. The perfor-
content, dissolved ions and pH. Condensed-phase reactionsance of these gas-phase mechanisms can be tested (and, if
that increase the MW can sharply reduce the volatility necessary, refined) using chamber data (e.g., Carter, 2000;
distribution of the organics. This has substantially alteredPinho et al., 2005, 2006, 2007). Such procedures have tra-
perceptions of which emitted VOCs can act as SOA precur-ditionally been focused on providing validated descriptions
sors, to the point that SOA formation from the degradation ofof ozone formation from the photooxidation of VOC/NO
smaller VOCs can no longer be automatically disregardedmixtures, although the development of highly-instrumented
for example, even very volatile glyoxal (CHOCHO) can chambers (see Table 2 in Sect. 4) has provided data to allow
associate with other aldehydes and organic acids in particlesther aspects of the degradation mechanisms, including SOA
to add to SOA mass (Kroll et al., 2005a; Volkamer et al., formation pathways, to be examined and improved.
2007) or can be sulfated after gem-diol formation (Surratt et Mechanisms constructed in this way therefore reflect a
al., 2007a, 2008; Gmez-Gonalez et al., 2008). Thus even number of generic features, which are reasonably well es-
acetylene (@H), the smallest hydrocarbon after methane, tablished for smaller VOCs, and used to infer the chemistry
can produce significant SOA due to the high yield of glyoxal for larger VOCs and for their sequential degradation pro-
from its degradation (Volkamer et al., 2009). In theory the ducts. The most studied aspect of VOC degradation is the
oxidation of methane can also contribute to SOA if e.g., theOH-initiated chemistry, for which a simplified schematic is
radical products such as @B, CH3O, or HCHO react to  shown in Fig. 2. This shows that the distribution of prod-

form species with much lower volatility. ucts formed is mainly governed by the reactions of the in-
termediate peroxy (R£) and oxy (RO) radicals, for which
3.1.1 Generation of atmospheric degradation a number of competing reactions may exist. At highy{NO
mechanisms for VOCs the chemistry tends to be dominated by radical propagating

chemistry, in which R@is efficiently converted into RO via
Only a very small fraction of the reactions occurring in the reaction with NO. The fate of the RO radical is strongly de-
atmospheric degradation of VOCs have been studied expependent on its structure, and therefore on the structure of the
imentally. Only for the simplest hydrocarbons and oxy- parent VOC. It also may depend on the prevailing temper-
genates (e.g., methane, ethane, ethene, methanol, acetaldgure, if competitive reaction channels exist. As described
hyde, acetone and dimethyl ether) have the kinetics and proin detail elsewhere (e.g., Atkinson, 2007), RO may typically
ducts of the majority of the elementary reactions involved inreact with G to form a carbonyl product and HQdecom-
their degradation to C&and HO been investigated (Atkin- pose through C-C bond scission (leading to a smaller car-
son et al., 2006). Even for these compounds, there have bedronyl product and an organic radical), or isomerize through
recent unexpected advances in understanding, and some uH-atom shift reactions (leading ultimately to a hydroxycar-
certainties remain. For a number of other and more complexonyl product and Hg). The reactions of R@radicals with
VOCs (including isoprene and selected terpenes and aroNO also have terminating channels which form organic ni-
matic hydrocarbons), some important aspects of their degratrate products (RONg), with the importance of these chan-
dation chemistry have been studied experimentally. This in-nels generally increasing as the size of the organic group (and
formation provides a partial basis for defining their degrada-therefore the parent VOC) increases. JR@dicals also re-
tion chemistry, which can be supplemented by the inclusionact with NO, to form peroxynitrates (R&eNOy), although
of reactions and associated parameters which are inferreduch species only tend to be stable at lower tropospheric tem-
from the more detailed understanding of the chemistry of theperatures for the specific case of peroxyacyl nitrates (PANS)

www.atmos-chem-phys.net/9/5155/2009/ Atmos. Chem. Phys., 9, 5235-2009



5162 M. Hallquist et al.: SOA: current and emerging issues

which are formed from peroxyacyl radicals of generic for- VOC

mula RC(0)Q. As a result, VOC degradation at high-NO

levels tends to generate a product distribution that is domi- lOH

nated by carbonyls, hydroxycarbonyls, organic nitrates and

PANs. It should also be noted that the reacting organic ROOH loz NO

species may initially contain oxygenated functional groups, he% A/_Z/NO'

which are retained in the products. Y RO, 2 peroniae
At lower NO levels, the reactions of RQwith HO, and RO, NO

with the RQ radical “pool” become competitive, leading to NOs

a progressive change in the product distribution with chang- RoH nitrate

ing NOy level. As shown in Fig. 2, the reaction of sim- RO

ple RO, radicals (e.g., CEO,) with HO, is known to be alconol )02/ PN\ Jecomp.

dominated by termination reactions to form hydroperoxide isom.

products (ROOH). The reactions with the Rédical pool carbonyl

are partially propagating, to generate RO radicals (and there- V

fore carbonyls and hydroxycarbonyls), and partially termi-

nating to generate alcohol and carbonyl products. As a result,

VOC degradation at very low-NQlevels tends to generate

a product distribution which is dominated by the formation
of hydroperoxides, carbonyls, hydroxycarbonyls and alco-
hols. Once again, it should be noted that the organic species

may initially contain oxygenated functional groups, which et al., 2004; Jenkin, 2004; Docherty et al., 2005; Jonsson
are also retained in the products. In the case of peroxyacygt al., 2008a), whereas addition of Criegee biradical scav-
radicals, RC(O)@, the reactions with H@and the R@ pool  engers such as carbonyls and acids have been shown to gen-
lead to the formation of percarboxylic acid (RC(O)OOH) and erate various high MW secondary ozonides and acyloxyalky!
carboxylic acid (RC(O)OH) products. It should also be notedhydroperoxides, respectively (e.g., Neeb et al., 1998; Tobias
that the lifetime of the R@radicals with respect to reactions  and ziemann, 2000; Bonn et al., 2002).

with HO, and the RQ pool can be very long under atmo-

spheric conditions (i.e., minutes). It is therefore possible that3.1.2 Recent developments and uncertainties in

Fig. 2. Simplified schematic of the OH-initiated degradation of
generic VOCs to form first-generation products.

unimolecular rearrangements (e.g., Jorand et al., 2003) or degradation mechanisms for complex VOCs
heterogeneous aerosol reactions (Bonn et al., 2007) may also
play a role for some peroxy radical classes. The degradation chemistry of selected aromatic hydrocar-

The chemistry initiated by reaction with ozone andNO bons and monoterpenes has in the past received consider-
radicals, and via direct photolysis, tends to feed into simi-able attention (e.g., Calvert et al., 2002; Atkinson and Arey,
lar reaction mechanisms by virtue of the formation of OH, 2003), owing in part to their established importance as pre-
RO, and RO radicals. Reaction with ozone is significant cursors to SOA formation. This effort has been maintained
for unsaturated compounds, and may be the dominant atmadn recent years (e.g., Volkamer et al., 2001, 2002; Olariu et
spheric fate in certain cases (e.g., for some monoterpenes ard.,, 2002; Alvarez et al., 2007; Bejan et al., 2007; Ma et
sesquiterpenes) (Atkinson and Arey, 2003). As described iral., 2007a, b; Metzger et al., 2008), leading to a progressive
detail elsewhere (Johnson and Marston, 2008), the ozondémprovement in the understanding of some aspects of their
initiated chemistry is generally believed to lead to the for- degradation.
mation of Criegee intermediates, which typically either de- The degradation of aromatic hydrocarbons, although usu-
compose to form OH and an organic fragment (which reactsally only initiated significantly by reaction with OH, can
with O2 to form an RQ radical), or undergoes bimolecu- proceed via a number of different routes to generate a
lar reactions. In the latter case, the most prevalent reactiotarge variety of structurally complex ring-retaining and ring-
partner under atmospheric conditions is believed to be withopened products (e.g., Calvert et al., 2002). Even for well-
water, to form carboxylic acids or hydroxyalkyl hydropero- established products (e.gy-dicarbonyls and co-products
xides. As a result of this complex chemistry, the product dis-formed from the major ring-opening channels), however,
tribution (and therefore SOA-formation propensity) is sensi-there is considerable variation in the reported yields, and
tive not only to the presence of N@Donahue et al., 2005) for many of the studied systems, only ca. 50% or less of
and water (Bonn et al., 2002; Jonsson et al., 2006), but hathe aromatic loss has been accounted for by observed first-
also been shown to be influenced in chamber experimentgeneration products. Particular areas where understanding
by addition of different scavengers for both OH and Criegeeis lacking include uncertainties in the mechanisms of the
biradicals. The use of different scavengers for OH can in-initial oxidation sequences to first-generation products, and
fluence the [R@]/[HO] ratio in the system (e.g., Keywood limitations in the available information on the subsequent
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chemistry of many of the classes of products known to beVereecken et al., 2004, 2007). Such methods invariably iden-
generated. The further degradation chemistry of first- andify exotic reaction pathways which are not predicted by the
subsequent-generation products is believed to be particularlgxtrapolation methods which are based on relatively sim-
important in accounting for secondary radical generation ancple structure-reactivity relationships as outlined above. Al-
removal of NG in chamber photooxidation experiments of though such alternative pathways have been shown to have a
aromatic/NQ systems (Wagner et al., 2003). In this respect,reasonably subtle influence on simulations of oxidant forma-
mechanisms constructed for aromatic hydrocarbons displagion (Pinho et al., 2007), they have a notable influence on the
evidence for a missing radical source in the system, but a siprecise structures of the products formed, and therefore po-
multaneous tendency towards over-production of ozone (e.gtentially have a much greater effect on the perceived propen-
Bloss et al., 2005a, b). This points to a clear gap in undersity of product distribution to contribute to SOA formation
standing, since these features cannot be readily reconcilefi/ereecken et al., 2007). It is also clear that SOA formation
within traditional understanding of VOC oxidation chem- is often confined to a relatively small fraction of the carbon
istry. Bloss et al. (2005b) outlined a number of specula-from any given precursor (Donahue et al., 2009). Thus, itis
tive solutions, including the existence of novel isomeriza- not obvious that mechanisms derived using simple structure-
tion reactions of complex ROradical intermediates to re- reactivity methods are always appropriate to describe SOA
generate OH directly, and the possibility that N@ight re-  formation, where more exotic, small yield products may play
act with the SOA formed in the system to generate HONO.a disproportionate role in SOA production.

Although there was insufficient evidence to support either From the above discussion, it is clear that, despite con-
suggestion, the latter has subsequently received some indsiderable investigation, the elementary processes involved in
rect support from the recognition that photosensitizebNO  the degradation of complex VOCs, such as aromatic hydro-
to-HONO conversion can occur on organic surfaces (e.g.carbons and terpenes, remain very sparsely characterized.
George et al., 2005; Stemmler et al., 2006). More recently,;The majority of information relates to the initial oxidation
Metzger et al. (2008) have proposed that the light-inducedsequences to form first-generation products, with the fur-
conversion of N@ to HONO occurs at the chamber walls ther degradation of established first-generation products of-
rather than on the SOA itself. ten not characterized at all. It is also becoming clear that
Whereas the uncertainties in aromatic degradation are, tghamber datasets for the oxidation of the product compounds
some extent, generic (i.e., an advance in mechanistic un¢and possibly their degradation products) would be valuable
derstanding is likely to be applicable to aromatics in gen-in assessing the performance of detailed degradation mech-
eral), understanding of the degradation of terpenes and reanisms, and for gaining insights into chemical processes oc-
lated biogenics is further hampered by the enormous varietyurring on timescales longer than those addressed by con-
in their structure and reactivity (atmospheric lifetimes rangeyentional chamber experiments such as those encountered in
from minutes to days). In addition to this, three initial re- ambient conditions. This is particularly important for large
actions, with OH, @ and NG, must be considered in their complex emitted VOCs, which are typically degraded via a
atmospheric degradation. Under the conditions typically em4arge number of sequential (and parallel) steps. Finally, it
ployed in chamber hydrocarbon/N@hotooxidation exper-  should be recognized that the chemical mechanisms for the
iments, the initial reaction with GP) atoms can also be atmospheric degradation of other potential SOA precursors,

significant (Pinho et al., 2007). Although kinetic data are such as sesquiterpenes, long-chain alkanes and oxygenates,
available for a wide variety of terpenes (Atkinson and Arey, are also in need of improvement.

2003), experimental information on their degradation path-
ways is much more limited. Selected product yields (usu-3 o Gas-particle partitioning theory
ally for first-generation carbonyls) are available for a num-

ber of species, but the most detailed information has bee':i'he phase partitioning of SOA is generally described using

reported for the monoterpenes and g-pinene. Even for he th . . . .
. o N i retical foundations on organi rosol ph rti-
these species, however, it is clear that the distribution of f|rst—t e theoretical foundations on organic aerosol phase part

: : %ioning developed by Pankow in the 1990s (Pankow, 1994)
generation products, and the elementary processes leading {0
their formation, remain far from fully characterized, and that

and extended by Odum to SOA formation (Odum et al.,
experimental information on the further degradation of first- 1996). The fundamental concept is that SOA comprises a
generation products is very sparse indeed (e.g., Pinho et al

mixture of semivolatile organic compounds that partition be-
2007).

tiveen the gas and particle phases. Partitioning of each com-
. . . . ndi ri n ilibrium partitionin fficien
Detailed chemical mechanisms for such species therefon[;)(Ou d sSdes_cl bed bya} equilibrium partitioning coe cie t
. ) . ; . p.i (M°ug™"), or equivalently (Donahue et al., 2006) its
necessarily contain a substantial proportion of inferred reac- . . 3.
. . . |rfverse, the saturation vapor concentratiGp,(«g m—=):
tions and estimated parameters. In recent years, theoretica
methods have been applied with some success to elucidate
aspects of the degradation of some complex VOCs, in partic-C,-p Coa

ulara-pinene (e.g., Peeters et al., 2001; Fantechi et al., 2002@ = Kp.iCoa = Cr @)

www.atmos-chem-phys.net/9/5155/2009/ Atmos. Chem. Phys., 9, 5235-2009



5164 M. Hallquist et al.: SOA: current and emerging issues

whereCig is the mass concentration of speciger unit vol- gas- and aerosol-phase processes. In their framework the ini-
ume of air ugm~3) in the gas phase;?” is the mass con- tial oxidation products may react further to generate second-
centration per unit volume of aigg m=3) in the particulate ~ generation products, semivolatile aerosol products may react
phase, and'o 4 is the mass concentration per unit volume of {0 generate non-volatile products, etc. This framework has
air (ug m~3) of the total absorbing particle phase. Bath, ; been further discussed in Kroll and Seinfeld (2008).
andC; can in theory be derived from the saturation vapor
pressure of the pure compound if its activity coefficient in 3.2.1 The volatility basis set (VBS) approach
the absorbing phase can be determined (Bowman and Kara-
malegos, 2002; Chang and Pankow, 2006), although Donwith increasing understanding of the nature and complex-
ahue et al. (2006) have suggested that this formulation caty of SOA formation, the limitations of representing labora-
be simplified with a modified version of Raoult's la€oa  tory data with a two-product model are now evident. There
refers only to the portion of the particulate matter participat- gre two major issues: the wide range®# 4 in the atmo-
ing in absorptive partitioning (an organic aerosol into which sphere and the ongoing oxidation of semivolatile organics in
semivolatile organics can partition and possibly the agueousgoth the gas and particle phases. Donahue and co-workers
portion of the particles in the case of highly water-soluble or- (Donahue et al., 2006; Presto and Donahue, 2006; Pathak
ganics). Note that as long as some absorbing mass is preserl; al., 2007) have proposed the use of a “volatility basis
some fraction of a given semivolatile compound will parti- set” (VBS) to address these issues. The VBS consists of a
tion into the particle phase, even if its gas-phase concentragroup of lumped compounds with fixed* values, compris-
tion is below its saturation Concentratidﬁ;,". Equation (l) mg up to 9 “bins” Separated by one order of magnitude each
can be used to obtain the fractidh of a semivolatile com-  jn ¢* at 300 K. Using the VBS, different SOA-forming re-
pound in the particle phase: actions can be mapped onto the same set of bins over the
cP CoiKo 1 range of _o_rganic aerosol mass conc«_antratit_)n typical of ambi-
= i —O0ATpI (2) ent conditions £0.1-10Qug m—3) while maintaining mass
CipJFCfg 1+Coakp,i 1+C7/Coa balance for more volatile co-products as well. Aging reac-
Thus as the amount of absorbing mater@h) increases, tions.yvithi.n the \(BS can be added easily if the kinetics and
compounds of greater volatility (large?, smallerk , ;) yolatlllty dl;trlbutlon of the products can be measurgd or es-
will increasingly partition into the particle phase. When timated. F'Q“re 3 shows how e_xpenmenta_l SOA yield data
C¥=Co4 half of the semivolatile mass of speciesesides fr_om thea-pinene + ozone reaction can be fitted to the VBS,
in the particle phase. I€04>C, essentially all of the given amass balance constraint that the total mass of gaseous
semivolatile speciesis in the particle phase. and particulate phase products is about 1.4times the mass

In the first basic model of SOA formation in smog cham- ©f @-Pinene reacted (the mass gain is from added oxggen).
bers using partitioning theory, Odum et al. (1996) repre-The |n'set to ,F'g' ,3_Sh0WS the part|t|o_r;|ng When/,aﬁm.
sented the process by the generatioma$emi- (or non-) of a-pinene is OX|d|_zed to give Ag m ~ of SOA, makmg_
volatile products, e.g., © P,....P,, and showed that the clear that under typical ambient conditions most of the first-
SOA yield, or mass fr’ac’tionl,TOA defined as the mass of 9€neration products are vapors of a wide range of volatilities.

SOA produced £ M 4) when a certain mass of a precur- _ _ o
sor hydrocarbon& M) is oxidized can be derived from 3.2.2 Unresolved issues with partitioning
Eqg. (1) and expressed as:

i

AMo, WKy o Several factors complicate the 'interpretation of partitioning
FOA:AMHC =Cox Z mz Z 15 C/Con 3) in both experimental _Work and in _the atmospherg. Many of

i ' i i these are addressed in more detail in Sect. 5 of this paper, but
whereq, is the mass-based stoichiometric yield (not stoi- here the factors affecting the interpretation of experimental
chiometric coefficient) of compound The “volatility dis-  data or implementation in models are highlighted.

tribution” _of the oxidation.pro.ducts is.r(.apresented by the Complexity. The ensemble of gaseous and particulate
product yields ¢,) and partitioning coefficientsk(,, ;). The phase species involved in SOA formation has enormous
two-product ¢=2) version O_f Eq. (3) was used b_y Odum complexity, and the identity and properties of only a
et al. (1996) because adding more products did not im- gay hercentage of these are known. The compounds
prove the fit to the yields obtained from the chamber stud- relevant to SOA formation are sometimes minor prod-
ies. As aresult, the two-product model has been used as the |, +< \with yields of only a few percent. These are espe-
standard means of representing laboratory SOA yield data a1y yulnerable to experimental error, and difficult to

in many experimental.and modeling studies (Seinfeld and parameterize in simplified chemical mechanisms.
Pankow, 2003; Kanakidou et al., 2005). Recently, Chan et

al. (2007) have presented a framework to extend the sim- 2. Interpretation of Cp4. It is not well established what
ple product model to take into account the kinetics of both portion of the total organic aerosol mass should be used
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Low c—pinene (26 1 g m™)

to establish the mass of the condensing ph&gg,.
It is not certain whether primary organic aerosol mass '®
should be included (Song et al., 2007), or how amor- 14
phous or possibly solid fractions affect the OC avail-
able for mixing and absorption (e.g., if some of the or-
ganic material in a particle is surrounded by a dry am- :S

monium sulfate shell). The role of water-uptake and of 5 o
inorganics inCo 4 is also difficult to quantify. Thisis £

Cop=10ugm™

Organic Mass (ug m™)

o
)
@ T 1T T T " T " T "1 "1 "°T1T " 717

addressed further in Sect. 5.6. o
3. Temperaturelt is typically assumed that* varies with 02
temperature according to the Clausius-Clapeyron equa- ces

10° 10

tion (Chung and Seinfeld, 2002; Takekawa et al., 2003), TS 10°
though the appropriate values for enthalpies of vapo-

rization, _AH”’ are hlghly uncertain (Hallquist et_ al., Fig. 3. Volatility Basis Set (VBS) distribution of products from the
1997; Bilde and Pandis, 2001.; Chung and Se"’"c(:"ld’oc-pinene+ozone reaction. The x axis represents both the aerosol
2002; Pathak et al., 2007; Stanier et al., 2007; Saathoffhass concentratiofip 4 and the saturation concentratiori of the

et al., 2009). As discussed in Donahue et al. (2006),products, which are both expressed,igm—3. ProductC* val-
measurements ok H, for specific low-volatility com-  ues are shown as green bars, normalized bytpmene, shown in
pounds range between 40 and 110 kJ/mol, whereas dated. The fractional mass yielBp 4 for a givenCyg 4 is shown as

for aggregate organic aerosol suggest an overall tempe green curve, passing through data shown in gray and discussed in
ature dependence equivalentAd, of ca. 40 kJ/mol or Presto and Donahue (2006). More recent yield data from Shilling
less. Donahue et al. (2006) showed that this apparenf’t a_l. (2009) are s_omewhat higher. Th_e inse_t shqws the pa_rtition-
discrepancy can be reconciled, concluding that modelg"9 " e%Ch VBS bin when 26g m™ a-pinene is oxidized to give
should not confuse two possible approaches; modelsl“gm SOA, corresponding to a mass yield of around 4%.

with few semivolatile components should use artificially
low A H, values, while models with numerous compo-
nents covering a wide range of values €5t should use
more realisticA H,, values.

100 . 1085
COAorC (ugm™)

(NO, NO,), hydroperoxy radicals (H&), or other RQ.

This is commonly described as a VOC:N@epen-
dence. Also, oxygenated organics are often susceptible
to photolysis by UV light (Kroll et al., 2005a; Presto et
al., 2005a; Zhang et al., 2006). Finally, the semivolatile
oxidation products may be formed from first- or higher-
generation reactions, and the products themselves may
react further in the gas or particle phases to yield com-
pounds of either less (in the case of addition of more
functional groups) or greater (in the case in which the
carbon backbone of the molecule is cleaved) volatility.

4. Thermodynamics and solution theo¥apor pressures,
molar activity coefficients and the mean MW of the con-
densing phase are all difficult properties to measure or
estimate, even for those compounds whose identity is
known (e.g., Clegg et al., 2008a, b). Difficulties in-
crease when considering the role of relative humidity
on organic partitioning (Chang and Pankow, 2006). The
thermodynamics of mixtures in a laboratory experiment
and in the atmosphere may also differ, as atmospheric

mixtures are presumably much more diverse.

. Experimental artifacts and difficultieAerosols (and
vapors) are lost to chamber surfaces in laboratory expe-
riments, complicating the mass balance. Further, SOA
is frequently measured as apparent volumevia the

. Displaced equilibria.A serious limitation of currently

applied partitioning approaches is that reactions of ei-
ther gas or particle-phase compounds will displace the
equilibrium given by Egs. (1) and (2). In this case, the

ratio F; is not just a function oK, ; (or C}) andCo 4,

but also of the rate at whic@if or C!” are reduced dur-

ing reactions. Both condensed-phase and heterogeneous
reactions may play a role (e.g., Chan et al., 2007; Kroll
and Seinfeld, 2008) as outlined in Sect. 5.

particle size distribution, meaning that the condensed-
phasedensitymust also be determined or assumed.

6. Chemically dynamic systemll of the reaction pro-
ducts important to SOA formation are subject to ongo- 3.3 Measurement of SOA chemical composition
ing chemical degradation. Consequently, the yiedd} (
may not be constant in time during an experiment, or The determination of SOA composition covers a wide range
relevant to the atmosphere. Gas-phase products fronof analytical techniques and a number of reviews have been
VOC oxidation depend strongly on ambient composi- published in recent years (McMurry, 2000; Hoffmann and
tion, most notably through the fate of organic peroxy Warnke, 2007; Rudich et al., 2007). The aim of this sec-
radicals (RQ@), which can react with nitrogen oxides tion is to cover some of the most recent advances in SOA
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analysis. One of the main barriers to a complete charac- 14q — ' -
terization of OA and SOA is the sheer number of indivi- [Ecroc]

dual species present. Goldstein and Galbally (2007) showed =n
that for alkanes with 10 carbons there are about 100 possi- ﬁ
ble isomers, increasing to well over 1 milliom&organic Fs
species when all typical heteroatoms are included. Many of = —
these species may be present in the atmosphere, and takingg 0
this into account, SOA quantification and chemical compo-

sition analysis tools generally fall into three categories de-
pending on the degree of characterization required; indirect
methods, off-line and on-line techniques. Indirect methods
quantify total SOA from the difference between the mea-
sured total OA and estimated POA. Off-line high complex-
ity techniques, e.g., gas chromatography/mass spectrome-
try (GC/MS), liquid chromatography/MS (LC/MS), nuclear
magnetic resonance (NMR) and Fourier transform infrared
(FTIR) spectroscopy, provide detailed information on indi-
vidual chemical species or functional groups in SOA but gen-
erally require large amounts of sample, resulting in low time

resolqtlon (hours to days) and low size resolution. On'ImeFig. 4. Three-dimensional representation of some techniques cur-
techniques (e.g., aerosol mass spectrometry, AMS) usuallyenty ysed for the analysis of the organic content of aerosol, high-

provide less SpeCifiC inform_atio_n on _ComPOSitiO_n: i-e-f SOMEighting their complementary nature. Definition of the acronyms is
level of chemical characterization without details on indivi- provided in the text and in the list of abbreviations.

dual species, but have the advantage of fast acquisition times,
providing near real-time data.

Figure 4 highlights how some of the most important cur- tion (Aiken et al., 2008), but the chemical characterization
rent field-deployable techniques compare for three impor-provided by FTIR and NMR spectroscopy is more directly
tant characteristics: completeness, chemical resolution, anrklated to functional groups (e.g. Maria et al., 2003; Decesari
time/size resolution. As described above, techniques thagt al., 2007). Thus a perfect field instrument with all the ideal
provide molecular speciation, represented by GC/MS in thecharacteristics does not exist, and at present a combination of
figure, can only do so for a small mass fraction of the OA techniques is required for a more complete characterization
(of the order of 10%) present in ambient aerosol. Time of OA and SOA.
resolutions are typically of many hours although recently a
1h GC/MS instrument has been demonstrated (Williams e8.3.1 Off-line high complexity SOA measurements
al., 2006, 2007), but without any size resolution. Improve-
ments in this type of speciated techniques are highly desirGenerally the detailed analysis of SOA is performed in the
able and are being actively pursued (e.g. Goldstein et al.laboratory using aerosol samples collected onto filters fol-
2008) but it is very unlikely that in the foreseeable future lowed by extraction of the organic compounds using tech-
a technique or combination of techniques can provide theniques such as solvent extraction (Cheng and Li, 2004), su-
fully speciated and quantitative composition of all the OA percritical fluid extraction (Chiappini et al., 2006) or thermal
with a time resolution of minutes or better and some size resdesorption (Greaves et al., 1985; Veltkamp et al., 1996) to
olution. Thermal-optical EC/OC analyzers can quantify to- release the semivolatile species. A range of solvents and
tal OC with 1 h time resolution but without size-resolution. pre-treatments can be used, such as derivatization, to in-
The PILS-WSOC technigue, which involves the use of acrease the range of species analyzed and often the specific
particle-into-liquid sampler (PILS) combined with analysis solvent can be used as an empirical definition of the species
for water-soluble organic compounds (WSOC), can be usegresent e.g., “water-soluble organic compounds” (WSOC).
to quantify water-soluble OC with a time resolution of minu- Thermal desorption has gained increasing popularity over the
tes and without size resolution (and also water-insoluble Odast few years for the measurement of semivolatile, thermally
by difference from e.g. a thermal-optical instrument, but thenstable organic aerosol components and can be used without
limited to 1 h time resolution). A family of complementary any sample preparation when combined with high resolution
technigues (AMS, FTIR and NMR spectroscopy) attempts tochromatographic techniques (Hays and Lavrich, 2007).
analyze most of the OA mass while providing resolution of  First-generation VOC oxidation products are generally po-
some chemical classes or functional groups. Of these tecHar substances containing hydroxyl, carboxyl, keto and/or
niques AMS has much higher time and size resolution (e.galdehyde groups. Further reaction of first-generation pho-
DeCarlo et al., 2008) and can provide elemental compositooxidation products through oxidation and sulfation of
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hydroxyl and/or keto or aldehyde groups renders these proeetector (2-D-TAG) which operates on a hour cycle, provid-
ducts even more polar. The presence of hydroxyl, carboxyljng detailed OA composition at a higher time resolution than
keto, aldehyde, sulfate and nitrooxy groups in SOA con-previously possible (Goldstein et al., 2008).

stituents requires that suitable analytical methods are em- LC is becoming increasingly popular for the analysis of
ployed and developed for their detection and characterizapolar compounds in aerosol and is routinely used for the
tion at the molecular level. The most commonly employedanalysis of carboxylic acids (Anttila et al., 2005/fRpp
analytical techniques for the molecular characterization ofet al., 2006; Warnke et al.,, 2006). State-of-the art cou-
SOA constituents are hyphenated techniques that combine pled LC/MS techniques (such as ion-trap, TOF and triple
powerful chromatographic and mass spectrometric techniquguadrupole MS) now offer similar or better detection limits
such as GC/MS with prior conversion into volatile deriva- than LC-fluorescence techniques and have improved greatly
tives and use of electron ionization (EI) or chemical ioniza- in terms of reliability, sensitivity and ease of use over the
tion (CI), and LC/MS with use of electrospray ionization past 10years. LC is particularly suited to high-MW species
(ESI) or atmospheric pressure chemical ionization (APCl)and very polar molecules, without the need for derivatiza-
and detection in the negative-) or positive (+) ion mode. tion prior to analysis. LC/MS is finding increasing use in the
While the chromatographic separation and sensitive MS deanalysis of the small polar fraction of SOA formed in simula-
tection of polar SOA constituents can, in most cases, bdion chamber studies (Larsen et al., 2001; Gao et al., 2004a,
readily achieved, the molecular characterization of unknownb; Surratt et al., 2006, 2007a, 2008; linuma et al., 2007a,
SOA constituents remains a demanding analytical task fob; Ng et al., 2008). LC/MS analyses have also been used
various reasons. Complementary MS techniques involvingo indicate that sulfate as well as nitrate groups could be in-
high-resolution (HR), soft ionization MS and tandem MS are corporated in SOA as outlined in Sect. 5.1 below (linuma et
needed; detailed interpretation of MS data requires specifial., 2007a, b; Surratt et al., 2007a, 200&n&z-Gonalez
knowledge and only allows one to propose chemical struc-et al., 2008). The LC columns employed in most studies are
tures (or tentative structures), which still need to be con-of the reversed phase C18 or C8 type; however, stationary
firmed through organic synthesis of the proposed compoundphase material containing di- or trifunctionally bonded C18
or isolation of the compound and subsequent NMR analysischains that prevent stationary phase collapse when aqueous

GC/MS is one of the most widely used techniques to sepaeluent systems are used have proved useful in the analysis
rate, identify and quantify individual species within aerosol of polar sulfated SOA from the photooxidation of isoprene
particles (Kotianova et al., 2004; and references therein). AGbmez-Gonalez et al., 2008; Surratt et al., 2008). Hamil-
system with 1 h time resolution has been recently demonton et al. (2008) recently used cationization agents to ex-
strated (Williams et al., 2006). Unfortunately, the complex- tend the range of species that could be identified and im-
ity of SOA can be a barrier to this type of analysis result- prove structural characterization. In parallel with GC separa-
ing in constantly overlapping peaks, as well as the majoritytions, the low resolution afforded by a single LC separation
of the eluted mass being present as an “unresolved complegan be overcome using comprehensive two-dimensional LC
mixture” (e.g., Williams et al., 2007). In addition, the ox- as recently demonstrated for the chemical characterization
idized nature of SOA makes it unsuitable for conventional of organosulfates ir8-pinene SOA (linuma et al., 2007b).
GC analysis, however the range of amenable species can ol et al. (2006) also recently used LCXLC coupled to ESI-
increased using derivatization (e.g., Yu et al., 1998, 1999;TOFMS to quantitatively identify carboxylic acids in rural
Kubatowa et al., 2000; Docherty and Ziemann, 2001; Ho andand urban aerosol samples. LC has also been used to sepa-
Yu, 2002; Edney et al., 2003, 2005; Claeys et al., 2004a, brate aerosol extracts into three fractions, based on polarity for
2007; Jaoui et al., 2005; Surratt et al., 2006; Szmigielski etsubsequent analysis by GC/MS (Lewis et al., 1995; Shimmo
al., 2007a, b; Healy et al., 2008). etal., 2004).

Recent studies using a higher chromatographic resolution Electrophoretic separations have also been used for the
technique, two-dimensional GC coupled to time-of-flight analysis of SOA components. Capillary electrophoresis (CE)
(TOF) MS (GCxGC-TOFMS) have resulted in the separa-can be applied to the analysis of charged species or com-
tion of over 10000 organic species in urban aerosol sampounds that are in equilibrium with a charged form, and are
ples, some of which could be mechanistically linked to aro-thus generally suited to carboxylic acids as summarized in
matic oxidation processes (Welthagen et al., 2003; Hamil-a recent review (Dabek-Zlotorzynska et al., 2008). CE can
ton et al., 2004). GCxGC analysis of the SOA formed in aalso be coupled to MS and has been used to investigate the
simulation chamber study of the photooxidation of tolueneorganic acids and acidic oligomers in SOA formed in si-
indicated the presence of over 250 semivolatile oxidationmulation chamber studies (linuma et al., 2004, 2008]|&4
products demonstrating the difficulties associated with link-et al., 2007). lon chromatography (IC) has also been used
ing gas phase precursors and their SOA contribution in amfor the separation of organic aerosol components, especially
bient aerosols (Hamilton et al., 2005). This technique has refor the analysis of very acidic, short-chain carboxylic or di-
cently been incorporated into a field deployable thermal de-carboxylic acids, such as oxalic acid and glyoxylic acid (Jaf-
sorption aerosol GCxGC instrument with a flame ionization frezo et al., 1998; Kerminen et al., 2000i®| and Lammel,
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2001). Mass spectrometric detection is usually not appliedrom aircraft platforms. The OA concentration determined
with IC because of the necessity to use buffers that are ofby FTIR spectroscopy showed good agreement with AMS
ten not compatible with MS detection. However, there existmeasurements in several studies (Gilardoni et al., 2007; Rus-
methods for the coupling of IC with MS detection that have sell et al., 2009). Sequential solvent rinsing can be used to
been used to investigate chamber SOA and the correspondirfgrther separate the organic compounds by polarity (Maria et
gas-phase molecules (Fisseha et al., 2004). al., 2002, 2003; Polidori et al., 2008). The OM/OC ratio can
One way to reduce the complexity of the analysis is to fo-also be estimated from these measurements (Gilardoni et al.,
cus on groups or types of species present in the SOA, rathe2009).
than trying to analyze for individual species. This simplifies
the analysis of large datasets, and by analyzing the whol&.3.2 On-line techniques
bulk OA mass it overcomes the disadvantage of identifying
only a small fraction of the OA mass, a problem associatedThe analytical techniques described above are based on a
with GC/MS studies for example (Rogge et al., 1993). lon time integrating sampling step (using filters, impactors, etc.)
exchange chromatography has been used to separate WSd@lowed by post-analysis. This creates the inherent risk of
into three fractions depending on polarity, (a) neutral/basicpositive and negative artifacts due to adsorption, evapora-
compounds, (b) mono and di-carboxylic acids and (c) poly-tion, and chemical reactions during the multi-step collection
carboxylic acids, followed by subsequent analysis using pro-and analysis procedure (e.g., Turpin et al., 2000; Schauer et
ton NMR (Decesari et al., 2000). Using this simplified ap- al., 2003; Subramanian et al., 2004; Dzepina et al., 2007).
proach, it was determined that atmospheric aerosol in the Pdhis type of sampling also severely limits both spatial and
valley in ltaly exhibits a seasonal profile, with mono- and temporal sampling densities. Therefore, on-line techniques
dicarboxylic acids dominating in the summer and polycar-WhiCh provide real-time measurements have revolutionized
boxylic acids in spring, winter and autumn (Decesari et al.,the chemical analysis of aerosols. The two main types of on-
2001). NMR profiles of the atmospheric aerosol were foundline techniques currently in use are AMS and PILS-WSOC.
to be similar to those obtained from terrestrial fulvic acids, Since the first studies using aerosol mass spectrometers
for example Suwannee River fulvic acid (SRFA, Cappiello (McKeown et al., 1991), the number of on-line MS tech-
et al., 2003), which has been used as a surrogate for ambpiques has rapidly increased, and has been the subject of se-
ent aerosol in studies of physico-chemical properties (Parveral reviews (Noble and Prather, 2000; Sullivan and Prather,
sons et al., 2004; Topping et al., 2005b; Dinar et al., 2006b)2005; Canagaratna et al., 2007; Murphy et al., 2007). The
This technigue has been used in numerous studies, includingeneral principle involves the introduction of airborne par-
source identification (Decesari et al., 2007) and a recent imticles into the instrument, followed by vaporization and io-
provement involves the derivatization of the carboxylic group nization of the material before analysis of the ions using MS.
with diazomethane to allow a direct determination of car- Particle beams can be introduced in the ion source under vac-
boxylic acids in WSOC (Tagliavini et al., 2006). Some com- uum using nozzles, capillaries or aerodynamic lenses. For
plexities of the compound classification using this techniquethe quantitative field investigation of organic aerosol com-
have been recently discussed in the literature (Collett et al.ponents and other non-refractory material, a subset of these
2005; Decesari et al., 2005). However, it has the potentiaimass spectrometers has proven most useful.
to separate biomass burning from marine and secondary or- The AMS instruments (commercialized by Aerodyne Inc.)
ganic aerosols as shown for a large number of monitoringhave proven very useful for field measurements of atmo-
stations around the world (Decesari et al., 2007). spheric aerosol (Jayne et al., 2000; Jimenez et al., 2003;
A final type of off-line analysis is based on collection Canagaratna et al., 2007). The AMS combines thermal des-
of aerosol on impactors or filters followed by analysis by orption (flash evaporation) of the aerosol components and
FTIR spectroscopy, to determine the concentration of dif-El of the desorbed components. Data are generally reported
ferent organic functional groups such as saturated aliphati@as sulfate, nitrate, ammonium, chloride and organic content
(C-C-H), unsaturated aliphatic (C=C-H), aromatic (C=C-H), (Allan et al., 2003; Jimenez et al., 2003). The El energy of
organosulfur (C-O-S), carbonyl (C=0), organic hydroxyl (C- 70 eV, especially after vaporization at 6@) results in sig-
OH), etc. (Blando et al., 1998; Havers et al., 1998a; Maria etnificant fragmentation of the OA fraction and single species
al., 2003; Sax et al., 2005; Polidori et al., 2008). A partic- can hardly be identified. However, the AMS data can pro-
ular strength of this technique may be the ability to measurevide information on the bulk composition of the OA, in an
the total concentrations of certain functional groups, such asnalogous manner to some of the off-line techniques such as
amines or organosulfur species, which are difficult to quan-NMR and FTIR spectroscopy. Statistical multivariate tech-
tify with other field methods. FTIR spectroscopic analysis niques can be used to identify components in the total OA
has been applied to field samples (e.g. Maria et al., 2003spectra (e.g., Zhang et al., 20054, b; Lanz et al., 2007, 2008),
Polidori et al., 2008; Coury and Dillner, 2008, 2009; Rus- as discussed below. The high time resolutierlQ Hz) of
sell et al., 2009). Maria et al. (2003) used aerosol concenthe method enables direct flux measurements with the eddy
trators to obtain sub 1 h time resolution with this technique covariance technique, which is promising for biogenic SOA
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quantification and aerosol deposition measurements (Nemit30% to over 80% of the aerosol mass in the free troposphere
etal., 2008). is carbonaceous material over the regions they have studied,
Recently, the quadrupole in the AMS instrument has beerwhich may be related to SOA production but also to biomass
replaced with a time-of-flight mass analyzer (ToF-AMS) burning or reduced cloud scavenging of organic-dominated
(Drewnick et al., 2005; DeCarlo et al., 2006). The high- particles. Under certain conditions (e.g., matrix composi-
resolution version (up tan/Am~5000) of the ToF-AMS  tion, instrument tuning), fragmentation in laser-ablation in-
(HR-ToF-AMS) instrument allows the separation of ions struments can be reduced and higher-MW compounds, such
with the same nominal mass but different elemental composias oligomers formed in chamber experiments, can be identi-
tion, for example at:/z 43 the following fragments could be  fied with this technique (Gross et al., 2006; Denkenberger et
resolved: CHNO, CoHzO", CH3N;, CoHsNT and GHS . al., 2007).
This facilitates the identification of minor elements (e.g., N, Over the last decade there have been numerous other on-
P) that were previously obscured among larger ions in thdine mass spectrometers incorporating a range of desorption
unit resolution spectra, and provides better differentiation ofand ionization methods. Some of these designs have been
spectra of POA sources and SOA components, thus enhanctsed in field studies, while others have been limited to labora-
ing statistical techniques (Ulbrich et al., 2009). An ion trap tory applications, primarily due to sensitivity limitations. Of
has also been recently coupled with the well characterizedhote among the instruments that have only been used for la-
AMS inlet and vaporization-ionization system providing the boratory applications is the photoelectron resonance capture
ability to perform MS measurements (iten et al., 2007). ionization AMS (PERCI-AMS) instrument, where particles
A recently developed method (Aiken et al., 2007) allows theare deposited onto a resistively heated wire and the vapor-
determination of O/C, N/C, and H/C atomic ratios of organic ized material is ionized with low energy electrons (LaFranchi
matter directly and with high time resolution. The O/C ratio et al., 2004; Zahardis et al., 2006). Some important labora-
of SOA produced in “traditional” high concentration cham- tory findings about SOA and heterogeneous chemistry have
ber experiments from various precursarsginene, aromat-  arisen from work with the thermal desorption particle beam
ics, isoprene) is in the range 0.28-0.43 (Aiken et al., 2008) mass spectrometer (TDPBMS), which captures particles in a
These ratios are lower than those found in the atmosphereryo-cooled surface and then desorbs them by slow heating
and are attributed to less aging and the high precursor comallowing volatility separation before MS analysis (Docherty
centrations used in the experiment which allows less oxi-and Ziemann, 2003; Lim and Ziemann, 2005). A similar
dized species to partition into the aerosol (Aiken et al., 2008;volatility separation technique, involving a rapidly switch-
Shilling et al., 2009; Huffman et al., 2009). For urban aerosoling thermodenuder, has recently been developed for field
the O/C atomic ratio increases with aging of the aerosol andsampling with the AMS instrument (Huffman et al., 2008,
reaches 1 for the aged SOA fraction (OOA1). A direct cor- 2009). Warscheid and Hoffmann (2001, 2002) have used
relation between the measured O/C and OM/OC ratios wa#\PCl, where particles are vaporized in a heated tube and
found yielding the relationship organic compounds chemically ionized using a corona dis-
OM/OC = (1.26 x O/C) + 1.18 () charge, pr_oducing mostly molecular @on species. This in-
strumentation allows structural analysis of single species us-
Mixed urban aerosols have OM/OC ratios of 1.6-1.8, whiching an ion trap MS (ITMS). Other soft ionization techniques
is on the higher side of the range of 6.2 reported by based on photoionization (Northway et al., 2007; Dreyfus
Turpin and Lim (2001). Aged regional organic aerosols haveand Johnston, 2008) or Cl (Hearn and Smith, 2006) have
OM/OC ratios of ca. 2.1 which is in good agreement with been developed and are starting to be applied to ambient
the value of 2.20.2 recommended for non-urban aerosols measurements. The analysis of the elemental composition
(Turpin and Lim, 2001). In the water soluble fraction of or- of sub-20 nm particles has recently become possible with
ganic aerosol OM/OC ratios of 1.8-1.93 were obtained forthe nano aerosol mass spectrometer (NAMS) (Wang et al.,
ambient SOA usingH-NMR (Decesari et al., 2007). 2006), while their molecular composition can be analyzed by
Laser-ablation mass spectrometers can analyze individughermal desorption chemical ionization mass spectrometry
particles by using a laser to vaporize and ionize single par{TDCIMS) (Smith et al., 2005). Recently the commercially
ticles followed by TOFMS (McKeown et al., 1991; Noble available PTR/MS (proton transfer reaction mass spectrome-
and Prather, 1996; Murphy, 2007) and allow the analysis oftry) instrument, which detects organic compounds in the gas-
positive and negative ions simultaneously (Hinz et al., 1996)phase using D" as the chemical ionization reagent, was
An instrument of this type, the aerosol TOF mass spectromesuccessfully applied to the identification of organic species
ter (ATOFMS), is commercially available from TSI Inc. The in the particle phase (Hé&h et al., 2008b).
OA fraction produces characteristic fragmentation patterns, Particle into liquid samplers (PILS) collect particles into
but matrix effects make quantification difficult. Murphy et water for subsequent analysis (e.g., IC) (Weber et al., 2001,
al. (2006) calibrated the organic/sulfate ratios of their ParticleOrsini et al., 2003; Sullivan et al., 2004; Sorooshian et al.,
Analysis by Laser Mass Spectrometry (PALMS) instrument2006a). A continuous measurement of WSOC (as well as
by comparison with the AMS instrument, and showed thatinorganic and organic ions by IC) with a time resolution of
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minutes has been coupled to a PILS instrument and deployeld; Hoffer et al., 2006; Salma et al., 2006; Taraniuk et al.,
in several aircraft campaigns (e.g., Sorooshian et al., 2006&2007; Wex et al., 2007). HULIS are operationally defined
b, 2007a, b; Peltier et al., 2007a; Weber et al., 2007). Theractions of the aerosol and their quantification thus depends
main sources of WSOC are SOA and biomass burning OAto some extent on the applied extraction, isolation and de-
(Sullivan et al., 2006). Miyazaki et al. (2006) showed that tection method. This fraction consists of polyacidic com-
WSOC in Tokyo correlated well with SOC estimated with the pounds of aliphatic and aromatic structures with additional
EC-tracer method, while water-insoluble organic compoundssubstituted functional groups. Their molecular mass was de-
(WIOC) correlated well with EC and CO in that study. termined to be between 150-500 Da (Kiss et al., 2003). In a
Kondo et al. (2007) and Docherty et al. (2008) have showncomprehensive review, Graber and Rudich (2006) concluded
that the WSOC measurement is very similar to the total AMSthat, although itis difficult to distinguish atmospheric HULIS
OOA in Tokyo and Riverside, respectively. Based on mea-from terrestrial and aquatic humic substances on a chemi-
surements made in Cairo, Favez et al. (2008) suggested thatl level, there are significant differences in physical proper-
anthropogenically-dominated SOA may have a higher insol-ties such as hygroscopicity and CCN activity. This has been
uble fraction. Recently, a measurement of WSOC follow- substantiated in a series of studies on the microphysical pro-
ing PILS collection has also been demonstrated in the fieldperties of HULIS extracted from real aerosol samples (Dinar
and was found to be in very good agreement with semi-et al., 2006a, b, 2007; Asa-Awuku and Nenes, 2007; Tara-
continuous OC measurements (a slope close to unity was olriuk et al., 2007; Wex et al., 2007). There is indication that
tained within the uncertainties of both measurements). How-HULIS can be of primary origin, e.g., wood combustion, but
ever, a non-zero intercept was also determined, which isnay also be associated with secondary particle-phase pro-
possibly related to the inability of the total organic carbon duction (Gelendar et al., 2002; Samburova et al., 2005a, b;
(TOC) analyzer to digest larger insoluble particles (PeltierFeczko et al., 2007; Surratt et al., 2007a, 2008). LC separa-
et al., 2007b). Another very promising recent developmenttions are well suited to the analysis of HULIS in atmospheric
is the simultaneous measurement of particle and gas-phaseerosols and a comprehensive review of extraction and ana-
WSOC by Hennigan et al. (2008, 2009). During the sum-lysis techniques is given in Graber and Rudich (2006). Sep-
mer in Atlanta at elevated RH levels-70%), a significant  aration using reverse-phase high-performance LC (HPLC)
increase in WSOC partitioning to the particle phase was ob-and size-exclusion chromatography (SEC) has indicated that
served and followed the predicted water uptake by fine paraerosol HULIS is of lower molecular mass than terrestrial
ticles. These results suggest that SOA formation involvingand aquatic humic substances, possibly due to the presence
partitioning to liquid water may be a significant pathway that of mineral acids and mono- and dicarboxylic acids which
is often not considered. Sorooshian et al. (2007a, b) have pioprevent the formation of large supramolecular structures.
neered the analysis of organic acids by IC analysis followingSamburova et al. (2005a, b) used SEC coupled to UV spec-
PILS collection. These authors report that organic acids avertroscopy and laser desorption ionization MS (LDI-MS) to de-
aged 3.4% of the water-soluble PM mass during an airborngéermine an upper value of 700 Da for the molecular mass of
study in the Houston area. Organic acids were most abunHULIS in atmospheric aerosol and showed that this corre-
dant above clouds, presumably as a result of aqueous phasponds to around 9-30% of the total organic carbon for an
chemistry in cloud droplets, followed by subsequent dropleturban background site.

evaporation above cloud tops with the main product of this Higher-MW reaction products (i.e., products with MWs
chemistry being oxalic acid. Suppressed organic acid formahigher than those of first- and higher- generation oxida-
tion was observed in clouds with relatively acidic droplets tion products) have been identified in laboratory SOA pro-

and lower liquid water content. duced from the atmospheric oxidation of a wide range of
compounds, including 1,3,5-trimethylbenzene, cycloalkenes,
3.3.3 Analysis of high molecular weight compounds a-pinene and isoprene (Gao et al., 20044, b; linuma et al.,

2004, 2007a; Kalberer et al., 2004, 2005; Tolocka et al.,
During the last decade an increasing number of studies hav2004; Bahreini et al., 2005; Hastings et al., 2005; Dom-
reported that macromolecular species make a significant cormen et al., 2006; Surratt et al., 2006; Szmigielski et al.,
tribution to the mass of organic compounds present in at-2007a; Hamilton et al., 2006), as well as the hydration of
mospheric aerosol. The largest fraction of these specieglyoxal (Hastings et al., 2005). These higher-MW reaction
showed considerable similarities in structural properties toproducts have been denoted as “oligomers”; however, it is
humic and fulvic acids and were thus termed humic-like sub-worth noting that higher-MW products identified in SOA
stances (HULIS) (Havers et al., 1998a, b; Zappoli et al.,and ambient aerosol do not only contain oligomers, which
1999; Decesari et al., 2000; Geleacet al., 2000a, b; Kiss according to the IUPAC recommendations denotes products
et al., 2002). HULIS can affect many aerosol properties, in-which comprise a plurality of monomeric units derived from
cluding hygroscopicity, cloud condensation nuclei (CCN) ac-molecules of lower molecular mass (IUPAC, 1996). In addi-
tivity, surface tension and optical parameters (Gysel et al.tion to oligomers, higher-MW products also comprise other
2004; Kiss et al., 2005; Dinar et al., 2006b, 2007, 2008a,classes of compounds such as organosulfates and nitrooxy
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organosulfates (Romero and Oehme, 2005; Reemtsma et atatios. Reinhardt et al. (2007) used FTICRMS to investi-
2006; linuma et al., 2007a, b;@Bnez-Gonalez et al., 2008; gate the molecular composition of oligomeric species in
Surratt et al., 2007a, 2008), and dimers such as hemiacetats-pinene SOA and applied Kendrick mass analysis, a tool
formed between 2-methyltetrols and gdihydroxycarbonyl  employed in petroleomics, where nomimal mass is plotted
(Surratt et al., 2006). A word of caution is also appropri- against the Kendrick mass defect to visualise the highly
ate here with regard to the use of the term “humic-like sub-complex dataset as homologous series of oligomers with
stances” (HULIS), which may comprise a complex mixture increasing numbers of CHgroups and O. It was found
of several classes of polyfunctional compounds, includingthat the monomer units had a higher O/C ratio than the
oligomers, organosulfates and nitrooxy organosulfates. Irdimers and trimers, indicating that condensation reactions
earlier work (MacCarthy et al., 1990) it has been stated thainvolving the loss of water are important in the formation
the term “structure of humic substances” must not be inter-of oligomers. Reemtsma et al. (2006) have also applied
preted in the conventional chemical context because suckTICRMS to the analysis of ambient urban aerosol and
fine detail was simply beyond reach at that time. Owing reported that the high-MW species observed resemble fulvic
to the considerable developments of MS techniques basedcids and are often sulfated and/or nitrated. High-resolution
on ESI, tandem MS and high-resolution MS over the lastmass analyzers in combination with (=)ESI have recently
two decades, the analytical tools are now available to effi-been employed to support the elemental composition of
ciently address the polyfunctional chemical structures of po-organosulfates and nitrooxy organosulfates present in BSOA
lar HULIS in complex mixtures such as SOA and ambient and ambient aerosol. TOF mass analyzers of the reflector
aerosol. type with a mass resolutios-10000 were used in most
Initial evidence for oligomer formation was provided by of these studies (Romero and Oehme, 2005; linuma et al.,
off-line LDI-MS (Kalberer et al., 2004), but this approach 2007a, b; Surratt et al., 2008) but another mass analyzer with
did not provide detailed structural information. Tolocka et ultra-high mass resolution-(100 000) in addition to the ion
al. (2004) applied matrix-assisted laser desorption-ionizatiorcyclotron, i.e., the Orbitrap (@nez-Gonalez et al., 2008)
(MALDI), ESI and CIMS. CI was found to cause decom- has also been employed in the analysis of organosulfates and
position of the parent oligomer, but MALDI and ESI pro- nitrooxy organosulfates.
vided similar oligomer distributions. Tandem MS using a
quadrupole TOF (Q-TOF) indicated that the dimers, trimers
and tetramers were composed of known gas phase read Recent developments in laboratory, field and
tion products from the ozonolysis af-pinene. Gao et modeling studies
al. (2004a) used LC coupled to a quadrupole mass spec-
trometer (LC/QMS) and direct infusion into an ion trap 4.1 Laboratory studies
mass spectrometer (ITMS), both of which were equipped
with ESI, to detect oligomers with masses up to 1600 Da inThe large majority of our knowledge about SOA forma-
SOA formed during cyclohexene ozonolysis and estimatedion from VOC oxidation derives from laboratory studies.
that they accounted for around 10% of the total mass fracMost of these studies make use of large simulation cham-
tion. Fragmentation patterns for structural analysis werebers (smog chambers), ranging in volume from 1-2?0m
performed in negative ionization mode but a wider range(see Table 2), although some complementary studies have
of species could be detected in positive ionization mode adeen conducted in aerosol flow reactors (e.g., Bonn et al.,
[M+Na]* adducts. 2002; Berndt et al., 2003; Jonsson et al., 2006, 2008a, b). In
On-line MS techniques have also been used to follow thegeneral, chamber experiments are carried out in batch mode,
temporal evolution of oligomers in simulation chamber stud- though some use a continuous flow mode. They are designed
ies. Gross et al. (2006) used an aerosol time of flight mas$¢o mimic atmospheric conditions as closely as possible so
spectrometer (ATOFMS) with a minute time resolution to that nonlinearities and other complicating factors are shared
follow the increasing MW of oligomers formed during the in the experiment and in the real atmosphere. Flow reactor
photooxidation of-pinene and 1,3,5-trimethylbenzene. Sin- experiments, on the other hand, are more often designed to
gle particle ATOFMS has also been used for the identifica-isolate specific fundamental terms in a chemical mechanism,
tion and real-time monitoring of oligomers in aged ambient and are primarily not used to explicitly mimic the ambient
atmospheric aerosol in California, USA (Denkenberger et al. atmosphere.
2007). Miller et al. (2008) have applied on-line APCI tan- At their heart, almost all SOA experiments are based on
dem MS (APCI-M3) to investigate oligomer formation in a mass balance, typically expressed as in Eg. (3). As noted
real-time and used MSor structural characterization. above though, there are many complicating factors in the in-
Fourier transform ion cyclotron resonance MS terpretation of experimental yields, several of which have yet
(FTICRMS) has ultra-high mass accuracy (sub ppm) and &o be completely resolved. With these factors in mind, the
very high mass resolution-(100 000) allowing determina- objective of laboratory SOA formation experiments can be
tion of molecular composition even at higher mass-to-chargaefined to a dual purpose. First is to constrain the yiald} (
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Table 2. Selected laboratory chamber facilities for the study of secondary organic aerosols.

Location Type Volume Material Temperature  Referéhce
(m3) (K)

California Institute Indoor 28 (dual) FEP 290-303 Cocker et al. (2001b)
of Technology, USA Photoreactor Ng et al. (2008)
Carnegie Mellon Indoor 10 PTFE/FEP 288-313 Stanier et al. (2007)
University, USA Photoreactor Robinson et al. (2007)
Forschungszentrunulich, Outdoor 270 FEP ambient Rohrer et al. (2005)
Germany (SAPHIR) Photoreactor
Forschungszentrum Dark Chamber 250 PTFE/FEP ambient Mentel et al. (1996)
Julich, Germany Folkers et al. (2003)
Forschungszentrum Dark Chamber 4-84 Metal 183-323 Saathoff et al. (2003)
Karlsruhe (AIDA) Jonsson et al. (2007)
Fundacbn Centro de Estudios Outdoor 200 FEP ambient Klotz et al. (1998)
Ambientales del Mediteaneo, Photoreactor Martin-Reviejo and
Spain (EUPHORE) Wirtz (2005)
Leibniz Institute for Tropospheric Indoor 19 FEP 289-308 linuma et al. (2007b)
Research, Germany Photoreactor
Paul Scherrer Institute, Indoor 27 FEP 288-313 Paulsen et al. (2005)
Switzerland Photoreactor Kalberer et al. (2004)
University College Cork, Ireland Indoor 6.5 FEP 293-305 Temime et al. (2007)

Photoreactor Healy et al. (2008)
University of Manchester, UK Indoor 18 FEP 288-313

Photoreactor
Univ. of California, Indoor 90 (dual) FEP 278-323 Carter et al. (2005)
Riverside, USA (CE-CERT) Photoreactor Song et al. (2005)
Univ. of California, Indoor 6-8 (several) PTFE/FEP ambient Tobias and Ziemann (1999)
Riverside, USA (APRC) Photoreactor Matsunaga et al. (2009)
Univ. of North Outdoor 120, 137 (dual), FEP ambient Lee et al. (2004)
Carolina, USA Photoreactor 150 (dual) Li et al. (2007)
US Environmental Indoor 145 FEP/TFE 293-298 Edney et al. (2005)
Protection Agency Photoreactor Offenberg et al. (2007)
CSIRO Energy Technology Indoor 18 FEP ambient Hynes et al. (2005)
Australia Photoreactor Angove et al. (2006)
National Institute for Environmental  Indoor 6 PTFE/FEP  ambient Sato et al. (2007)
Studies, Japan Photoreactor

@ Selected references with emphasis on SOA (maximum 2 per laboratory).

of a set of (semi- or non-) volatile productsRs a function  of water vapor is found in Sect. 5.6. The effect of temperature

of the appropriate variables (temperature, relative humidity,on SOA formation has received comparatively little attention

NOy and hydrocarbon mixing ratios, UV intensity, etc.), re- (Takekawa et al., 2003; Jonsson et al., 2007, 2008b; Pathak et

cognizing that Pare usually surrogate or lumped species thatal., 2007, 2008; Saathoff et al., 2009). However, the results

“average” over the real properties of multiple real product obtained to date provide evidence for a temperature effect,

species. Second is to elucidate fundamental aspects sudioth on gas-particle partitioning and on the chemical mecha-

as chemical mechanisms and phase partitioning of a givemism.

mixture of products in an experiment and then extend that

knowledge to the atmosphere. Here several variables poter#.1.1 Aerosol yield

tially influenceboththe chemical mechanisms and the phase-

partitioning thermodynamics. The most notable is tempera-To obtain constraints o0’ andc;, data are required span-

ture, followed by water vapor. A description of the influence ning a range of”p 4. Historically, multiple chamber exper-
iments (each lasting one or more days) were carried out to
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obtain Fp 4 versus “final”Cp4 (Odum et al., 1996; Hoff- 04— T
mann et al., 1997; Griffin et al., 1999), though more re- )
cently individual chamber experiments have been used to ob-
tain “dynamic” Cg 4, using the increase ip4 asCyc de-
creases due to oxidation (see e.g., Hurley et al., 2001; Ng et
al., 2006; Presto et al., 2006). The simple fittingFf4 ver-
susCg 4 datain this manner is valid only if the set of reaction
products and yields remains the same, either through a suc-
cession of experiments or during an individual experiment.

At least three approaches have been applied to fitting or
reproducing SOA data based on this foundation: (1) Explicit
enumeration of reaction products in a reaction mechanism
including partitioning (Jenkin, 2004), (2) empirical determi- it A
nation ofbotho; andC}" in a n-product model, most often 0 e e e

10 10° 10 g 10° 10

with n=2 (Odum et al., 1996), and (3) fitting of; only Cop (ugm™)
for a fixed “basis set” ofC/ (Presto and Donahue, 2006). _ _
In all cases, the objective is to constrain the amount and9: 5 Aerosol mass fractionfp 4) for SOA generated in the re-

i ; ; _action ofa-pinene and ozone under low-N@onditions using 2-
volatility of the reaction products, especially those that par_ butanol as an OH scavenger. Data points are taken from; Griffin et

tition to the particulate phase. The methods are all empiri-_ (1999) (triangles): Cocker et al. (2001a) (squares): Presto and

cal, so _they cannot constrain volatility outside of the rangep e (2006) (circles): Pathak et al. (2007) (stars).
of Cp4 in the data; consequently, a recent focus has been to

develop SOA formation data over atmospherically relevant
Coa ranges (0.1-10@gm~3, Presto and Donahue, 2006;
Shilling et al., 2009). There are two separate issues: first igroposed a simple parameterization of this dependence based
the ability of fit parameters to reproduce daf (), and se-  on the RQ +NO branching ratio. Low- and high-NQ
cond is the interpretation of those parameters. As an examproduct yields) are based on photochemical chamber stud-
ple, Fig. 5 shows data from-pinene + 0zone experiments us- ies carried out under extremes of N©oncentration. The
ing 2-butanol as an OH radical scavenger (Griffin et al., 1999;0verall product yields are then parameterized as the linear
Cocker et al., 2001a; Presto and Donahue, 2006; Pathak @ombination,
al., 2007). The log x axis allows the wide atmospheric range
(0.1-100ug m~3) to be observed. The function shown is a
basis-set fit; as the data are in quite good agreement over thig,) = g (a)Mgh-NO« 4 (1 ﬂ)(a)“)W—Nox (5)
range, the fiinterpolateswell. Regardless of the fitting ap-
proach, the data themselves reveal that a significant fraction
of the overall product mass has a volatilitg™) in the 5—  Ng et al. (2007a) and Henze et al. (2008) applied a similar
5009 m~3 range, because the observed valuegf rise  formulation for the generation of SOA from aromatics. How-
sharply over this range. Likewise, the mass yield of productsever, the effect of NQon SOA mass yield is complex. For
less volatile than L.gm~2 can be no more than about 0.05. most light precursors, including alkylbenzenes, isoprene, and
However, these conclusions about product volatility distri- monoterpenes, SOA formation at high N&ppears to be re-
butions assume that the composition of the VOC oxidationduced (Johnson et al., 2004, 2005; Kroll et al., 2005b, 2006;
products does not vary &% 4 changes by several orders of Presto et al., 2005b). In the ozonolysis of limonene, which
magnitude. This may be a reasonable assumption for ozoneontains two double bonds, SOA formation is broadly simi-
+ alkene reactions such as ozone-pinene, but recent re- lar at all NQ, levels (Zhang et al., 2006). Finally, for pho-
sults suggest that this may not be the case for more completooxidation of sesquiterpenes, SOA formation is enhanced at
photooxidation systems (Chan et al., 2007; Duplissy et al.high NO, (Ng et al., 2007b). It should be noted that adding
2008). It should also be noted that recent experiments poinNOx during dark reactions will enhance oxidation of the re-
out the challenge in establishing the yield at very low valuesactant by the N@radical (Hallquist et al., 1999; Spittler et
of Cp4 (Shilling et al., 2009). al., 2006). Obviously, the N@radical initiated oxidation
Obviously this parameterization needs to be performed forof VOCs can be a source of SOA during nighttime condi-
each selected condition. Here the influence ofyM@ gas-  tions, as outlined in Sect. 3.1. The reaction of VOCs with ClI
phase oxidation mechanisms for SOA formation has receive@toms is also a potential source of SOA in the marine bound-
increasing attention (Kroll et al., 2005b, 2006; Presto et al.,ary layer (e.g., Cai et al., 2008). For further discussion of the
2005b; Ng et al., 2007a, b; Zhang et al., 2006). Explicit chemical mechanisms of SOA formation, see Sect. 3.1 and
mechanisms can of course directly handle such dependerhe recent reviews by Kroll and Seinfeld (2008) and Johnson
cies, but for lumped mechanisms Presto and Donahue (200&nd Marston (2008).

0.35[

o
[ &)
T

o

IS

3]
I

o
=
o

I

0.1

F (Aerosol Mass Fraction)
o
N
T

3

www.atmos-chem-phys.net/9/5155/2009/ Atmos. Chem. Phys., 9, 5235-2009



5174 M. Hallquist et al.: SOA: current and emerging issues

4.1.2 Chemical time scales versus precursor and SOA  can be larger for smaller initial hydrocarbon concentrations.
levels Care must be exercised in interpreting SOA production data
from experiments carried out at different initial concentra-
An important challenge is associated with scales: chemications when the parent VOC is not completely reacted, or in-
timescales compared with experimental timescales, mass angeed whenever multiple generations of oxidation occur in an
concentration scales in experiments versus the ambient agxperiment. The effect of the initial organic aerosol level
mosphere, and the physical scales of the experiments thengn the kinetics of SOA formation is accentuated even more
selves. In most experiments, this means that much highef the semivolatile oxidation products undergo gas-phase de-

concentrations of a precurs@y ¢, must be oxidized than  composition reactions to give more volatile species (Kroll et
one ever finds in the atmosphere in order to generate enougdy., 2007).

SOA: experiments at the typic@lyc of an individual hy-
drocarbon alone would generate trivial levels@§ 4 that

would be very hard to quantify experimentally, and thus areRecent simulation chamber experiments have shown rather
not experimentally appropriate. Consequently this may alsqjramatic changes in the yield parameters for important SOA
influence the choice of oxidant level where eXperimental in-precursor CompoundS, as illustrated in F|g 6. Newer data
terpretation is more straightforward when the product for-typjcally show much more aerosol formation than found in
mation timescale is much shorter than the particle depositiorpapers published prior to 2005 (Ng et al., 2006, 2007a, b;
timescale. This sometimes motivates experimentalists to Utipathak et al., 2007). For example, Ng et al. (2007a) showed
lize oxidant levels well over typical ambient levels; however, that under low-N@ conditions the yield of SOA from aro-
great care must be taken to ensure that the resulting chenpnatic compounds could be more than 30%, regardless of
ical mechanism and products remain relevant to the atmoc,, 4. Under high-NQ conditions the same aromatic com-
sphere. At a low organic aerosol level, only the least volatilepounds had much reduced yields, but still significantly higher
VOC oxidation products effectively partition into the aerosol than found in the earlier studies of Odum et al. (1996). These
phase. As the mass concentration of organic aerosol rises iarge increases in yield estimates have been attributed by Ng
a chamber experiment, compounds of higher volatility pro-et al. (2007a) to improvements in the methodology used in
gressively partition into the aerosol phase. To best simulatghe chambers: faster-reacting systems to avoid wall-loss of
partitioning under ambient conditions, organic aerosol lev-formed SOA, experiments that were conducted at either high
els in chamber SOA studies should be within the range typor low NO,/HO, ratios throughout, and a greater recognition
ically encountered in the atmosphere, roughly from 0.1 toof the kinetic factors controlling experimental yield values
100pgm~3. However, higher mass experiments can be of(Chan et al., 2007). An important new development has been
considerable value too as they help constrain the full VOlati'the recognition that isoprene, acompound previous]y thought
||ty distribution of the oxidation prOdUCtS for mOdeling of ex- to be unimportant for SOA formation under atmospherica”y
tended atmospheric transport and aging. The production ofelevant conditions (Pandis et al., 1991), can also produce
high mass yields is also advantageous when trying to identifySOA and likely in very significant quantities (Claeys et al.,
individual constituents of SOA that may be used as markeroo4a, b; Edney et al., 2005; Kroll et al., 2005b, 2006; Dom-
of particular sources of SOA in ambient aerosol, as describegnen et al., 2006; Henze and Seinfeld, 2006; Surratt et al.,
in Sects. 4.2and 5.1. 2006; Tsigaridis and Kanakidou, 2007).

The organic aerosol levelps (ugm™3) affects both
the degree of partitioning of the array of semivolatile pro-
ducts as well as the kinetics of SOA formation (Chan et al.,An estimate of particle density (and an assumption of
2007; Kroll et al., 2007; Kroll and Seinfeld, 2008). Also, sphericity) is needed when volume measurements of SOA are
whenCg 4 is small, there is an induction period associated converted into mass concentration, such as in SOA yield cal-
with subsaturation of the semivolatile product relative to theculations using differential mobility analyzer (DMA) mea-
amount required for condensation. During this induction pe-surements of the size distribution. Without all of the sig-
riod, a substantial fraction of condensable material may benificant components of the SOA being identified, the esti-
lost to the walls, resulting in lower yields (Kroll et al., 2007). mation of the density based on the chemical composition is
In interpreting yields from such a series of experiments, it ishighly uncertain. A number of methods to determine par-
important to note that the SOA generated at a certain valugicle density have been reported in the literature (McMurry
of AMyc is not necessarily the same for different starting et al., 2002; DeCarlo et al., 2004). Typically for SOA an
hydrocarbon concentrations (Chan et al., 2007). In shortgeffective density is derived by combining measurements of
to produce the same value farMpc, a longer time is re-  aerodynamic and mobility diameters (McMurry et al., 2002;
quired for a smaller value of initiad' . When generation DeCarlo et al., 2004; Zelenyuk et al., 2006; Kostenidou et
of semivolatile products involves multiple oxidation steps, asal., 2007), or aerodynamic and optical diameters (Murphy et
it often does, during that longer time more SOA can form. al., 2004; Cross et al., 2007). The effective densities thus
The result is that at a given My, the measured SOA yield determined are equivalent to the material density in the case

4.1.3 Recent changes in yield estimates

4.1.4 Density and SOA morphology
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of spherical particles but may differ significantly from the o4
material density and other definitions of effective density for ,,
particles with irregular shapes (DeCarlo et al., 2004).
Laboratory measurements of SOA formed from anthro-
pogenic and biogenic precursors yield aerosol effective den-- o3
sities in the range 1.06—1.45gcfand 0.64—1.65 g ci?,
respectively (Bahreini et al., 2005; Alfarra et al., 2006;
Kostenidou et al., 2007). A density of 1.4 gcfhas been
determined for isoprene (Dommen et al., 2006; Ng et al.,cz
2008) and aromatic (Alfarra et al., 2006; Ng et al., 2007a)
SOA by comparing mobility diameter measurements froma °*°
differential mobility analyzer with the vacuum aerodynamic
diameter measured with an on-line aerosol mass spectrom

0.0

eter In the absence of d|reCt measurements, |t |S recom 'Omrxylene a-pinene Isoprene m-xylene m-xylene a-pinene Isoprene Isoprene

(0dum'96) (Griffin'99) (Pre-2005)  (Ng'07) (Ng'07) (Chan'07, (Henze'06, (Chan'07)

mended that a value of 1.4 g crhis used for the SOA den- (NIN-NOX) - (lowNOx) — Ng'08) - Kroll08)

sity, particularly when determining SOA mass yields from Fig. 6. Comparison of “old” and “new” SOA partitioning fractions
measured volume concentrations, as performed in several r¢#; values, see Eq. 2) for an assumed background aerosol concen-
cent studies (e.g., Ng et al., 2007a, b; Healy et al., 2008)tration of Cp4=5ugm—3. Data from Odum’96, Griffin'99 have
The influence of experimental conditions and other paramebeen adjusted to a temperature of 295K (from an assumed 305K,
ters on SOA density is largely unknown. The effective den-experiments were 303-310K), density 1.48 gchfor m-xylene,

sity of SOA from cycloalkene ozonolysis was found to be following Ng et al. (2007), 1.25gcm? for a-pinene. (Read e.g.,
higher in the absence of seed aerosol than in the presenéﬂow% as Kroll et al. (2006). Cited papers are tho§e giving yield-
of (NH4)»S04 seed aerosol (Bahreini et al., 2005). Alfarra curve parameters. Consult these for original experimental data.)
et al. (2006) showed that, for non-seeded experiments with

1,3,5-trimethylbenzene andpinene, SOA densities are in- i ) . i
dependent of the particle size for mobility diameters in the Fi€ld data on effective densities of the organic aerosol

range 140 to 300 nm. Shilling et al. (2009) reported that theCOmponent are not routinely reported. Cross et al. (2007) de-
effective organic density was as high as 10313 g cnm3 termined the organic aerosol effective density by combining
for a loading of 0.46.gm~3, but decreased with increas- measurements of light scattering and aerosol vacuum aero-

ing aerosol load, in line with decreasing degree of oxidation.dynamic diameters. The effective density of organic aerosol

The effects of parameters such as temperature and relatiyias found to be 1.279 cni at Chebogue Point during the
humidity on SOA density remain little characterized to date. |CARTT study in summer 2004, when OA was highly oxy-
Itis recommended that future studies report the exact experig€nated and thus likely dominated by SOA (Zhang et al.,
mental conditions (precursor and oxidant concentration, seed?072; de Gouw et al., 2008). Clearly, more detailed studies
concentration and composition, relative humidity, tempera-Of the effective density of ambient organic aerosol and how

ture) to enable reliable evaluations and comparisons to b& changes with aging and processing in the atmosphere are
made. required.

Changes in the density of organic aerosol due to chem- The physical and chemical morphology of SOA has not
ical reaction with ozone and OH have been investigated inbeen extensively investigated to date. Model results reported
a number of recent laboratory studies. Katrib et al. (2005)by Marcolli et al. (2004) suggest that tropospheric particles
studied the effect of ozone on the density of an oleic acidin a highly mixed state are generally not solid. Thus the pres-
outer layer on polysterene latex cores and found that the layegnce of SOA in atmospheric particles should preferentially
density increased with increasing ozone exposure, consistemgad to particles that are liquid or waxy. However ambient
with the layer becoming more oxidized. Similarly George et organic-dominated particles with high SOA content in Mexi-
al. (2007) showed that the density of bis(2-ethylhexyl) seba-co City have been shown to be non-spherical (Salcedo et al.,
cate particles exposed to OH radicals increases with increa2007) and to bounce as much as sulfate from the AMS va-
ing exposure to the oxidant. It has also been shown that th@orizer (Salcedo et al., 2006) which suggests that they may
density of HULIS extracted from aged atmospheric aerosol isbe solid. SOA has been suggested to form coatings on aque-
higher than the density of HULIS present in fresh aerosols.ous inorganic aerosol and thus influence the reactivity of the
The aged aerosol also exhibited a higher value for the O/Gaerosol surface (Anttila et al., 2007). On short time scales
ratio (Dinar et al., 2006a). It is thus likely that the density particle hygroscopicity (Chan et al., 2006) and CCN activity
of atmospheric organic aerosol will increase during its at-could also possibly be affected as described in Sect. 5.6. In
mospheric residence time. Measurements of organic aeroselddition, the viscosity of organic particles can be enhanced
density in the atmosphere could thus provide information onby oxidation and oligomerization which may also inhibit
atmospheric processing of particles. liquid-phase reactions.

Fraction (F,) atCo, = 5 ug m *, T=295-298
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4.2 Field studies CMB method to thalirect estimation of SOA by using trac-

ers identified in chamber studies, and report that SOA from

Measurements of SOA in the field_are subjegt to the balar,lc‘?soprenea-pinene,ﬁ-caryophyllene, and toluene accounted
between completeness and chemical resolution, as descnbefgr 40% of the measured OC concentration at a suburban site
in_ Sect. 3.3. In many cases, the detection of SOA in AMYh the southeastern USA. The advantage of the method is that
bient atmospheric ae_roso_l _relles on measurement of_sunablﬁ can be used for very large datasets covering a whole year
marker compounds identified from laboratory expenments.and longer. However, the time resolution is rather low. The

Alist pfmarkgr compounds, 'r.‘d'caF'Ye qfd|fferent sources of main disadvantage of these tracer methods is that the ratio
SOAis givenin Table 3. The |deqt|f|cat|on of BSOA marker of the tracer to organic mass needs to be constant for vari-
cpmpounds is further elaborated in Set_:t_. 51 Here, the_strateo-us conditions (low-N@, high-NQy, at low and at high OA
gies and meth_ods emp_loyeo_l for quantification of SOA in Se'concentrations). One also needs to estimate/extrapolate the
lected recent field studies will be surveyed. total SOA using low tracer concentrations (typically up to a
4.2.1 Indirect SOA quantification methods couple of percent of the total SOA concentration).
Until recently there were no methods that could directly 4.2.2 14C analysis and associated EC/OC tracer method
quantify the SOA mass separately from the POA mass. Two
indirect SOA estimation techniques based on tracers havdhe analysis of“C in atmospheric aerosols using accelera-
been used for more than a decade. The elemental carbdf mass spectrometry (Hellborg and Skog, 2008) allows the
(EC) tracer method (Turpin and Huntzicker, 1995) is based'age” of the organic carbon to be differentiatédcC is a ra-
on measurements of EC and Organic carbon (OC)’ WhiCHjioaCtive iSOtOpe of carbon with a half life of 5730 years. The
can now be performed with a time resolution of 1h. If a combustion of fossil fuels, which are millions of years old,
(OC/EC)y ratio can be determined, the primary OC can be Produces organic species with HtC. Aerosols that have a
estimated from the EC measurement and thed€n be  modern carbon age contain material of biological origin, ei-
calculated as OC-Qf. (e.g., Castro et al., 1999; Cabada ther biogenic SOA, biomass burning OA (either primary or
et al., 2004). A variant of this method using the ratio of Secondary), primary biological particles, and also particles
organic aerosol to carbon monoxide has been proposed rdtom anthropogenic sources such as meat cooking. Atomic
cently, which takes advantage of the higher time resolutionPomb tests led to highéf'C in the atmosphere which result
of carbon monoxide measurements (Takegawa et al., 20040 different'“C levels in wood of different ages (Lewis et al.,
Docherty et al., 2008). The main weakness of these meth2004). Usage of chemical markers such as levoglucosan, cel-
ods is the difficulty of estimating a representative value forlulose, sugars, or GC/MS analyzed VOC profiles is required
(OC/EC)yi or (OA/CO)yi. The common method of assum- {0 separate the different possible sources of modern carbon
ing that ambient SOA is negligible during the morning rush listed above.
hours has been shown to lead to a significant overestimation The use of“C analysis coupled with a discrimination of
of these primary ratios and underestimation of SOA in sev-the carbon content into OC and EC has been used to deter-
eral studies (Zhang et al., 2005b; Docherty et al., 2008). Thanine that the EC fraction in Central Europe is generally dom-
primary ratio also depends on the fraction of diesel versudnated by fossil fuel (Szidat et al., 2006). It was also found
gasoline traffic which can change with time of the day andthat fossil-fuel combustion accounts for only ca. 30% of OC
day of the week (Harley et al., 2005), and the ambient organidgn Zurich, Switzerland, throughout the year, even in the city
mass concentrations according to partitioning theory (Robin-center (Szidat et al., 2006). Biomass burning in wintertime
son et al., 2007). Furthermore, in areas where both woodind SOA in summertime seems to account for the majority of
(or other biomass) burning and traffic emissions are signif-the remaining OC. Results obtained at other sites in Switzer-
icant, it becomes almost impossible to estimate SOA usindand are generally consistent with those frorrigh. The
the OC/EC method because of the very different OC/EC ra-only exception to date, was the site at Roveredo, located in
tios of these particle sources (Szidat et al., 2006). an Alpine valley, where more than 80% of the organic mass
A more sophisticated approach for POA estimation usegvas estimated to originate from wood burning (Alfarra et al.,
the chemical mass balance (CMB) of molecular tracers2007; Szidat et al., 2007; Sandradewi et al., 2008).
(Schauer et al., 1996; Shrivastava et al., 2007; Ke et al., The EU CARBOSOL Project (Carbonaceous Aerosols
2008). It has been pointed out that condensed-phase organaver Europe, Legrand and Puxbaum, 2007; Pio et al., 2007)
tracers may be lost by heterogeneous oxidation (Robinson etombined weekly measurements of EC, OC, inorganic ions,
al., 2006), potentially resulting in a low bias for these meth- elemental composition, levoglucosan, cellulose and radioac-
ods. The CMB approach tended to identify a high fraction oftive tracers across a network of six sites in southern cen-
SOA only during “air pollution episodes” although a recent tral Europe. Gelenés et al. (2007) combined all of these
study performed in the Los Angeles Basin (Docherty et al.,sources of information in an effort to calculate the relative
2008) produced results consistent with those of other techeontributions of the different primary and secondary sources
niques. Kleindienst et al. (2007) have recently extended theof aerosol. Consistent with the results of Szidat et al. (2006),
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Table 3. Selected marker compounds for identification of anthropogenic and biogenic sources of SOA. The marker compounds used to
identify SOA from isoprene and-/B-pinene are more extensively described in Sect. 5.1.

Precursor type Sources Oxidation product types  Examples observed in ambient aerosol
identified in SOA
Anthropogenic
Aromatics Gasoline, Cyclic anhydrides furandidne
Solvent Aromatic nitrophenols 5-methyl-2-nitrophenol
usage Dicarbonyls methylglyoxal
Carboxylic acids
Alkanes Gasoline, Aldehydes nonanal
Diesel Carboxylic acids decanoic acid
Furanones dihydro-5-ethyl-2(3H)-furanone
Fatty Meat cooking  Dicarboxylic acids azelaic dtid
Acids Esters iso-propyl palmitat&
Oxo-acids 9-oxononanoic acid
Polycyclic Aromatic Combustion Oxygenated PAHs 9-fluoren-9-one
Hydrocarbons (PAHSs) Nitrated PAHs nitro-chrysene
Plasticisers Plastics Phthalates dibutyl-phthalate
Biogenic
Isoprene Vegetation Methyl tetrols 2-methylthreftol
Carboxylic acids 2-hydroxymethylsuccinic acid
Organosulfates 2,3,4-trihnydroxy-2-methylbutyl hydrogen sulfate
2-methyltetrol sulfate estéis
Monoterpenes Vegetation Aldehydes pinonaldeﬁyde
Carboxylic acids pinonic acid
Organosulfates 2,3-dihydroxypinane mixed nitrate/sulfate deriv&tives
Oligomer B-pinene dimet
Sesquiterpenes Vegetation Carboxylic acids B-caryophyllinic acid®

aHamilton et al. (2004)P Pol et al. (2006)¢ Goldstein et al. (2008 Claeys et al. (2004a§, Surratt et al. (2008, Williams et al. (2007),
9 Wozniak et al. (2008j? Lewandowski et al. (2007).

it was found that wintertime residential wood burning was a 70—97% of carbon at 4 near-urban sites, and 80-100% of car-
significant contributor to measured OC levels at all CAR- bon at six remote sites, as annual averages (Schichtel et al.,
BOSOL sites, whereas in summertime another modern-Q008). These findings are consistent with the earlier studies
source, likely BSOA, is the dominant contributor. by Lewis et al. (2004) and Hildemann et al. (1994), and with
In Northern Europe studies have been much more limitedthe high fractions of biogenic SOC deduced from molecular
despite early attention from scientists. More than 20 yearanarker methods (Kleindienst et al., 2007; Lewandowski et
ago, the pioneering study of Currie et al. (1986) found thatal., 2008).
residential wood combustion accounted for on average 65% In comparison to the marker methddC is measured for
of carbon in fine aerosol at the town of Elverum 120 km norththe total organic carbon (or total carbon/water soluble or-
of Oslo during wintertime. Several recent studies have con-ganic carbon) and thus provides information directly about
firmed the dominance of wood combustion in wintertime for a larger fraction of the organic mass without the need for
many areas (Yttri et al., 2005, 2009; Glasius et al., 2006;extrapolation from small tracer concentrations. However,
Hedberg et al., 2006; Hélh et al., 2008a; Saarikoski et al., the SOA fraction cannot be analyzed alone and one relies
2008), although recent results from Gothenburg in Southerron OC/EC ratios of traffic and/or biomass burning sources.
Sweden showed a lower wood-burning signal (Szidat et al.Jn the case of WSOC, the contributions of biomass burning
2009). Very few summertime data are available, but Szidat eheed to be taken into account. As for the tracer method, the
al. (2009) also found that Gothenburg showed a similar OCtime resolution offered by*C analysis is low and the high
composition to that found forich. costs associated with long measurement periods may be pro-
In the United States, a recent study found that moderrhibitive.
carbon accounted for about 50% of carbon at 2 urban sites,
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4.2.3 Highly time-resolved studies ozone during a case study dominated by photochemistry,
similar to results from Mexico City (Volkamer et al., 2006;
Herndon et al., 2008). Hydrocarbon-like organic aerosol
(HOA) had a spectrum typical of reduced species (hydro-
‘carbons or species with a hydrocarbon backbone) and corre-

A number of recent studies have used the PILS-WSOC (Sul
livan et al., 2004) and AMS (Canagaratna et al., 2007) tech

nigues to quantify OM with a time resolution as low as min- lated strongly with combustion tracers (CO, NEC), and

utes and seconds, respectively. These techniques have_go s considered a surrogate for POA. OOA was larger than
ability to separate SOA from POA based on water-solubility HOA at these urban locations, consistent with a dominance

or mass spectral patterns, and the identification of SOA byOf highly polar species followed by non-polar species ob-

both methods has been shown to be very similar in TOky.oserved in Pittsburgh using FTIR spectroscopy (Polidori et al.,

(Kondo et al., 2007), although recent results suggest that Ir5008). Zhang et al. (2005b) illustrate the main limitation of

some _en\{l_ronments the non-WSQC fraction of SOA can bethe EC tracer method, namely that the typical method of de-
very significant (Favez et al., 2008). These methods allowtermining (OC/EC);i from ambient data during periods of
correlation with time-series of other atmospheric tracers als

. ; L . 0suspected “dominant” POA influence can lead to large posi-
pollectgd at. hlgh resolution, resulting in lower uncertainty tive biases due to the prevalence of a significant SOA back-
|'n.the. identification qf the OA component; and .the quan'ground. Zhang et al. (2007b) applied an improved multicom-
tification of POA emission or SOA formation ratios (e.g., ponent spectral analysis method (MCA) to 37 AMS datasets
POA/CO, SOA/(NQ+Oy). from the polluted regions of the Northern Hemisphere, and
De Gouw et al. (2005) used AMS data from the confirmed the ubiquity and importance of OOA even in ur-
NEAQS 2002 ship-based study off the coast of the Easthan areas and its overwhelming dominance in rural and re-
ern USA to show that OA/§H, had low values in fresh  mote sites. Lanz et al. (2007) applied the positive matrix
emissions and grew tenfold due to photochemical processtactorization (PMF) method to AMS spectra and largely con-
ing within a timescale of one day, clearly showing that SOA firmed the results of Zhang et al. (2005a, b), for a dataset in
formation in these pO”Uted airmasses qU|Ck|y OverWhelmedZUrich, while providing more detail on the POA and SOA
POA emissions. The formed SOA correlated strongly with components. In this study, it was shown that OOA contained
tracers of anthropogenic pollution such as isopropyl nitratetwo different components, a low volatility fraction (OOA1)
and did not correlate with the available biogenic tracers, de+ighly correlated with sulfate and a fraction of higher volatil-
spite the expectation of a large contribution of BSOA to jty (OOA2) correlated with nitrate with enhanced concentra-
OA levels in this region (Chen et al., 2006). These resultstions during the night (due to lower temperatures than day-
have been largely confirmed by the analysis of the morejme). Similar OOA1 and OOA2 components correlating
extensive dataset from the ICARTT study (de Gouw et al.,wjth sulfate and nitrate, respectively, were also found in Pitts-
2008). Volkamer et al. (2006) extended the rapid forma-pyrgh (Ulbrich et al., 2009). DeCarlo et al. (2008) reported a
tion Of SOA to Very ShOI‘t timescales in the Urban enViron- rapid gain of Oxygen by OOA in the outflow of Mexico City,
ment and showed that a state-of-the-art SOA model undergith the atomic O/C of OA reaching0.8 after 1 day of pho-
predicted the observed SOA by almost an order of magnitochemistry. Also in wintertime, Lanz et al. (2008) found that
tude after a few hours of photochemistry. Weber et al. (2007bOA (probably mostiy SOA) Contributed to more than 50%
found a large biogenic fraction of organic carbon and espenf OA present in Zirich. In this case, no split into OOAL
cially of its water-soluble fraction usinfC analysis, inline  and OOA2 occurred, and the highest correlation was found
with other studies, which appears to be in contradiction to theyith the sum of nitrate and sulfate. OOA2 did not show a
high correlation with anthropogenic tracers observed in theiemporally varying aerosol partitioning under these winter
same study. One possible explanation for this discrepancyonditons. The combination of these AMS results wWiE
is that SOA formation from biogenic VOC was greatly en- gnalyses (Szidat et al., 2006) reveals that both in summer and
hanced by anthropogenic emissions. To settle this questioninter, SOA is mostly non-fossil in origin. In summer, this
methods to distinguish anthropogenic and biogenic SOA thatou|d be due to the oxidation of biogenic emissions (terpenes
allow for a higher time resolution thafiC analysis would be  and isoprene) but in winter it is most likely that other sources,
highly beneficial. such as the oxidation of gaseous emissions from wood burn-
Zhang et al. (2005a, b) used AMS data from Pittsburghing, make an important contribution (Lanz et al., 2008).
to develop the first quantification of OA components us- Indeed, one might expect that the semivolatiles present in
ing the full AMS organic spectrum, and showed that two wood burning emissions could form SOA with a similar ef-
prominent components accounted for most of the mass ifficiency as those present in diesel emissions (Robinson et
this study. Oxygenated organic aerosol (OOA), a componenal., 2007; Grieshop et al., 2009). The work of Weimer et
with a mass spectrum typical of highly oxygenated speciesal. (2008) adds some complexity to these issues by show-
was identified as a surrogate for SOA and correlated stronglyng that emissions from one type of wood burning stove can
with sulfate, a secondary inorganic tracer. OOA was ob-be similar to OOA. Although these results do not appear to
served to be formed in a relatively constant proportion tobe representative of wildfire emissions, additional evidence
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should be used to attribute OOA to SOA when the influence 1. Empirical models constrained by laboratory data. The
of wood smoke is significant. two-product gas-aerosol partitioning model, with pa-

The major advantages of using AMS data are the high rameters derived from laboratory data and with extrap-
time and size resolution and that analysis of the whole or-  olation to different temperatures using an assumed (or
ganic mass is performed. The latter reduces the possible er- measuredgffectivevalue of the latent heat of vaporiza-
rors that are inferred by the extrapolation from tracer con-  tion of the SOA.
centrations. The combination of AMS data with thC
analyses even allows the distinction of SOA from fossil and 2 Explicit and semi-explicit models in which gas-phase
non-fossil precursors. However, the statistical analysis of the ~ Mechanisms predict formation of semivolatile products,
AMS data assumes a constant mass spectrum for the different ~ With gas-particle partitioning computed from explicit
sources over a given time. Most analyses cover only a cou-  calculation ofK, for each semivolatile compound de-
ple of weeks, the duration of a field campaign, because the ~ Pending on the composition of the organic aerosol ab-
deployment of such an instrument over a long time period, sorbing mass.

e.g., one year, is rather labor intensive and expensive. Fi-

nally as mentioned, the separation and attribution to sources | "€ Simpler O?um-type models, with laboratory-derived
need to be performed carefully. So far, SOA from different Values okx; andK, have been incorporated into atmospheric

sources could not be distinguished. As already mentioned?hemical transport and general circulation models for a num-

OOA might not always represent SOA because of possibld®r Of years (e.g., Anderssoné and Simpson, 2001;

contributions of wood burning and also by heterogeneous ox>Chell et al,, 2001; Chung and Seinfeld, 2002; Koo et al,,

idation of primary particles. 2003; Pun et al., 2003; Tsigaridis and Kanakidou, 2003;

In summary, the study of SOA in the ambient atmosphereHeald et al., 2005; Henze and Seinfeld, 2006; Lane et al.,
. : ' L 2007; Simpson et al., 2007; Henze et al., 2008). These mod-
is complicated because it is usually not separated from other

. els are simple enough to be implemented for global scale
components. New methods for the quantification of the var- : o
) . . . e modeling of SOA. However, this simple approach cannot ac-
ious organic components are still needed in this field. At

present, the most suitable approach is to combine the avail90unt for the complexity and dynamics of SOA systems, so

; X : alternative approaches are likely in next-generation models.
able methods during field campaigns to allow for a more . .
complete analysis than with just one method at the time. The most cpmplex of the explicit models !nclude thou_—
sands of reactions, such as the Master Chemical Mechanism
(Jenkin et al., 2004; Johnson et al., 2004, 2005, 2006), or
NCAR Self-Generating Mechanism (Aumont et al., 2005;
] ~ Camredon et al., 2007). These schemes can account for
There have been a number of important developments in theyitiple generations of oxidation and the progression of the
tools and parameterizations used for atmospheric modelingo|atility distribution as the generations unfold. Although no
since the review of Kanakidou et al. (2005). The modeling chemical transport model currently treats particle-phase re-
changes include (i) large revisions in understanding of SOAgctions explicitly, these can be included as soon as a reason-
yields brought about by newer experimental procedures, (iaple mechanism becomes available, and indeed some box-
a suggested new framework (the VBS approach discusseghodel simulations (for smog chambers) have begun explor-
above), better suited to tackling the complexities of SOA for- ing the importance of such reactions (Li et al., 2007; Capouet
mation, reaction, and volatility, and (iii) advances in the un- ¢¢ g 2008). More compact explicit model approaches (or
derstanding of thermodynamics of mixed inorganic—organicsurrogate schemes) have been designed for inclusion in 3-D
systems. In addition, there has been a significant increase thmospheric models, including CACM and derivatives (Grif-
the quantity and quality of ambient measurements availablgj et al., 2002a, b, 2003, 2005: Pun et al., 2002: Vutukuru
with which to evaluate both models and emission inventories gt al., 2006; Chen et al., 2006, 2007), EMEP/Kam2(X)
(Andersson-S#ld and Simpson, 2001; Simpson et al., 2007)
4.3.1 Model approaches and ORILAM-SOA (Tulet et al., 2006).
Challenges associated with implementing explicit and
In principle, models of SOA formation need to represent ox- semi-explicit models include: (a) Establishing the basic sci-
idation reactions of gas-phase organic species, which lead tence of the detailed gas-phase oxidation chemistry and re-
compounds of lower volatility through addition of functional sulting semivolatile products; (b) Determining accurate val-
groups, but can also yield products of higher volatility by ues of saturation concentrations (vapor pressures) for the
cleavage of carbon-carbon bonds. In addition, models needemivolatile compounds of interest; (c) Calculatikig val-
to include reactions of the semivolatile species in the particleues that account for the molecular properties (activity coeffi-
phase, which tend to give products of even lower volatility. cients, etc.) of the absorbing organic/water mixture; and (d)
To date, two approaches to representing SOA formation hav®etermining particle-phase reactions of importance. Each
been largely used in atmospheric models: of the current explicit models deals with these challenges to

4.3 Modeling studies
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a different extent. Since it is unlikely that all of the chal- lities) for lumped compounds in large-scale models and how
lenges listed above will be overcome to such an extent thato account for changing chemical regimes when specifying
explicit models can be used without experimental verificationyields of different product distributions.
(e.g., Clegg et al., 2008a, b), laboratory chamber data must
continue to serve as the fundamental basis that constrains adl.3.2 Model predictions of SOA formation vs. ambient
SOA models, followed by evaluation using field data. data

Most SOA modeling has focused on the partitioning of or-
ganic products onto pre-existing nonacidic particles or by nu-Long-term measurements of OC in the atmosphere are now
cleation, leading to new particles. Until now, only a few SOA available from a number of sites in the USA and Europe
models have considered heterogeneous or multiphase reate.g., IMPROVE network in the USA, the EMEP EC/OC
tions (Johnson et al., 2005; Ervens et al., 2008), and the existampaign and EUSAAR in Europe). Most comparisons be-
ing SOA models are not feasible for use with heterogeneousween modeled and observed levels of OC at such sites suf-
reactions involving neutral to highly acidic aerosol. Jang etfer from the fact that the origin of the measured OC is un-
al. (2006a) recently developed a predictive SOA model thaknown — typically with no information on the relative con-
unites particle-phase heterogeneous reactions and the gatibutions of primary or secondary organics, or of anthro-
phase kinetics of precursor VOCs with the thermodynamicpogenic or biogenic sources. In many cases discrepancies
processes of organic and inorganic species. The predictivenay be due to problems with emission inventories, espe-
SOA model takes into account both partitioning and het-cially in wintertime where wood-burning contributions can
erogeneous reactions. The SOA mass resulting from hetdominate ambient OC levels at the surface in populated ar-
erogeneous reaction®iy) is estimated using the concen- eas. Some recent studies though have suggested that there are
tration of organic compounds partitioned into the inorganic indeed problems in predicting SOA in the atmosphere with
layer and heterogeneous rate constants expressed by a serdi#rent models (de Gouw et al., 2005; Heald et al., 2005;
empirical model (Jang et al., 2005), which considers parti-Volkamer et al., 2006; Kleinman et al., 2008). Even the most
cle acidity and molecular structures. Ti@My model is  complex chemical schemes display problems: in the study of
incorporated into the modified partitioning SOA model orig- SOA formation in the UK (Johnson et al., 2006) all partition-
inally developed by Schell et al. (2001), and has been used tong coefficients in the modified Master Chemical Mechanism
interpret smog chamber experiments éepinene. The im- (MCMv3.1) had to be increased by a species-independent
portance of acidity for both smog chamber and atmospheridactor of 500 in order to capture observed OA levels, likely
modeling is still very unclear however (Kroll and Seinfeld, reflecting the need for further volatility-reducing processes in
2008) and it is not apparent in field data (Zhang et al., 2007bthe mechanism, or missing SOA precursors. The recent study
Peltier et al., 2007a), and no regional or global models haveof Simpson et al. (2007) also showed a significant (factor 3—
attempted to include such parameterizations. 5) underprediction of SOA levels for sites in central-southern

The VBS approach offers an attractive framework for Europe (as derived usinC, levoglucosan, cellulose and
SOA models that lie intermediate between the two-parameteEC/OC ratios by Gelenés et al., 2007). However, the same
Odum model and fully explicit models. In the VBS ap- model showed a very good agreement with total carbon lev-
proach, oxidation of the parent hydrocarbon leads to an arels at northern European sites, illustrating that the extent of
ray of semivolatile products, which evolve through severalmodel-measurement agreement may also depend on where
generations of reactions (Donahue et al., 2006). The gasand when a model is applied, and not just upon its formu-
particle distribution of the semivolatile products evolves aslation. Model evaluations using total carbon may also hide
the amount of aerosol in each volatility bin increases; theSOA underestimation if the POA is overestimated (Zhang et
SOA vyield at any time is then the summation of condensed-al., 2007a).
phase concentrations in each of the volatility bins. Rates of The recent review from Kroll and Seinfeld (2008) dis-
oxidation can be accounted for reasonably well based on essusses potential reasons for model-measurement discrepan-
tablished rate constants, and product volatilities, as reflectedies in detail. Potential factors include actual differences
by C* values, can be determined by fitting the model to lab-in chemistry between chamber experiments and the atmo-
oratory data (Lane et al., 2008; Shrivastava et al., 2008)sphere, incomplete treatment of SOA chemistry in mod-
The importance of volatility with respect to so-called pri- els, and omission of important (unrecognized) precursors in
mary emissions was demonstrated with the VBS approacimodels. Even for those compounds that are known (or sus-
by Robinson et al. (2007), who highlighted the link between pected) to be important in SOA formation, critical informa-
anthropogenic emissions of semi- and intermediate volatilitytion is missing. Indeed, for many, if not most, of the iden-
precursors and the oxygenated organic aerosol (OOA) obtified SOA compounds, measured vapor pressures are un-
served by AMS instruments. The challenges facing the VBSavailable, and one must employ a semi-empirical model to
framework are to obtain accurate coupling parameters and testimate vapor pressures. Several such methodologies exist
determine the appropriate number of bins (for example with(e.g., Asher et al., 2002; Asher and Pankow, 2006; Camredon
different oxygen to carbon ratios, polarities, or water solubi-and Aumont, 2006), but uncertainties for specific compounds
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can cover several orders of magnitude (Clegg et al., 2008a)al structures were proposed based on El and methane CI MS
The importance of these uncertainties was demonstrated bgtata, and confirmed through synthesis of authentic reference
the Simpson et al. (2007) study which made use of two set€ompounds (Claeys et al., 2004a, b; Wang et al., 2004).

of vapor pressure estimates for BSOA formation, both sets Their discovery by Claeys et al. (2004a, b) came as a great
derived from a combination of theory and chamber experi-surprise to the atmospheric science community because it
ments. These two simulations gave dramatic differences irwas previously thought that the photooxidation of isoprene
modeled BSOA and OC estimates. Difficulties with other did not result in SOA. Laboratory experiments with irra-
thermodynamic quantities are discussed further in Sect. 5.7diated isoprene/N@air mixtures in the presence and ab-
Among the potentially important precursors, much attentionsence of S@ (which is oxidized to sulfuric acid) confirmed
has been devoted recently to “intermediate volatility” and that both the 2-methyltetrols and 2-methylglyceric acid are
semivolatile organics, such as those in diesel exhaust antbrmed by oxidation of isoprene (Edney et al., 2005). In
biomass burning (Robinson et al.,, 2007; Weitkamp et al.,addition, this study, as well as a recent study by Surratt
2007; Grieshop et al., 2009). Indeed, Chan et al. (2009) reet al. (2007b), revealed that sulfuric acid is crucial in their
cently demonstrated that polycyclic aromatic hydrocarbonsformation and results in an enhanced SOA vyield and in in-
found in diesel exhaust can produce SOA upon photooxidacreased 2-methyltetrol concentrations. Additional insights
tion under low- and high-N©Qconditions. Aqueous path- into the mechanism leading to the 2-methyltetrols were ob-
ways are also possible (Warneck, 2003; Carlton et al., 2006tained in a laboratory study bydge et al. (2006). They con-
Ervens et al., 2008), but very uncertain. There is also strongluded that the OH radicalfreaction route of isoprene in-
evidence for the presence of an ambient pool of hydrocarvolving permutation reactions of peroxy radicals can be im-
bons that is largely unaccounted for in models (Lewis et al.,portant only in low-NQ environments. In addition, they pro-

2000; Di Carlo et al., 2004; Holzinger et al., 2005). posed a second mechanism leading to the formation of the
2-methyltetrols that holds for high-NCGonditions.
5 Current and emerging issues in SOA research Surratt et al. (2006) then investigated the chemical com-
position of SOA from the photooxidation of isoprene over a
5.1 Molecular characterization of biogenic full range of NQ levels and seed aerosol conditions through
SOA constituents a series of controlled laboratory chamber experiments. SOA

Molecular characterization of organic aerosol constituents i composition was studied using a wide range of complemen-
9 Sfary experimental techniques, including mass spectrometric

important because it allows one to gain insights into aerosof - -1~ a0 iodometric-spectrometric method. Forma-

sources and the underlying mechanisms of SOA formatior‘hon of higher-MW products was observed to be an impor-
and transformation (or aging). Common terms to denote

. : ; . . tant SOA formation pathway in all cases; however, the na-
analytically accessible organic compounds that provide th'%ure of these products was found to be strongly dependent on
valuable information in a complex matrix such as ambi-

ent aerosol are “tracer” or “marker”. During the past few the NG level. Under low-NQ conditions, organic perox-
years considerable progress has béen ma(?e i tEe molecixes contributed significantly to the SOA mass and decreased

o o . jith time, indicating photochemical aging. Major products
lar characterization of individual SOA constituents from the gp ging 1or p

L : ; i ifi 2-methyl I lk iols, indicat-
photooxidation of isopreney-/-pinene and other selected identified were 2-methyltetrols ands@lkene triols, indicat

: ing that these compounds can serve as suitable tracers for
BVOCs that can serve as tracers for organic aerosol chara(ihe photooxidation of isoprene under low-N@onditions
terization. )

Minor products that could be tentatively identified included
5.1.1 SOA tracers for the photooxidation of isoprene 2-methyltetrol oxyformate derivativess@rihydroxy mono-

carboxylic acids and hemiacetal dimers formed between 2-
The chemical structures and names of isoprene SOA contethyltetrols and a &dihydroxycarbonyl. Interestingly, the

stituents that have recently been discovered are listed if@tter higher-MW products were also found in fine (P4
Table 4. aerosol collected from the Amazonian rainforest, demon-

strating the atmospheric relevance of the lowsNgbamber
2-methyltetrols, 2-methylglyceric acid, G-alkene triols, ~ experiments. The major products identified in the highsNO
and related oligomeric products SOA were acidic oligoesters with 2-methylglyceric acid as

a key monomeric unit and residues formed by esterification
In the case of isoprene, identified SOA tracers are 2-of hydroxyl groups with acetic and/or formic acid (Surratt et
methyltetrols (i.e., the diastereoisomers, 2-methylthreitolal., 2006; Szmigielski et al., 2007a). Jaoui et al. (2008) re-
and 2-methylerythritol), 2-methylglyceric acid and three cently observed the diester formed from the esterification of
isomeric G-alkene triols identified in field samples from two 2-methylglyceric acid residues in ambient aerosol col-
the Amazon basin, Brazil, and from a mixed decidu- lected from the Southeastern USA, thus providing a tracer
ous/coniferous forest site at K-puszta, Hungary. GC/MS withfor SOA formation from isoprene photooxidation under high-
prior trimethylsilylation was used for their analysis, chemi- NOy conditions.
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Table 4. Isoprene SOA constituents discovered since 2004: chemical structures, names and derivatives; laboratory studies in which isoprene
SOA tracers were investigated, and specific conditions; and field studies in which the tracers have been identified or detected, and, in some

cases, also quantified.
Table 4.

Chemical structure Laboratory studies: reaction conditions, reference Field studies: site; type of aerosol [PM,;, PM, s, PM,,, size-
trivial name (IUPAC name) fractionated aerosol (SFA), or total aerosol (TA)]; reference
derivatives VOC conc. oxidant” seed aerosol / reference

atomizing solution

* 2-methyltetrol - 1680/1610 ppb |- 647 /648 ppb NO |- (NH4),SO4 - Edney et al. - Balbina, Brazil; PM, 5 and TA; Claeys et al. (2004a)

(2-methyl-1,2,3,4-tetrahydroxy- isoprene - 629 /627 ppb NO, (2005) - K-puszta, Hungary; PM, s; Ion et al. (2005)

butane) 268/ <1 ppb SO - southeastern USA; PM, s5; Edney et al. (2005)

w LOH 2 208 = I PPD ST ] - Hyytiald, Finland; PM,; Kourtchev et al. (2005; 2008a)
HO. ; oH - 5ppmisoprene |- 1.5ppm H,0,// |- 30/50 mM - Bogeetal. - Rondénia, Brazil; PM, s5; Schkolnik et al. (2005)
- 1.5 ppm 2- without (NH4),804/H,804 | (2006) - Melpitz, Germany; PM,;, PM, 5, PM,o; Boge et al. (2006)
OH methyl-2- photooxidation - Blodgett forest, CA, USA; TA; Cahill et al. (2006)
2-methylthreitol (2R,3R) vinyloxirane or - Rondonia, Brazil; PM, 5; Decesari et al. (2006)
+ 28,38 stereoisomer” 2-methyl-3- - Fichtelgebirge, Germany; PM, s5; Plewka et al. (2006)
butene-1,2-diol - upstate New York, USA; PM, 5; Xia and Hopke (2006)
F© L 0ot e el e - southeastern USA; PM, 5; Clements and Seinfeld (2007)
HO N oH - ils(zyo roernioo ppb |- 130]\1,?};;)'1202 U - 15 mM (NH),S0, |- (Szuorggc)t etal. - southeastern USA; PM, 5; Lewandowski et al. (2007)
P x - 15/15mM - Rondénia, Brazil; PM, 5 and SFA; Fuzzi et al. (2007)
OH (NH4),SO4/ H,SO4
2-methylerythritol (2S,3R)

__ FAR3Sstereoisomer* | L O

« oxyformate derivatives - see2- I Surratt et al

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, methyltetol | | jeesy o

* hemiacetal dimers with a Cs- - see 2- - Surratt et al. - Rondénia, Brazil; PM, s; Surratt et al. (2006)

dihydroxycarbonyl methyltetrol (2006) ]

« sulfate and mixed nitrate/sulfate |- 500 ppb isoprene |- 3 ppm H,0,// - 15 mM (NH4),SO, |- Surratt et al. - southeastern USA; PM, s; Surratt et al. (2007a; 2008)

derivatives low-NOy - 15/15mM (2007a) - K-puszta, Hungary; PM, 5; Gomez-Gonzalez et al. (2008)

i ] (NH):804/ HoSO4
- 500 ppb isoprene |- 3 ppm H,0,/ - 15 mM (NH,4),SO,
891-963 ppb NOy |- 15/ 15 mM
,,,,,,,,,,,,,,,,,,,,,,, [/high"NO, | (NH).S04/ HySO4
- 500 ppb isoprene |- HONO /366-382 |- 15 mM (NH,4),SO4
ppb NO, // high-
_______________________ NO«
- 2500 ppb - 200 ppb NOy - 15/15mM
isoprene (NH,4),S04/ H,SO,4
- 0.92 mM H,SO4
- 1598 ppb - 475 ppb NOx - 60 ppb SO,

| dsoprene e 200ppbSOy L

« sulfate derivatives of hemiacetal |- 1598 ppb - 475 ppb NO, - 60 ppb SO, - Surratt et al. - southeastern USA; PM, s; Surratt et al. (2008)

dimers with a isoprene - 200 ppb SO, (2008)

Cs-dihydroxycarbonyl

« 2-methylglyceric acid - 2-methyl-2- - H,0,/H,0 - none - Claeys et al. - K-puszta, Hungary; PM, 5; Claeys et al. (2004b)

(2,3-dihydroxy-2-methylpropanoic| vinyloxirane | | (2004b) - K-puszta, Hungary; PM, s; lon et al. (2005)

acid) - see 2-methyltetrol - Edney et al. - southeastern USA; PM, s5; Edney et al. (2005)

(2005) - southeastern USA; PM,s; Yu et al. (2005)
S o R - southeastern USA; PM, 5; Lewandowski et al. (2007)
HO. OH - 500 ppb isoprene |- 3 ppm H,0,/ - none Surratt et al. sou e e
\Hgiﬁr ot mothacrolein 850-963 ppb NO, | 15 M (NH,)1SO (200§)l ' - Jilich, Germany; PM, s; Kourtchev et al. (2008b)
0o // high-NO * |- Szmigielski et al.
* - 15/15mM (2007a)
(NH4),SO,/ H,SO4
- 500 ppb isoprene |- HONO /366-382 |- none
ppb NOW/high- | 15 mM (NH,),S0,

I S NoO. o]

* oligoester§ (n = 2-4) and - see 2- - Surratt et al. - southeastern USA; PM, s; Jaoui et al. (2008)

corresponding nitrate, acetate and methylglyceric (2006)

formate derivatives and mixed acid . .

derivatives thereof - Szmigielski et al.

(2007a)

« sulfate derivative - see high NO, - Surratt et al. - southeastern USA; PM, s; Surratt et al. (2007a; 2008)
conditions for (2007a) - K-puszta, Hungary; PM, 5; Gomez-Gonzalez et al. (2008)
sulfate and mixed
nitrate/sulfate
derivatives
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Table 4. Continued.

* Cs-alkene triols - see 2-methyltetrol - Surratt et al. - Rond6nia, Brazil; PM, s; Wang et al. (2005)
(2006) - K-puszta, Hungary; PM, s; Ton et al. (2005)
Z - Hyytidld, Finland; PM,; Kourtchev et al. (2005; 2008a)
OH - Blodgett forest, CA, USA; TA; Cahill et al. (2006)
OH OH - Jiilich, Germany; PM, s; Kourtchev et al. (2008b)
(Z-2-methyl-1,3,4-trihydroxybut-
1-ene)

HO _~
J\@OH
OH

(E-2-methyl-1,3 4-trihydroxybut-
1-ene)

HO.
HO
OH

(3-methyl-2,3,4-trihydroxybut-1-

ene)
« glyoxal (ethanedione) and - 3.6-5.4 ppb - none - 24mM (NH,),SO4 |- Liggio et al. - southeastern USA; PM, s; Surratt et al. (2007a; 2008)
methylglyoxal (propane-1,2- glyoxal - 24/38mM (2005a,b) - K-puszta, Hungary; PM, 5; Gomez-Gonzalez et al. (2008)
dione) sulfaé)eHderivatives (NH,),S0,/ H,S0,
- 25/113mM
O\/iososH L NHSO SO, |
glyoxal sulfate - see high NOy - Surrat et al.

conditions for (2007a)
sulfate and mixed

o HOM_
OSOH o soﬁ/\o nitrate/sulfate
N derivatives

methylglyoxal sulfates (2 isomers)

« Cs-alkane triol (1,2,3-trihydroxy- |- see sulfate - Surratt et al. - southeastern USA; PM, s; Surratt et al. (2008)
2-methyl-butane) mixed derivatives of (2008)
nitrate/sulfate derivative hemiacetal dimers
QSO,H with a
O,NO. Cs-dihydroxy-
carbonyl
OH

+ positional isomer

@ structure of stereoisomer not shov!?rHZOZ, HONO and NQ serve as OH radical sources in photooxidation experiments.

Importantly, most of the isoprene SOA tracers discussedormation) with sulfuric acid (Table 4). Organosulfates and
above have been measured in several field studies conductedtrooxy organosulfates should be regarded as processed (or
at forested sites on three different continents (see Table 4)aged) products because their formation involves the partici-
With regard to the 2-methyltetrols, the atmospheric concen-pation of sulfuric acid, and in the case of nitrooxy organosul-
trations during summer in forested sites were in the rangdates also that of N@ Both sulfuric acid and NQ are
0.02-365ngm?3, with the highest concentrations found in mainly anthropogenic in origin, resulting in the organosul-
Research Triangle Park (NC, USA), a suburban site in thefates and nitrooxy organosulfates of isoprene having a mixed
Southeastern USA. 2-methyltetrols show a diel variationbiogenic/anthropogenic origin. Isoprene organosulfates and
with the highest concentrations during day-time, consis-nitrooxy organosulfates were detected at sites in the south-
tent with their formation from isoprene which is light- and eastern USA and Europe (Surratt et al., 2007a, 2008)&z-
temperature-dependent (lon et al., 2005; Kourtchev et al.Gonzlez et al., 2008). Major organosulfates formed from
2008a). As expected, the 2-methyltetrols follow a seasonalsoprene SOA detected in ambient aerosol include derivatives
trend with the highest concentrations during the warmestf the 2-methyltetrols, glyoxal and methylglyoxal.

months (Xia and Hopke, 2006). It is suggested that organosulfates and nitrooxy organosul-

fates, which are very polar acidic products, correspond to
Organosulfates and nitrooxy organosulfates from a substantial fraction of the humic-like substances of ambi-
isoprene SOA ent aerosol. Considering their very polar character, they may

enhance the capacity of ambient aerosol to act as cloud con-
Romero and Oehme (2005) and Reemtsma et al. (2006) firadensation nuclei. Quantitative data on organosulfates and ni-
reported organosulfates in ambient aerosol based on the ugmoxy organosulfates from the photooxidation of isoprene
of (-)ESI-MS; however, their sources and source processeare not available yet. Considering that the 2-methyltetrols
remained unclear. Surratt et al. (2007a, b) then detectedhay be present as sulfate, nitrate and mixed sulfate/nitrate
organosulfates, as well as nitrooxy organosulfates from isoderivatives in ambient aerosol, it is likely that these deriva-
prene SOA products and showed that they are formed by edives are measured in their hydrolyzed form (i.e., containing
terification of hydroxyl groups or keto groups (after gem-diol hydroxyl groups instead of sulfate and/or nitrooxy groups)
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when trimethylsilylation GC/MS is employed (Surratt et al., MW 204 compound was established as thetarboxylic
2007a), owing to the fact that the trimethylsilylation reagent acid 3-methyl-1,2,3-butanetricarboxylic acid (Szmigielski et
contains an acidic catalyst. Analytical methods need to beal., 2007b). Both compounds were identified with authentic
developed that allow the simultaneous measurement of isostandards using GC/EI-MS with prior derivatization, and in
prene SOA products in their original forms (i.e., comprising the case of 3-methyl-1,2,3-butanetricarboxylic acid also with
the free non-esterified forms as well as organosulfates andlC/(-)ESI-MS. Their formation can be explained by further
nitrooxy organosulfates). reaction ofcis-pinonic acid, involving participation of the
Previous laboratory studies have employed high levels ofOH radical and NQ. The detection of these compounds in
seed aerosol acidity, which in most cases are not atmosphefield samples (Table 5) at high atmospheric concentrations il-
ically relevant, when oxidizing isoprene and other BVOCs lustrates that complex multi-generation chemistry character-
to generate SOA. Since a large number of organosulfateszes the photooxidation af-/g-pinene in the ambient atmo-
and nitrooxy organosulfates have been observed in ambisphere. Future laboratory chamber studies over a relatively
ent aerosol, it is expected that organosulfate formation idong time scale should provide more detailed insights into the
likely dependent upon the sulfate aerosol mass concentraevolution ofx-/8-pinene SOA constituents.
tion; however, the form of this dependency remains unclear.
Surratt et al. (2007a) found that organosulfates and nitrooxyOrganosulfates and nitrooxy organosulfates from
organosulfates of isoprene could form from non-acidified a-/B-pinene SOA
sulfate seed aerosol; however, the number of organosulfate
and nitrooxy organosulfate products increased with increasOrganosulfates and nitrooxy organosulfates fremis-
ing sulfuric acid concentration in the atomization solution. pinene SOA products have been recently reported by Liggio
It is suggested that further work be done in understandingand Li (2006a, b), Surratt et al. (2007a, 2008) and linuma
whether sulfate aerosol mass concentration, level of acidityet al. (2007b), Table 5. As in the case of isoprene SOA,
ionic strength, or all of these factors, affect the organosul-the organosulfates and nitrooxy organosulfates feos-
fate formation potential from isoprene (as well as from otherpinene SOA products have a mixed biogenic/anthropogenic
BVOCs) and whether other oxidants, such asa@d/or NQ, origin and should be regarded as processed (or aged) prod-
can produce organosulfates of isoprene, as well as otheuwcts. Liggio and Li (2006a, b) noted in laboratory experi-
tracer compounds. Recent work by Ng et al. (2008) hagments that pinonaldehyde is rapidly taken up on acidic sulfate
shown that the N@initiated oxidation of isoprene in the aerosols, resulting in the formation of organosulfates, i.e.,
presence of non-acidified and acidified sulfate seed aerosglinonaldehyde with a rather high vapor pressure (Hallquist
can also yield organosulfates and nitrooxy organosulfates oet al., 1997) will be effectively transported into the con-
isoprene. densed phase. Major compounds detected in ambieatsPM
aerosol are nitrooxy organosulfates franapinene SOA with
5.1.2 SOAtracers for the photooxidation okx-/$-pinene a dihydroxypinane skeleton and a MW of 295. Laboratory
and field experiments suggest that night-time ;N€hem-
The chemical structures and namesogpinene SOA con- istry is important for the formation of these compounds
stituents that have recently been elucidated are listed irf(Surratt et al., 2007a, 2008; linuma et al., 2007bn@z-

Table 5. Gonzlez et al., 2008); however, it should be noted that
these compounds have also been observed in photooxidation

3-hydroxyglutaric acid and 3-methyl-1,2,3-butanetri- (i.e., OH-initiated) experiments conducted in the presence of

carboxylic acid NOy and highly acidified sulfate seed aerosol (Surratt et al.,

2008). Other organosulfates af/g-pinene SOA products
In the case ofv- and -pinene, it has been well established found in ambient Pls aerosol include: derivatives of 3-
that bothcis-pinic andcis-pinonic acids are major ozonoly- hydroxyglutaric acid (Bmez-Gonalez et al., 2008; Surratt
sis products, which are also produced in reactions with theet al., 2008), 2,10-dihydroxypinane (linuma et al., 2007b;
OH radical. However, chemical analyses of irradiated  Surratt et al., 2008) and hydroxypinonic acid (Surratt et al.,
or B-pinene/NQ mixtures that involve reactions with OH, 2008). The organosulfates from/g-pinene SOA products
as well as with ozone, reveal the presence of highly oxi-are amphiphilic (i.e., both hydrophilic and hydrophobic) and
dized, acyclic, polar compounds, along with the ozonoly- may play an important role in aerosol microphysics. Only
sis products (Jaoui et al., 2005). Since these highly oxi-semi-quantitative data have been obtained so far using a sur-
dized compounds were also observed in the fine fraction ofogate standard (camphorsulfonic acid) for the organosulfate
ambient PM samples, considerable efforts have been undederivatives of dihydroxypinanes (linuma et al., 2007b). An
taken to elucidate the chemical structures ofdhg8-pinene  upper limit estimate of the contribution from organosulfates
SOA compounds with MWs 148 and 204. The MW 148 to the particulate OM could be derived from the analysis
compound was elucidated as the-&/droxydicarboxylic  of aerosol samples for total sulfur and water-soluble sul-
acid 3-hydroxyglutaric acid (Claeys et al., 2007), while the fate. Water-soluble sulfate is commonly measured by ion
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Table 5. a-/8-pinene SOA constituents discovered since 2005: chemical structures and names; laboratory studies:igampiicene SOA
tracers were investigated and specific conditions; and field studies in which the tracers have been identified or detected, and, in some case:
also quantified.

Table 5.
Chemical structure Laboratory studies: reaction conditions; reference Field studies: site; type of aerosol [PM;, PM, s, size-
trivial name (IUPAC name) fractionated aerosol (SFA), or total aerosol (TA)];
derivatives reference
VOC conc. oxidant® seed aerosol / reference
atomizing solution
« 3-hydroxyglutaric acid' - 3.75-4.94 ppmC - 106-268 ppb NO,|- none - Jaouietal. |- southeastern USA; PM,; Jaoui et al. (2005)"
(3-hydroxypentane-1,5-dioic o-pinene (2005) - K-puszta, Hungary; PM, 5; Claeys et al. (2007)
acid)  [TTTTTTTTTTTOOT R P - southeastern USA; PM, 5; Lewandowski et al. (2007)
HO OoH - 2.00 ppmC p-pinene |- 146ppbNOx |- mone | - Hyytiéla, Finland; PM;; Kourtchev et al. (2008a)
m - 2.88 ppmC limonene|- 226 ppb NO, |- none - Jiilich, Germany; PM, 5; Kourtchev et al. (2008b)
- 1.75 ppmC a-pinene |- 251 ppb NO - none
_tlimonene |l
- 313-478 ppb - 317-501 ppb NO, - Clacys etal.
o-pinene (2007)
« sulfate derivative - 53 ppb a-pinene - 3-5ppm H,Oy/ |- 30/50 mM - Surratt et al. |- K-puszta, Hungary; PM, 5; Gomez-Gonzalez et al. (2008)
507 ppb NO // MgSO,4/ H,SO,4 (2008) - southeastern USA; PM, s; Surratt et al. (2008)

intermediate-NOy

« a,0-dimethyltricarballylic acid

see 3-hydroxy-

Jaoui etal. |- Jiilich, Germany; PM, 5; Warnke et al. (2004)°

(3-methyl-1,2,3- glutaric acid (2005) - southeastern USA; PM, 5; Jaoui et al. (2005)"
butanetricarboxylic acid) - Claeys et al. |- southeastern USA; PM, s; Gao et al. (2006)°
(2007) - K-puszta, Hungary; PM, s; Claeys et al. (2007)f
HO. OH - Szmigielski |- southeastern USA; PM,s5; Lewandowski et al. (2007)%
etal. - Hyytidl4, Finland; PM,; Kourtchev et al. (2008a)
0?02 (2007b) |- Jiilich, Germany; PM, 5; Kourtchev et al. (2008b)
* 2,3-dihydroxypinane - 53 ppb a-pinene - 3-5ppm H,0,/ |- 30/50 mM - Surratt et al. |- southeastern USA; PM,5; Gao et al. (2006)h
(2,3-dihydroxy-2,6,6- 507 ppb NO // MgSO, / H,SO,4 (2008) - Fichtelgebirge, Germany; PM, s; linuma et al. (2007b)
trimethylbicyclo [3.1.1]heptane) intermediate-NOy - K-puszta, Hungary; PM, 5; Gomez-Gonzalez et al. (2008)
mixed nitrate/sulfate derivatives - southeastern USA; PM, s; Surratt et al. (2008)
0SO,H
ONO, | N A e e

104 ppb a-pinene |- HONO /1 ppm |- 30/50 mM
NO,// high-NO, | MgSO,/H,SO4

+ 2 positional isomers

- 100 ppb a-pinene |- 600 ppb NO,+ |- 30/50 mM

200 ppb Os // MgSO, / H,SO,
dark
2 10-d:lk 4 M 206+ 1.0 s 06101 L () L0 MN-NTH NSO 1; + ol Fiohtal It G PN 15 + ol (00T
STo-amyaroxXypthanc =300 ppop-pmene -1 PpoO3 UMM 177507 Tttma-etar—Trientergeoirge;,- oermany; T ivips; ttma et ar(zZ0o70)
(2-hydroxy-10-hydroxymethyl- - 30/50 mM (2007b) - southeastern USA; PM, 5; Surratt et al. (2008)

6,6-dimethyl- (NH,),SO,4/ H,SO4
bicyclo[3.1.1]heptane)
sulfate derivatives ||
OH 0SOH |- 62ppb B-pinenc |- 3-5ppm H;0,/ |- 30/50 mM - Surratt et al.
0SO,H OH 469 ppb NO // MgSO,4 / H,SO4 (2008)
intermediate-NO,

* 10-hydroxypinonic acid 53 ppb a-pinene 3-5 ppm H,O,/ |- 30/50 mM Surratt et al. |- southeastern USA; PM, 5; Surratt et al. (2008)

([(3-(2-hydroxyethanoyl)-2,2- 507 ppb NO // MgSO,4 / H,SO4 (2008)
dimethylcyclobutyl]-acetic acid ) intermediate-NOy
sulfate derivative
o
HO,SO OH
o]

+ 1 positional isomer

a8H,0,, HONO and NQ serve as OH radical sources in phootoxidation experiments.#NO} reaction serves as N@adical source in dark
experiments. The VOC is only injected after the latter reaction is close to compl%lR:eported as 3-isopropyl-1,2-dihydroxybutarfote-
ported as MW 2049 reported as 3-carboxy heptanedioic a€ickported as norpinic diperoxy acifor,eported as 2-hydroxy-4-isopropyladipic
acid; 9 reported as 2-hydroxy-4-isopropyladipic acﬂj;reported as nitro-pinonaldehyde sulfate/nitro-pinonaldehyde sulfonate/nitrooxy-
pinonaldehyde sulfonate derivativésilso reported from oxidation of limonene.
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chromatography (IC) and organosulfates are not included irorganosulfates of all monoterpenes studied, which included
this type of measurement. Total sulfur can be measured by Xd-limonene,l-limonene,a-terpinene,y -terpinene, terpino-

ray emission techniques, such as X-ray fluorescence (XRFlene, g-phellandrene, and3-carene, also form in the pres-
or particle-induced X-ray emission spectrometry (PIXE), andence of highly acidified sulfate seed aerosol when photoox-
this measurement will include the sulfur from water-soluble idized in the absence/presence of JNChowever, unlike
sulfate and other inorganic sulfur species (e.g., sulfite), thehe organosulfates/nitrooxy organosulfatesoefs-pinene,
insoluble sulfur which may be associated with primary bio- the organosulfates/nitrooxy organosulfates of these monoter-
genic particles (Graham et al., 2003), and also the sulfur ofpenes have so far not been detected in ambient aerosol. A
the organosulfates. Subtracting the IC sulfate-sulfur from theselected number of N§initiated oxidation experiments for
XRF or PIXE sulfur will thus provide an upper limit for the «-pinene,d-limonene, and-limonene were also conducted
sulfur that may be associated with organosulfates (assumin@ the presence of highly acidified sulfate seed aerosol, result-
that sulfite sulfur and primary biogenic sulfur are negligible). ing in the detection of organosulfates/nitrooxy organosulfates
It should be realized that XRF, PIXE, and IC analyses haveof these BVOCs. Finally, very polar organosulfates derived
an associated uncertainty of the order of 5% or more, so thafrom oxidation products of unsaturated fatty acids and plant
the uncertainty that is associated with the difference will beleaf volatiles were tentatively identified byo@iez-Gonalez
quite substantial. For the site of K-puszta, Hungary, and aet al. (2008) in PM5s summer aerosol collected from K-
2003 summer period, which was very dry and warm (lon puszta, Hungary.

et al., 2005), the calculations indicated that organosulfates

could be responsible for 20% of the total Psulfur con- 5.2 Condensed phase reactions and oligomerization
centration and 30% of the P)g OM (Maenhaut et al., 2008;

Surratt et al., 2008). Using a similar approach, it was esti-The role of condensed phase reactions in the formation and
mated that organosulfates accounted for 6-14% of the totagrowth of SOA has been the subject of considerable inter-
PM, 5 sulfur concentration at the same site during summerest over the last 5-10years. Reactions of atmospheric ox-

2006 (Lulkacs et al., 2009). idation products that increase the carbon number (accretion
reactions) also cause the vapor pressure to be lowered by sev-
5.1.3 SOA tracers for the photooxidation of BVOCs eral orders of magnitude. This can have consequences for
other than isoprene anda-/B-pinene the ability of VOC oxidation products to form new particles

(homogeneous nucleation), affect the growth rate of aerosol

Efforts have also been undertaken during the past five yearparticles and also influence the total amount of SOA formed
to establish suitable tracers for SOA from the photooxidationby incorporation of volatile oxidation products into the par-
of BVOCs other than isoprene and/S-pinene, which have ticle phase. An additional motivation to search for supple-
lower but still significant emission rates, suchdabmonene  mentary SOA formation pathways is the serious underesti-
and -caryophyllene. Several compounds with a high molarmation of SOA production in current atmospheric modeling
yield were characterized i#-limonene/NQ SOA by Jaoui  approaches (Volkamer et al., 2006; Andreani-Aksoyoglu et
et al. (2006), including maleic acid, 4-isopropenyl-1-methyl- al., 2008), as discussed in Sect. 4.3.2. Furthermore, because
1-hydroxy-2-oxocyclohexane, ketonorlimonic acid and ke-chemical reactions are taking place in the particle phase,
tolimonic acid. Based on analysis of Bilaerosol collected the chemical composition of the existing aerosols, e.g., their
at Research Triangle Park (North Carolina, USA) during acidity or ionic strength, could potentially influence SOA
summer 2003, two compounds, i.e., 3-carboxyheptanedioidormation, representing a chemical coupling between previ-
acid (MW 204) and an unknown product with a MW of ously unrelated parameters. There is additional interest in
190, which were not present in/g-pinene SOA, were pro- condensed phase reactions because they might help to ex-
posed as specific tracers fdflimonene SOA. With regard plain the formation of other higher-MW products detected in
to the sesquiterpeng-caryophylleneg-caryophyllinic acid  atmospheric aerosol, such as HULIS (Gelémes al., 2002;
was tentatively identified as a tracer and detected at a level upimbeck et al., 2003). HULIS are often detected in ambient
to 7ng T3 in PMy5 summer aerosol collected at Research atmospheric aerosols, cloud and fog water and show char-
Triangle Park, North Carolina, USA (Jaoui et al., 2007). acteristics similar to those of humic and fulvic acids, espe-

As in the case of isoprene and/8-pinene SOA products, cially their ultraviolet (UV) and fluorescence spectra (Havers
organosulfates have also been characterized{imonene  etal., 1998a, b; Zappoli et al., 1999). However, the origin of
SOA generated in the presence of highly acidic seed aerosdhis class of organic molecules is still unclear, as outlined in
(linuma et al., 2007a); more specifically, a sulfate adductSect. 3.3.3.
of endolim oxide (limonaldehyde; MW 282) was identi-  Numerous laboratory studies have shown evidence for the
fied in ozonolysis SOA, as well as higher-MW oligomeric reactive uptake of volatile organic species during SOA for-
products (MWs 482 and 466) consisting of monomeric mation as well as the formation of higher-MW organics in
residues connected through a sulfate bridge. A recent stud$OA. The first studies were based on indirect evidence, i.e.,
by Surratt et al. (2008) found that organosulfates/nitrooxyincreased SOA mass concentration observed in the presence
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of acidic seed aerosol (Tobias et al., 2000; Jang et al., 2002'Fable 6. Molecular weight range of oligomers detected in labora-

2004; Limbeck et al., 2003). Although it was proposed that,ry studies of biogenic (BSOA) and anthropogenic SOA (ASOA)
polymerization reactions of volatile carbonyls may accountsormation.

for the observed SOA mass increase, there was no direct ev-

idence to support this at the time. Subsequent studies uti- Precursor system Molecular Reference
lized mass spectrometry for the direct detection of higher- weight range
MW products, and showed that oligomers, characterized by a BSOA (-pinene/Q) 200-900 Tolocka et al. (2004)
highly regular mass difference pattern of 12, 14, 16 or 18 Da, gggﬁ gp:ggzzg; 352;18%%0 ﬁi?’n? :‘t'-;f((’ggg"‘b% 005)
constituted a considerable portion of the SOA (Kalberer et BSOA(a_gmene,Q) 380_400 Miller et al. (2008)
al., 2004; Tolocka et al., 2004; Gao et al., 20044, b). It should BSOA (¢-pinene/OH/h, up to 600-700  Kalberer et al. (2006)
be noted that the terntdigomerandoligomerization as op- isoprene/OH/b)
. . . BSOA (isoprene/OH/) up to 500-600 Dommen et al. (2006)

pqsed topolymerand p_olymenzatlpr,] are normally u_sed in Surratt et al. (2006)
this context because, in the reaction systems studied to date, Szmigielski et al. (2007a)
the MW range of the products is limited (IUPAC, 1996). As gggﬁgm‘?”e“ﬁ% 302—%%% I'_i“uma e: al'- ggg;g))

. . . . -pinene up to Inuma et al.
outlined in Sect. 3.3.3, the_: MS technques which have been BSOA (terpenes/§) 300-440 Heaton et al. (2007)
successfully applied for oligomer detection are mostly based BsoA (z-3-hexenyl up to 500 Hamilton et al. (2008)
on soft ionization techniques; either off-line techniques after acetate/@)
a filter sampling/extraction step (Gao et al., 2004a, b; linuma gi%;(k%;gg) >2%0 Gao etal. (2004)
et al., 2004; Surratt et al., 2006) or by on-line MS (Gross AsoA(1,3,5-trimethyl- up to 1000 Baltensperger et al. (2005),
et al.,, 2006; Hearn and Smith, 2006; Surratt et al., 2006; benzene/OH/) Kalberer et al. (2004)

. i _ ASOA (cyclohexene/g) >200 Sato (2005)
Denkenberger et al., 2007; Heaton et al., 2007). Oligomer ASOA (cyclohexene, up 10 300 dller etal, (2007)

ization processes of SOA components have even been 0b- methylenecyclohexanegp

served using microscopic techniques (Mclintire et al., 2005). ASOA (toluene/OH/h) 200-500 Sato et al. (2007)

Oligomers have been identified in SOA produced from the

atmospheric oxidation of cyclic alkenes including terpenes

(Gao et al., 2004a, b; linuma et al., 2004, 2007a; Tolocka

et al., 2004; Baltensperger et al., 2005; Heaton et al., 2007without fragmentation, and thus have a tendency to under-
Mdller et al., 2008), small open-chain alkenes including iso-estimate MW. In contrast, the application of soft ionization
prene (Dommen et al., 2006; Sadezky et al., 2006; Surratt etechniques (e.g., ESI-MS) can lead to artificially high MWs
al., 2006; Szmigielski et al., 2007a) and aromatic VOC pre-due to ion-molecule reactions in the ion source of the mass
cursors (Kalberer et al., 2004; Sato et al., 2007). In additionspectrometer. Furthermore, thermal treatment of the organic
to these classical SOA precursor systems, other compoundserosol prior to ionization and analysis, which is a com-
which are present in atmospheric aerosols have also been imaon step in on-line aerosol characterization (e.g., thermode-
vestigated as possible contributors to oligomers, such as leauder systems), might result in artificial oligomer formation
voglucosan (Holmes and Petrucci, 2006) and oleic acid, al{or decomposition) by influencing the equilibrium of con-
though the motivation for investigating the chemical process-densation reactions. In general, the MW regimes reported
ing of oleic acid is often the search for an appropriate modelmore recently tend to be lower than the first estimates and
system for heterogeneous reactions (Hearn et al., 2005; Hungre now mostly below 500. When chromatographic sepa-
et al., 2005; Mochida et al., 2006; Reynolds et al., 2006; Za-rations are performed before MS detection, ion source ar-

hardis et al., 2006; Zahardis and Petrucci, 2007). tifacts are excluded and the majority of oligomers possess
MWs mostly below 400 (Hamilton et al., 2006; Surratt et al.,
5.2.1 Molecular weight and analytical restrictions 2006; Muller et al., 2007; Szmigielski et al., 2007a; Reinnig

et al., 2008), which indicates the predominance of dimers and

One of the most important characteristics of oligomers inperhaps some trimers as oligomeric components in BSOA.
SOA is the MW range, since it not only affects vapor pressureHowever, it should be noted that chromatographic separa-
and solubility of the compounds, but is also part of the defini-tion, ionization and detection all become more difficult as the
tion of “higher-MW compounds”. Even for this basic feature size and polarity of the products increases and it is possible
the different investigations performed to date have identifiedthat higher oligomers may remain undetected. One exam-
species with a wide range of values, Table 6. However, it isple of the analytical difficulties encountered in recent studies
likely that the wide MW range is a result of different oper- concerns the oligomerization behavior of glyoxal. Glyoxal
ating conditions (e.g., oxidant, N®egime, aerosol loading, is formed during the photooxidation of biogenic and anthro-
and seed aerosol conditions) employed in the various studiegpogenic VOCs, is soluble in water (in form of the dihydrate)

Determination of the MW range of oligomers in SOA can and can undergo hemiacetal/acetal formation. Therefore,
be problematic. Several MS techniques (such as AMS basedeveral theoretical and experimental studies have been per-
on El or LDI) are not able to ionize larger organic molecules formed to evaluate the contribution of the-@Gialdehyde to
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SOA (Hastings et al., 2005; Kroll et al., 2005a; Liggio et al., 1 p1e 7 Measured O/C ratio of BSOA oligomers.
2005a, b; Loeffler et al., 2006; Offenberg et al., 2006; Carl-
ton et al., 2007; Hu et al., 2007; Kua et al., 2008; Galloway
et al., 2009; Nozre et al., 2009; Shapiro et al., 2009). Al-

though all of these studies support the hypothesis that glyoxal a-pinene 0.4-0.57  Reinhardt et al. (2007)

Precursor O/Cratio Reference

oligomerization contributes to SOA, the MW (or MW distri- a-pinene 0.3-05  Miler etal. (2008)
bution) of glyoxal oligomers has yet to be determined. The t;mgz::g 8'32_0'5 Iz\éif:r: g: Z:' ggg%
difficulties lie in the reversibility of the oligomerization reac- $-pinene 0:45 Heaton et al: (2067)
tions, i.e., when chromatographic separation techniques are A3-carene 0.43 Heaton et al. (2087)
applied the qligom_ers can hydroly_ze and only the most stable Sabinene 0.37 Heaton et al. (2007)
oligomers will survive the separation and can be detected. Cyclohexene 0.42-0.8  #ler et al. (2008)

Cyclohexene 0.54-0.8 Hamilton et al. (2006)

5.2.2 Oxygen content
aQverall O/C ratio for monomers and oligomers.
Another characteristic of SOA oligomers is their very high
oxygen content, at least when they are formed from biogenimxygen atoms, which is in line with the high O/C ratio mea-
precursors. HRMS delivers detailed information about thesurements discussed above. The next subgroup are the non-
elemental composition of the oligomers and the results ofcovalently bonded dimers of organic acids, which are likely
several investigations published recently are shown in Tato exist in the particle phase and may also be involved in the
ble 7. All studies consistently report oxygen-to-carbon (O/C)early steps of new particle formation processes. However,
ratios of about 0.4 to 0.5, showing that, on average, every secsince SOA oligomers have been shown to survive chromato-
ond carbon atom is bonded to an oxygen atom. The excepgraphic separation, which is very unlikely for non-covalently
tion is cyclohexene, which has the same functionality as theébonded oligomers, other covalently bonded candidates must
terpenes listed in Table 7 (i.e., one double bond) but with aexist (Miller et al., 2009). Another subgroup of oligomeric
smaller number of carbon atoms, where the observed O/C rgsroducts contains esters and anhydrides, both derivatives of
tio of the oligomers can even reach 0.8. Interestingly, wherecarboxylic acids, which are known to be formed in large
data are available, the monomers appear to exhibit a highesimounts in laboratory studies of SOA formation. In princi-
maximum O/C ratio than observed in the oligomers, sug-ple, classical esterification reactions between an alcohol moi-
gesting that condensation reactions might be involved in theety and a carboxylic acid group could be the pathway for es-
oligomer formation process (Reinhardt et al., 2007; Walser eter formation, as recently proposed for oligoesters formed in
al., 2008). The measurement techniques used (HRMS) proisoprene high-N@ SOA (Surratt et al., 2006; Szmigielski et
vide very reliable information on the elemental composition al., 2007a). However, other precursor molecules for ester for-
of the oligomers and potential chemical reaction pathwaysmation are also possible (epoxides, anhydrides). Finally the
have to be able to account for the very high oxygen contentast two suggested product groups are connected to carbonyl
of the products. It should also be noted that these experichemistry (especially aldehyde chemistry); the formation of
ments are mostly done at high precursor concentrations. Afiemiacetals/acetals, which is often connected with initial hy-
the O/C ratio tends to increase with decreasing aerosol loadrolysis of the carbonyl to form the carbonyl hydrate, and
(Duplissy et al., 2008; Shilling et al., 2009) the O/C ratio the aldol reaction, the only pathway to form carbon-carbon

may even be higher under atmospheric conditions. bonds between the monomeric building blocks.
Figure 7 schematically shows the different chemical path-
5.2.3 Chemical nature and formation pathways ways that have been proposed to yield covalently bonded

oligomers and other higher-MW products. The upper part
Although knowledge of the exact elemental composition of of the figure contains oligomerization reactions that are be-
oligomers is important, it does not reveal their chemical na-lieved to take place in the gas phase, i.e., reaction pathways
ture. As a result, the formation pathways of oligomers ininvolving radicals. Although some of these reactions (e.g.,
SOA remain unclear. SOA precursors typically produce aperoxy radical recombinations) could also happen in the am-
large range of oxidation products, resulting in a considerablebient atmosphere (Madronich and Calvert, 1990), the reac-
number of possible reaction pathways. Table 8 lists some ofions involving the stabilized Criegee intermediate (SCI) as
the suggested high molecular weight products and their proreactant are unlikely to take place under atmospheric condi-
posed formation pathways identified in SOA from alkene andtions, since reaction with water molecules is considered the
terpene precursors. most important reaction pathway for these species. How-
The first six of the suggested products all contain a per-ever, in laboratory experiments performed under low hu-
oxide group, often as the linking functionality between the midity conditions these pathways might have contributed to
monomeric units (except the hydroperoxides). In generalthe oligomers observed in simulation chambers (Sadezky et
the proposed peroxide structures contain a large number ddl., 2006). Furthermore, the formation pathways vyielding
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Table 8. Suggested products and formation pathways for oligomers and other higher-MW products in SOA.

Suggested products Suggested formation pathway References
Oligoperoxides Stabilized Criegee Intermediate (SCI) self-reaction  Sadezky et al. (2006)
Peroxyhemiacetals Hydroperoxides + carbonyls (aldehydes) Docherty et al. (2005),

Tobias and Ziemann (2000, 2001),
Tobias et al. (2000),
Surratt et al. (2006)

Alkoxyhydroperoxides SCl +alcohols Tobias and Ziemann (2000),
Ziemann (2003)

Acyloxyhydroperoxides SCI + carboxylic acids Tobias and Ziemann (2001),
Tobias et al. (2000)

Secondary ozonides SCI +carbonyls (aldehydes) Heaton et al. (2007),

Tobias and Ziemann (2001),
Tobias et al. (2000),
Walser et al. (2008)

ROOR-type peroxides Peroxyradical self-reaction Ng et al. (2008),
Ziemann (2002)
Dicarboxylic acid dimers Formation of non-covalent diacid adducts Hoffmann et al. (1998),

Jenkin (2004),
Sloth et al. (2004)

Esters Unknown (alcohol+ carboxylic acid, anhydride+ Hamilton et al. (2006, 2008),
alcohol, epoxide + carboxylic acid)? Mer et al. (2007, 2008),
Reinnig et al. (2008),
Surratt et al. (2006),
Szmigielski et al. (2007a)

Anhydrides Unknown Hamilton et al. (2006)

Hemiacetals/acetals Carbonyls + (alcohol) Liggio and Li (2006a, b),
Surratt et al. (2006),
Tolocka et al. (2004b),
linuma et al. (2004)

Aldol condensation products  Carbonyls Barsanti and Pankow (2005),
Czoschke and Jang (2006b),
Garland et al. (2006),
Liggio and Li (20064, b),
Noziere et al. (2007),
Tolocka et al. (2004b)

higher-MW products in the gas phase might very well be Sect. 5.3. However, oligomers were observed also in the
involved in new particle formation processes such as nucleabsence of acidic seed aerosols (Kalberer et al., 2004; Bal-
ation, especially under laboratory conditions. tensperger et al., 2005; Dommen et al., 2006; Surratt et al.,
The lower right part of Fig. 7 contains reactions that are 2006; Szmigielski et al., 2007a). In addition, the water con-
believed to take place within the condensed phase. Here, gatent (water activity) of aerosols will also influence the uptake
particle transfer precedes the oligomer forming reaction andpf organic compounds. Therefore, a straightforward interpre-
if the partitioning coefficient indicates that the monomer will tation of the acidity influence is difficult to achieve. Similar
exist mainly in the gas phase, the oligomerization process caissues are found in the interpretation of data obtained from
be treated as reactive uptake. As indicated in Fig. 7, these refield studies using on-line MS techniques (Denkenberger et
actions are generally acid-catalyzed, suggesting that a forml., 2007; Zhang et al., 2007a). Nevertheless, as an initial
of chemical coupling exists between aerosol composition ancsummation of the work that has been performed to date, one
the formation of SOA. Within this context, the most widely might conclude that particles with higher acidity are likely
investigated processes involve the acid catalyzed reaction® promote the formation of larger oligomers. However, the
of aldehydes or ketones (aldol reaction/condensation, acetaklative importance of these oligomerization processes under
formation) on the surface and in the bulk of particles, seeambient atmospheric conditions remains to be quantified.
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Fig. 7. Possible chemical reaction pathways for the formation of oligomers and other higher-MW products observed in SOA.

It is reasonable to assume that the range of proposefbrmed from isoprene oxidation under high-N@onditions
oligomeric species and reaction pathways listed in Table §Szmigielski et al., 2007a). Obviously, the explicit identi-
are a direct result of the wide range of VOC oxidation pro- fication of the other suggested products of acid-catalyzed
ducts generated from the different SOA precursors. How-chemistry (e.g., aldol condensation products) would be ex-
ever, the experimental conditions also play a major role intremely valuable for the final evaluation of these SOA for-
influencing the chemical pathways. For example, Surratt etmation pathways but again appropriate reference compounds
al. (2006) showed that SOA generated from the photooxidaare lacking. Another group of SOA related accretion reaction
tion of isoprene under low-NgQconditions contained organic  products which could recently be identified in laboratory and
peroxides (possible peroxyhemiacetals) and hemiacetals d&ld experiments are organosulfates, as outlined in Sect. 5.1.

the higher-MW products, whilst under high-N©onditions, Light-induced chemical reactions are another possible for-
oligoesters were identified as the main higher-MW speciesmation pathway for oligomers in SOA. A number of species
Thus, even for the same SOA precursor, changes iR®@  in organic aerosols absorb light in the visible and UVA wave-
significantly influence the types of oligomers formed. length range and photosensitized chemical processes leading
A major problem for the unambiguous identification of to a change in the MW distribution of SOA components are
the oligomeric products, and hence the unambiguous idenpossible. However, laboratory investigations into such reac-
tification of the chemical processes leading to oligomers, istions are just beginning and at the present time, not even pre-
the lack of reference compounds. Biogenic alkenes, for ex{iminary conclusions about their significance can be made.
ample, possess complicated structures and the synthesis fifis also unclear which oligomerization processes take place
potential products, especially larger products (e.g., dimerskxclusively in the atmospheric aqueous phase and how far
or very reactive products (e.g., peroxides), is extremely timecloud processing of water-soluble organics can explain the
consuming and demanding. Recently, the individual dimericformation of higher-MW species. This topic is discussed in
oxidation products (esters) of cyclohexene were synthesizeg¢hore detail in Sect. 5.4.
and their mass spectra and retention behavior compared with
oligomers formed in chamber experimentsi(Mr et al., 554 Quantification
2008). When reference compounds are not available the ap-

plication of soft ionization MS/MS techniques can give clues Quantification of the relative mass contribution of oligomers

to Fhe chemical nature of the produgts, however_, the fragmenfo SOA is made difficult by a lack of reference compounds
tation pathways of even-electron ions (as typically formed

with soft ionization) can often be quite similar for different and universal measurement techniques. Nevertheless, for

- o . laboratory experimen veral im hav nm
analytes, hence restricting the capability of such studies forabo atory experiments several estimates have bee ade

structural elucidation. Here the detailed interpretation of EIWhICh indicate that, depending on the type of precursor, pre-

. S . RS cursor concentrations and duration of the experiments, be-

mass spectra in combination with derivatization GC/MS can
) : e . tween 25 and 70% of the SOA mass can be made up of

be helpful, e.g., in the identification of esters as oligomers

oligomeric products (Gao et al., 2004a, b; Kalberer et al.,
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2004; Dommen et al., 2006; Surratt et al., 2006; Hu et al.,formation is discussed. Grieshop et al. (2007) observed that
2007; Miller et al., 2007). However, many of these estimatesSOA from alpha-pinene ozonolysis repartitions reversibly
were made indirectly, e.g., based on a change of the volatilupon dilution, but on a much longer time scale than has been
ity (increase of the remaining volume fraction after thermal observed in single component aerosols of similar size. It is
treatment), and are therefore subject to a high level of uncersuggested that the surprisingly slow evaporation rate may be
tainty. Considering that the experimental conditions (precur-due to mixture effects, mass transfer limitations, or the de-
sor concentrations, seed aerosols etc.) probably have a majeomposition of weakly bound oligomers. However the mech-
influence on oligomer formation (Chan et al., 2007; Kroll et anism could not be determined from the experimental data.
al., 2007), there is insufficient data for an extrapolation of

laboratory data to the ambient atmosphere to be made. 5.2.6 Theoretical approaches

5.2.5 Time scale Several modeling approaches have been developed in which
heterogeneous reactions including oligomer formation are

A further remarkable characteristic is the time scale fortreated explicity. One of the theoretical treatments of
oligomer formation. Laboratory studies have shown that atoligomer formation involves evaluation of the thermody-
least some of the oligomers are formed quite rapidly (Hoff- namic favorability of their formation from different precur-
mann et al., 1998; Heaton et al., 2007). In fact, the chem-sors. Barsanti and Pankow published a series of papers on
istry of reactive intermediates, such as peroxides, ozonideghe thermodynamics of accretion reactions dealing with dif-
or radicals, could be responsible for this observed tempoferent monomer functionalities (Barsanti and Pankow, 2004,
ral behavior of oligomer formation. In addition to this al- 2005, 2006), concluding that, for example, accretion reac-
most instantaneous build-up of oligomers, several chambetions involving certain aldehydes and carboxylic acids can be
studies of the chemical composition, volatility and hygro- thermodynamically favorable in the condensed phase. The
scopicity of SOA indicate that accretion reactions also takefirst attempts to include a simplified representation of con-
place on a longer time scale (vanReken et al., 2005; Gross efensed organic phase accretion reactions (peroxyhemiacetal
al., 2006; Kalberer et al., 2006; Paulsen et al., 2006; Varut-adduct formation from aromatic VOC oxidation) into de-
bangkul et al., 2006). These somehow contradictory resultsailed chemical models showed a reduced requirement for
are probably one reason why no clear picture of oligomerizathe otherwise necessary scaling of the physico-chemical pa-
tion currently exists, since it indicates the existence of severatameters (partitioning coefficients) and a better description
different chemical pathways which happen on different time of the temporal behavior of SOA formation in simulation
scales that lead to a diverse range of higher-MW productshambers (Johnson et al., 2005). In addition to providing
— one rapid formation pathway involving reactive interme- a better description of chamber data (Capouet et al., 2008),
diates (closed shell or radical intermediates) and one muclinodels have also been used to estimate the relative contri-
slower pathway (e.g., involving the reaction of carbonyls, al- bution of oligomers to SOA generated from the photooxi-
cohols or acids). While knowledge about the latter processegation of toluene (Hu et al., 2007) and calculate the most
is essential for the evaluation of the role of oligomerization stable oligomeric structures formed from glyoxal (Kua et al.,
for organic aerosol aging, the first process could be importanp008). Another major motivation for the incorporation of
for the understanding of new particle formation, both in the particle-phase chemistry is again the evaluation of the influ-
laboratory and the field. ence of particle acidity on SOA formation (Jang et al., 2006a;

It has been demonstrated that the time scale of SOA forPun and Seigneur, 2007). Based on pseudo-first-order ap-
mation is particularly important for reactive small molecules proaches, in which the first-order equilibrium constants of
like glyoxal, for which the rate of aerosol loss directly com- the reacting monomers exhibit a semi-empirically derived pH
petes with rapid gas-phase losses. Volkamer et al. (20099ependence, both studies show that oligomer formation can
found the rate of SOA formation from glyoxal in a photo- increase SOA formation by orders of magnitude and conse-
chemical reaction was enhanced by a factor of 500 com-qguently conclude that pH is a critical parameter. Condensa-
pared to a dark reaction system. The SOA formation ratetional growth models have also been used to show qualita-
was also strongly dependent on the chemical compositionively that even relatively volatile VOC oxidation products
of seed aerosol. Volkamer et al. (2009) concluded that orcan induce condensation growth of aerosols by the forma-
ganic photochemical reactions of glyoxal in aerosol watertion of non-volatile oligomers (Vesterinen et al., 2007). Cer-
form low volatility products at a rate that can exceed the ratetainly all modeling exercises are limited by the incomplete
of organosulfate formation; the presence of nucleophiles andnowledge of the chemistry of oligomer formation. How-
sulfuric acid can reduce the rate of SOA formation in the ever, theoretical models of gas- and particle-phase processes
photochemical system compared to that observed in a darkan provide a framework for the evaluation of laboratory data
system (see also Table 9). and allow conclusions to be drawn about the relevance under

Obviously the time scale of oligomer formation is also im- atmospheric conditions (Chan et al., 2007; Vesterinen et al.,
portant when repartitioning and the reversibility of oligomer 2007; Kroll and Seinfeld, 2008).
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Table 9. Summary of laboratory studies of the impact of acidic inorganic sulfates on SOA yields.

Precursor Reaction 2seed aerosol RH Temp PAHC/seed cdincrease in SOA yields Reference
(HC) (%) (K) (%)
a-pinene Ozonolysis (NI 2SOy 15and 51 299-302 not applicable +30% at RH=15% Czoschke et al. (2003)
NH4HSOy:HoSO4=7:3 +21% at RH=51%
a-pinene Ozonolysis (NEH2SOy 40 295-300 unknown unknown Czoschke et al. (2003)
NH4HSOy:HoSO4=7:3
a-pinene Ozonolysis (Nip2SOy 41-52 293 unknown 40% linuma et al. (2004)
H2SOy
a-pinene Ozonolysis (Nip2SOy 55 293 unknown +37%XHC=12 ppb) Gao et al. (2004b)
NH4HSOy:HoSO4=3:2 —7% (AHC=135 ppb)
a-pinene Ozonolysis NSOy 45-54 293-298 unknown +10% (with no scavenger) linuma et al. (2005)
NH4HSOy:H2SOy=3:2 +18% (with 2-butanol)
—8% (with cyclohexane)
a-pinene Ozonolysis (NE2SOy Various  294-302 3.3-11.8 +87% (high acid, RH: 13-40%)  Czoschke and Jang (2006a)
NH4HSOy:HoSO4=0:1, 13-68 (avg. 6.9) +71% (mid-acid, RH:18-42%)
3:7 (high); 7:3 (medium), +22% (weak acid,RH:14-61%)
1:0 (weak) (compared to (Ni)2SOy
at RH> 40%)
a-pinene Ozonolysis (NI 2SOy Various ~ 294-301 2.8-13.2 +79% without glyoxal Jang et al. (2006a)
NH4HSOy: 10-52 (avg. 6.2) (RH: 10-47%)
H2SO=1:1 with 5-16 with glyoxal (avg. 9.2)  +92% with glyoxal
and without glyoxal (RH: 10-52%)
a-pinene Photooxidation in Spresent in gas phase 30 298 27 +37% (avg.) Kleindienst et al. (2006)
presence of NQ
a-pinene Ozonolysis (NI 2SO 22-53 297 avg. 6.3 +62% (RH=20%) Northcross and Jang (2007)
NH4HSOy:H2S04=3:2 +69% (RH=40%)
B-pinene Ozonolysis (Nip2SOy 21-48 297 avg. 6.3 +40% (RH=20%) Northcross and Jang (2007)
NH4HSOy:HpySO4=3:2 —21% (RH=40%)
d-limonene Ozonolysis (NH2SOq 20-48 297 avg. 5.5 +36% (RH=20%) Northcross and Jang (2007)
NH4HSOy:H2S04=3:2 +12% (RH=40%)
AZ-carene Ozonolysis (NH2SOy 21-46 297 avg. 2.4 +84% (RH=20%) Northcross and Jang (2007)
NH4HSOy:HoSO4=3:2 +16% (RH=40%)
Terpinolene Ozonolysis (Np2SOy 19-46 297 avg. 3.9 +76% (RH=20%) Northcross and Jang (2007)
NH4HSOy:H2S0,4=3:2 +12% (RH=40%)
+12% (RH=40%)
Isoprene Ozonolysis (NH2SOy 40 297 unknown +75% Jang et al. (2002)
NH4HSOy:HySO4=3:7
Isoprene Ozonolysis (NH2SOy 40 297 unknown +260% Czoschke et al. (2003)
NH4HSOy:H2S04=3:2
Isoprene Photooxidation in S@resent in gas phase 30 298 715 +550% Kleindienst et al. (2006)
presence of NOx
Isoprene Photooxidation in 15mM (NbpSOy(neutral) <9 293-298 unknown 0% (under high-ND Suratt et al. (2006)
presence of NOx 15/15 mM (Np2SOq/ +72% (under low-NQ)
H2SOy(acidified)
Isoprene Photooxidation in 15/15 mM (MFpSOy/ 30 302 unknown +33% Suratt et al. (2007a, b)
presence of NOx WSOy (acidified)
0.92 mM H,S0y (highly acidified)
Acrolein Ozonolysis (NH)2SOy 40 297 unknown +18% Jang et al. (2002)
NH4HSOy:HoS04=3:7
Toluene/ OH radical induced  (NpLSOy Various ~ 294-297  2.8-4.9 (dark) +36%(dark, weak acidic) Cao and Jang (2007)
2-methylbutene from ozonolysis NHSOy:H2SOs=17:3 (weak), 20-65 2.4-3.0(light) +60% (dark, medium)
of 2-methylbutene 7:3 (medium), 1:1 (high) +88% (dark, high)
+14% (UV light, weak)
+35% (UV light, high)
Toluene Photooxidation (Np2SOy 5 296-299 9.5 No increase Ng et al. (2007a)
using O, NH4HSOy
Toluene Photooxidation in (NH2SOy 5 296-299 148 —9.8% Ng et al. (2007a)
presence of NOx NEHSOy
Toluene Photooxidation (Np2SOy Various ~ 295-299 0.2-0.65 +36% (RH=18%) Cao and Jang (2008)
using HO, NH4HSOy:H2S04=1:1 17-49 +25% (RH=48%)
Toluene Photooxidation in (NH2SOy Various  295-299 2.0 (high NO +12% (high NQ/low NO) Cao and Jang (2008)
presence of NOx NEHSO4:HoSOp=1:1 14-43 1.5 (mid NQ) No increase (high NQand NO)
+115% (mid-NQ, RH=19%)
+44% (NQ, RH=40%)
1,3,5- OH radical induced  (NH2SOy Various ~ 294-297  4.4-7.0 (dark) +22%(dark, weak) Cao and Jang (2007)
trimethylbenzene/  from ozonolysis NMHSOy:H2SO4=17:3 (weak), 18-66 4.2-4.8 (light) +25% (dark, medium)
2-methylbutene of 2-methylbutene 7:3 (medium), 1:1 (high) +47% (dark, high)
+24% (UV light, weak)
+79% (UV light, high)
m-xylene Photooxidation (N2SOy 4 297 17.4 +4.7% Ng et al. (2007a)
using HO> NH4HSOy
m-xylene Photooxidation in (NH2SOq 5 298 20 No increase Ng et al. (2007a)
presence of NOx NEHSOy
Acetylene Photooxidation in (NH2SOy 10-9¢  298-303 5-35 +76% Volkamer et al. (2009)
presence of NOx NEHSOy
Acetylene Photooxidation in (Np2SOy 10-9¢  298-303 5-35 +244% Volkamer et al. (2009)
presence of NOx (NE)2SOs/Fulvic acid
Acetylene Photooxidation in (NH2SOy 10-9¢  298-303 5-35 —66% Volkamer et al. (2009)
presence of NOx (NE)2SOy/Fulvic acid/H SOy
Acetylene Photooxidation in (Np2SOy 10-9¢  298-303 5-35 —81% Volkamer et al. (2009)
presence of NOx (NE)2SOy/

Fulvic acid/Amino acids

@ The description of the seed aerosol composition was based on the aqueous inorganic seed solution prior to nebulization of the inorganic
solution to the chambe The mass ratio of the consumed hydrocarbamC) to inorganic seed aerosol (no unif).The SOA vyield is

defined as SOA massHC. 9 The increased SOA yield is estimated by (SOA yield with acidic seed — SOA yield with non-acidic seed)/SOA
yield Withgnon-acidic sees 100. € Yield demonstrated to scale with liquid water content; acid effect quantified at a liquid water content of
10pugm—
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5.2.7 Atmospheric significance sulfuric acid and aromatic acids to be a mechanism for form-
ing atmospheric new organic particles. A theory that pro-
Although oligomers have been observed in numerous labvides a mechanistic explanation for new particle formation
oratory studies of SOA formation, the relevance of thesethrough activation of stable sulfate clusters by organic va-
higher-MW compounds to ambient atmospheric aerosol repors has also been proposed (Anttila et al., 2004; Kermi-
mains uncertain as the available data appears to be ambiguen et al., 2004; Kulmala et al., 2006). It is suggested that
ous. Several studies have detected oligomers in ambierthe nucleation mechanism involves an activation mode which
aerosol using off-line mass spectrometry (Baltensperger etan initiate spontaneous and rapid growth of clusters through
al., 2005; Samburova et al., 2005b; Kalberer et al., 2006 heterogeneous acid-catalyzed reactions and polymerization.
Streibel et al., 2006) while Denkenberger et al. (2007) ob-Verheggen et al. (2007) observed enhancement of the nucle-
served oligomers in airborne particles in California using ation rate of sulfuric acid by organic species through empir-
on-line aerosol mass spectrometry. In contrast, oligomersgcally determining the nucleation rate atpinene SOA in
were not detected by LC/(—)ESI-MS analysis of fine organicthe presence of acidic sulfate aerosol created by ®&@la-
aerosol collected from the southeastern USA and Europe, akion. The theoretical study by Nadykto and Yu (2007) also
though a number of organosulfates/nitrooxy organosulfatesshows that the interaction between sulfuric acid and atmo-
polyacids, and hydroxyacids were identified in the samplesspheric carboxylic acids, such as acetic acid and formic acid,
(Gao et al., 2006; linuma et al., 2007b; Surratt et al., 2007aleads to the formation of stable hydrogen-bonded complexes.
2008; Gmez-Gonalez et al., 2008). Clearly, more data is Citing the recent simulation study using the US EPA's Com-
needed before the atmospheric significance of oligomer formunity Multiscale Air Quality (CMAQ) model for ground-
mation can be assessed. Quantitative information about thbased and aircraft aerosol measurements, Fan et al. (2006)
amount and relative contribution of these higher-MW com- report that the enhanced nucleation effect of secondary con-
pounds to the organic fraction of tropospheric aerosols is alsalensable organics is important in nucleation when sulfate and
required. The situation is further complicated by the fact thatorganics are abundant.
the organic aerosol fraction also undergoes oxidative chem-
ical processing through degradation and chemical modifica5.3.2 Laboratory studies of aerosol growth by
tion of the particle-phase constituents by atmospheric oxi- acid-catalyzed reactions of carbonyls
dants (Rudich et al., 2007). These processes are expected to
result in alterations of the physical (volatility, light absorp- In order to evaluate the potential importance of carbonyl he-
tion, light scattering) and physico-chemical properties (wa-terogeneous chemistry and understand the reaction mecha-
ter solubility, CCN activity) of atmospheric aerosols and the nisms of carbonyls in the aerosol phase, a range of carbonyls
evaluation of the relative importance of these processes (i.ehave been exposed to acidic sulfate either as an acidic film
oligomerization, oxidative processing, change in hygroscop-or a pre-existing acidic inorganic seed using either flow reac-
icity etc.) has to be addressed in future research on organitors (Jang et al., 2003a; N@ze and Riemer, 2003; Zhao et
aerosols. al., 2005, 2006; Nozire et al., 2006) or a Teflon film cham-
ber (Jang and Kamens, 2001; Kroll et al., 2005a). The ma-
jority of studies showed that, in general, aldehydes, such as
hexanal and octanal, resulted in higher aerosol yields via he-
. . terogeneous acid-catalyzed reactions than ketones such as 2-
A numberoflaboratory studies have shown that atmosphe”%ctanone and 2,4-pentanedione (Jang et al., 2003). Specifi-
organics, SUCh_ as carbonyls, can t_)e transformed to_ h'gheréally, «, B-unsaturated aldehydes (e.g., 2,4-hexadienal and
MW products via hetero.geneous acid-catalyzed reactions bez'-_hexenal) and-oxocarbonyls (e.g., glyoxal) were more re-
tween the gas and particle phases (Jang and Kamens, 200A'C:tive than aliphatic carbonyls in heterogeneous reactions

Jang et al., 2002, 2003a, b, 2004, 2005; Garland et al., 2006(;Jan : - :

oS : - ) getal., 2003b, 2005). Particle acidity, together with both
L:ggzlgoe;nd ;‘80%9056""' b,GllnL!rIna ei a:., 22(())887&#1, Surlragt et humidity and inorganic seed aerosol composition, affect the
al., a ; amez-sonalez et al., )- These labo- aerosol growth of aldehydes to varying degrees. Overall, the

rat(_)ry st-ud|es suggest that hetero_geneous amd—catquzed Serosol production via acid-catalyzed reactions appears to be
actions in the particle phase are important mechanisms fo[

SOA f . d th il idity h . ncreased at low humidity and when the seed aerosol con-
SOA y(i)erlrgatlon and that particle acidity has an impact oning o high fraction of sulfuric acid. Liggio and Li (2006a,

b) showed that the reactive uptake of pinonaldehyde, a prin-
5.3.1 Homogeneous nucleation cipal oxidation product of-pinene, was highly dependent
upon the aerosol acidity and did not occur on neutral ammo-
There is evidence to suggest that the interaction of sulfuricnium sulfate aerosols. Kroll et al. (2005a) also investigated
acid with atmospheric organics is expected to play an importhe reactive uptake of a series of small carbonyls onto aque-
tant role in the nucleation of new particles in the atmosphereous seed particles containing ammonium sulfate and mixed
For example, Zhang et al. (2004) showed co-nucleation ofammonium sulfate/sulfuric acid and only found significant

5.3 Interaction of atmospheric organic compounds
with sulfuric acid
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aerosol growth for glyoxal. Furthermore, no major enhance-periments without photoirradiation but also for those with
ment in particle growth was observed for the acidic seed, sugUV-Visible irradiation. A possible explanation for such a
gesting that the large glyoxal uptake was not a result of pardiscrepancy between the two laboratories is due to the dif-
ticle acidity but rather of ionic strength of the seed. Theseference in available proton concentrations used in the expe
results are in contrast to those reported by Jang et al. (2006a)ments; however, this requires further investigation. Using
and further work is clearly required to resolve this discre- a new colorimetric technique for the measurement of parti-
pancy. cle acidity, Jang et al. (2008) showed that the acidity of the
The proposed reaction mechanisms for acid-catalyzed resubmicron acidic sulfate aerosol coated witpinene ozone
actions of aldehydes include hydration, hemiacetal/acetaBOA significantly decreases over time, possibly due to or-
formation, trioxane formation, aldol condensation, carboca-ganic sulfate formation. The mass ratio of organic aerosol to
tionic rearrangement, and cross-linking in aerosol media, agcidic inorganic seed in the chamber experiments performed
shown in Fig. 7. In the presence of strong acids, further re-by Cao and Jang (2007, 2008) is nearly one order of mag-
actions of hemiacetals lead to acetals, which are comparafitude lower than those used by Ng et al. (2007a), i.e., 0.5~
tive|y stable and can be isolated by neutralization (Deyrup'l.o in the former and 2.5-6.9 in the latter. The mass ratio
1934). Such hemiacetals/acetals are easily decomposed di#f available organic products to acidic sulfates obviously en-
ing conventional GC/MS analysis. In a recent study, Garlandhances heterogeneous acid-catalyzed reactions in aerosol. In
et al. (2006) used NMR spectroscopy to characterize the athe ambient aerosol, the mass ratios of particle organic car-
cetal and trioxane resulting from the exposure of hexanal td2on to inorganic species vary from 0.3#d (Hughes et al.,
submicron sulfuric acid aerosol. In addition to acid-catalyzed1999; Drewnick et al., 2004; Russell et al., 2004; Zhang
reactions of atmospheric organic compounds, organosulfatét al., 2007a). In addition, the interpretation of acidity ef-
formation has been demonstrated to be an important mechdects on SOA yields should also consider humidity and in-

nism in SOA formation, as discussed in Sect. 5.1. organic seed compositions, especially the neutralization of
sulfuric acid by ammonia. Table 9 lists the mass ratio of the
5.3.3 Laboratory studies of the impact of acidic consumed hydrocarbom\HC) to inorganic seed along with
inorganic sulfate on SOA yields relative humidity and seed composition. These parameters

have recently been incorporated into a SOA model and cou-
A number of laboratory studies have investigated the effectsled with inorganic and organic thermodynamic parameters
of acidic inorganic sulfate on the yield of SOA, Table 9. The (Jang et al., 2006a; Pun and Seigneur, 2007). However, or-
majority of studies have focussed arpinene and isoprene ganic acidity generated in the same photochemical process
and typically show an increase in SOA yield when the seedby which SOA is formed may be sufficient to catalyze these
aerosol is acidified. Kleindienst et al. (2006) also reportedheterogeneous reactions. Takahama et al. (2006) reported
that the SOA yields from the photoxidation @fpinene and  from the Pittsburgh Air Quality Study that they were not able
isoprene are significantly enhanced in the presence of gaso detect significant enhancements of SOA production due to

phase S@, which produces acidic aerosol. The effect of rela- inorganic acidity in Western Pennsylvania most of the time.
tive humidity and composition of seed aerosol on SOA yields

from the ozonlysis of-pinene was investigated by Czoschke 53.4 Effects of particle acidity on partitioning
and Jang (2006a). Their study showed that higher yields are of semivolatile organic compounds
obtained when seed composition has either a high&Qy
fraction or a higher acidity due to lower relative humidity. Particle acidity may also affect gas-particle partitioning
Northcross and Jang (2007) studied SOA formation fromby the formation of higher-MW products in aerosols.
the ozonolysis of various terpenesjinene f-pinene,A3-  Cao (2008) showed that the gas-particle partitioning co-
carene, terpinolene antilimonene) in the presence of inor- efficients for deuterated alkanegs¢-nonadecane ands.-
ganic seed. The results indicated that the impact of acidity oreicosane) on acidic SOA were considerably lower than those
SOA yields is also influenced by the molecular structure offor neutral SOA. The oligomeric matter in aerosol can in-
SOA products: for example, oxidation products with multi- crease the activity coefficient of hydrophobic semivolatile
functional carbonyls significantly increase SOA vyields in the compounds and also the average MW of organic matter in
presence of acidic sulfate aerosols. aerosol, thus leading to less favorable partitioning of alka-
The effects of particle acidity on SOA vyields from aro- nes to SOA. A similar effect has been observed in outdoor
matics have received considerably less attention. Ng esimulation chamber experiments (Lee et al., 2004) where
al. (2007a) reported negligible increases in SOA yields fromSOA produced from the photooxidation @fpinene in the
the photooxidation of toluene and m-xylene in the presencepresence of pre-existing diesel soot induces the off-gassing
of acidified sulfate seed aerosol, as shown in Table 9. In conef long-chain surrogate deuterated alkangg-ilonadecane
trast, recent work by Cao and Jang (2007, 2008) reported thaind d4,-eicosane), by significantly reducing their partition-
SOA yields from toluene and 1,3,5-trimethylbenzene wereing coefficients. The partitioning coefficients of deuterated
enhanced by acidified sulfate seed aerosols, not only for extong-chain alkanes decrease by one order of magnitude as
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diesel exhaust is photochemically aged both with and without2001; Arakaki et al., 2006). The major sources for agueous
a-pinene. Such studies imply that aging of ambient aerosolphase OH radicals are highly dependent on the surround-
can enrich highly oxidized and oligomerized organic speciesing air masses (Herrmann et al., 2000; Deguillaume et al.,
by atmospheric oxidation as well as off-gassing of hydropho-2004). For the anthropogenically influenced boundary layer,
bic compounds. However, the concentrations of the latterdue to the significant presence of HONO, Anastasio and Mc-
could also be reduced by reactions in the aerosol phase an@regor (2001) showed that nitrite photolysis in the aqueous
should be the subject of future investigations. phase was a major source of OH compared to other sources,
including gas-to-droplet partitioning,
5.4 Chemical and photochemical processing of organics B B
in the atmospheric aqueous phase NO, +H20 +hv(i < 400nm — OH+NO+OH™  (6)

However, for clouds in the free troposphere this formation

A number of studies have been performed on the chemical,5ihay is of minor importance compared to the aqueous
processing of organic compounds in the atmospheric aqueshase photolysis of nitrate ions (Arakaki et al., 2006)
ous phase (i.e., rain, clouds, fogs and aqueous aerosol par-

ticles), in order to determine their impact on atmosphericNO3 + H20 + hv(A < 355nm — OH + NO2 + OH™ (7)
chemistry. They have shown that the aqueous phase pro- . D
cessing of organics yields products with lower volatility than _thel pholto-IZentkonk_reacc:jtllgn (att ?ggéWh'Ch is a photochem-
those obtained from analogous gas phase reactions. Aqueoﬁﬁsa cycle (Arakaki and Faust, )

phase processes are, therefore, potentially important sourcgseOH* + hv (A < 370nm — OH + Fé#T (8)
of higher-MW compounds and may contribute to the for-
mation of organic matter in the particle phase. It was sug—FezJr + H0, — OH + FeOH* 9)

gested that SOA can be produced through cloud and fog pro-
cessing of carbonyls, monocarboxylic acids, alcohols and®nd, to a lesser extent, the aqueous phase photolysig@f H
organic peroxides to form dicarboxylic acids, functional- (Arakaki and Faust, 1998; Parazols et al., 2006)
ize(_j acid;, functionalized carbonyls, esters, polyols, aminesl,_|202 + (A < 320nM) — 20H (10)
amino acids, and organosulfur compounds. Subsequently, a
number of studies have been performed on the transformaExperimental and theoretical studies confirm that dissolved
tion of various oxygenated organic species in the aqueousrganic compounds play a major role in the cycling of OH
phase and at its interface in order to elucidate the key proradicals to HQ/O, radicals and/or BO; (Lelieveld and
cesses and mechanisms involved (Blando and Turpin, 2000Crutzen, 1990; Arakaki and Faust, 1998; Monod and Carlier,
Warneck, 2003; Ervens et al., 2004a, b, 2008; Herrmann e1999; Blando and Turpin, 2000; Herrmann et al., 2000, 2005;
al., 2005; Altieri et al., 2006, 2008, 2009; Carlton et al., Anastasio and McGregor, 2001; Herrmann, 2003; Deguil-
2006; Lim et al., 2005; Poulain et al., 2007; Tilgner et al., laume et al., 2004; Ervens et al., 2003a, 2004a; Arakaki et
2008; El Haddad et al., 2009; Liu et al., 2009). al., 2006; and references therein).

The kinetics of the oxidation of more than 100 organic
5.4.1 Aqueous phase oxidation of organic compounds  compounds by different radicals and anions (OH,3NOI,

Cl;, Br,, SQ,; CO3) have been extensively studied in

A number of field studies have shown that the high amountthe aqueous phase. The reviews by Buxton et al. (1988)
of organic acids (such as oxalic, malonic, malic, succinic,and Herrmann (2003) have confirmed that the OH radical is
glutaric, formic and acetic acids) found in atmospheric wa-the most efficient oxidizing agent under atmospheric condi-
ters and aerosols originate from aqueous phase processgéisns. Arguing that the ionic strength can vary widely from
(Legrand et al., 2003, 2005, 2007; Yao et al., 2003; Cra-rain drops and cloud/fog droplets to deliquescent aerosols,
han et al., 2004; Yu et al., 2005; Sorooshian et al., 2007b). ItHerrmann (2003) showed that the ionic strength has a sig-
has also been suggested that in-cloud biological activity is amificant effect on the oxidation rate constants and depends
important process (Yao et al., 2003; Amato et al., 2005), buton different parameters such as the type of salt, the oxidiz-
its contribution has not yet been quantified. A larger num-ing radical, and the chemical structure of organics. How-
ber of studies have focused on the aqueous phase chemistier, very few studies have investigated this effect, although
The processing of organic compounds in atmospheric waterg should be an important parameter for oligomerization. The
can be initiated by numerous oxidizing radicals, including aqueous phase oxidation of organic compounds has mainly
OH, NG;s, HO., and also radical anions such a§ (Cl,,  been investigated at 298 K, which is not relevant to the tem-
Br,, SG,, and finally, non-radical reactants such as ozoneperatures encountered in cloud/fog waters, and only a lim-
and H0O,. The OH radical is one of the major sinks for or- ited number of studies have explored the temperature depen-
ganic compounds, and its presence in atmospheric waters haence of the rate constants for reaction of OH with organic
been confirmed in numerous studies (e.g., Faust and Allencompounds at low ionic strength, representative of cloud/fog
1993; Arakaki and Faust, 1998; Anastasio and McGregordroplets (Chin and Wine, 1994; Buxton et al., 1997; Ervens
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et al., 2003b; Gligorovski and Herrmann, 2004; Monod et 2004); the organic acids-flecomplexes catalyze the pho-
al., 2005; Poulain et al., 2007; Gligorovski et al., 2009). tochemical decomposition of oxalic, glyoxalic and pyruvic
Based on these studies, structure activity relationships havecids (Zuo and Hoigs, 1994). The formation of organic-iron
been proposed to predict rate constants for the reaction of Oldomplexes is likely the reason for the light absorbing species
radicals with organic compounds at 298 K (Gligorovski and observed by Gelengc et al. (2003) and Hoffer et al. (2004)
Herrmann, 2004; Monod et al., 2005; Monod and Doussin,during the OH-initiated oxidation of 3,5-dihydroxybenzoic
2008; Morozov et al., 2008; Gligorovski et al., 2009). Never- acid. Finally, Parazols et al. (2006) suggested that organic-
theless, many aqueous phase oxidation reactions have yet tion complexes present in clouds may inhibit, under specific
be investigated, especially for non-aliphatic compounds, anagnvironmental circumstances, the natural Fenton reaction to
therefore are not considered in current models. This resultproduce OH radicals.
in large uncertainties in the contribution of aqueous phase Table 10 shows that the number of investigations is lim-
oxidation processes to organic matter. ited, and almost none of the studied reactions were dupli-
A number of laboratory studies have investigated the re-cated by different groups, except for the OH-initiated oxi-
action products and mechanisms of aqueous phase oxidatiaation of glyoxal and direct photolysis of pyruvic acid. A
of a number of organic compounds. Although most of thesereasonable agreement was obtained for the reaction products
were aimed at studying water treatment methods, or the beef OH oxidation of glyoxal using two very different tech-
havior of sugars in living cells, a few were carried out un- niques (Buxton et al., 1997; Carlton et al., 2007). Studying
der atmospheric conditions, i.e., at gA, O, saturated, un-  the photolysis of pyruvic acid with very different techniques,
der UV-visible irradiation £290 nm), and at concentrations Guznan et al. (2006) and Altieri et al. (2006) both obtained
relevant to the atmosphere. Not surprisingly, most of theseoligomers, but the proposed structures of the products were
studies revealed that all precursors are transformed more different, as well as the possible mechanisms explaining their
less directly into carboxylic acids (Table 10). Apart from formation. This highlights the need for further experimental
gaseous Cg formic, acetic and oxalic acids appear to be work employing a variety of different techniques to identify
the most often encountered end products, in good agreememtigomers and their formation mechanisms.
with field observations. Some studies also showed the im- In general, two different kinds of mechanisms are pro-
portance of intermediate compounds, such as hydroperoxposed to explain the formation of oligomers in the aqueous
ides (Schuchmann and von Sonntag, 1982, 1988; Schuclphase; (i) acid catalyzed chemical processes (as described in
mann et al., 1989, 1990; Zuo and Hoggrl992; Stemmler Sect. 5.2), and (ii) radical processes. Loeffler et al. (2006) ob-
et al., 2000a, b; Chevallier et al., 2004; Monod et al., 2007;served hemiacetal/acetal formation from semi-hydrated gly-
Poulain et al., 2007), which have been scarcely measured ioxal and methylglyoxal and showed that acids have little ef-
atmospheric waters (Sauer et al., 1996), despite their imporfect on the oligomerization of glyoxal, but bases interrupt
tance in tropospheric chemistry (Reeves and Penkett, 2003)ligomer formation by catalyzing glyoxal hydration and dis-
A number of photochemical studies observed the for-proportionation to glycolic acid. Holmes and Petrucci (2006)
mation of higher-MW organic compounds (called here showed that oligomers up to 1458 Da were obtained from
oligomers) in the agueous phase and are summarized in Tacid catalyzed processes such as hydration, hemiacetal/acetal
ble 10. These observations indicate that photochemical proformation, aldol condensation, and polymerization from lev-
cessing of organics followed by cloud/fog evaporation is aoglucosan in the aqueous phase. Studying the photolysis of
possible pathway for SOA formation. As shown in Table 10, pyruvic acid and the OH oxidation of methylglyoxal, Altieri
it appears that oligomers are only formed from complex pre-et al. (2006, 2008) showed the formation of similar oligomers
cursors, i.e.>C, polyfunctional compounds. However, fur- (up to 600 Da). This was explained by the fact that the oxi-
ther studies are needed to confirm this, as other parametedation of methylglyoxal leads to pyruvic acid and other acids
can be of importance for oligomerization, such as the pre-that were also observed during the photolysis of pyruvic acid.
sence of transition metal ions (TMI). In the studies of Ge- A detailed study of the oligomeric structure showed the re-
lensé@r et al. (2003) and Hoffer et al. (2004), the presence ofpeated contribution of a monomegl@4,0,, which was at-
transition metals may have influenced the formation of lighttributed to hydracrylic acid. Altieri et al. (2008) proposed
absorbing species that were assimilated to oligomers. acid catalyzed esterification involving the addition of hy-
The role of transition metals is complex. Iron is the most dracrylic acid to each organic acid formed photochemically
ubiquitous transition metal in atmospheric waters (Deguil-to explain the observed oligomers.
laume et al., 2005), and its photochemical reactivity has Alternatively, there is evidence that radical processes may
been shown to significantly influence the reactivity of or- also contribute to the formation of oligomers in the aque-
ganic compounds. lonic forms of iron and copper increaseous phase. Guzam et al. (2006) reported that the photol-
the amount of hydroperoxides formed from the OH oxida- ysis of pyruvic acid leads to the formation of dimers and
tion of 2-butoxyethanol (Stemmler et al., 2000b); the pre-trimers from combination reactions of the nascent alkyl rad-
sence of F& in aqueous solutions enhances the decomposiicals (Fig. 8), even under oxygen concentrations relevant to
tion of methyl- and ethyl-hydroperoxides (Chevallier et al., those of the atmosphere.
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Table 10. A summary of agueous phase oxidation processes that result in oligomer formation.
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Reaction Conditiorfs Reaction produc% Reference
Radical [organicg) pH Primary and oligomers
generation (mM) secondary products
Pyruvic acid+h° - 5-100 1.8 COzg Dimers and trimers observed Guamet al. (2006)
by UV-VIS spectroscopy
Pyruvic acid+h - 5and 10 2.7-3.1 Observed by LC/ESI-MS Altieri et al. (2006)
(up to 400 Da)
Methylglyoxal+OH HOs+hv 2 42-4% Pyruvic, glyoxylic, formic, Observed by LC/ESI-MS and Altieri et al. (2008)
acetic and oxalic acids FT-ICR-MS (up to 600 Da)
Glyoxal+OH HOz+hv 2 4.1-4.8 glyoxylic and formic Observed by LC/ESI-MS Carlton et al. (2007)
acids, oxalic acids (up to 600 Da)
Glyoxal+OH Pulse radiolysts 1 2.0-6.0 glyoxylic acid, HO2 Not measured Buxton et al. (1997)
Methacrolein+OH HO,+hv9 0.4and5 4.5-5% Methylglyoxal, formaldehyde, Observed by LC/ESI-MS Liu et al. (2009),
hydroxyacetone, methacrylic (up to 400 Da) El Haddad et al. (2009)
and acetic acids, pyruvic,
glyoxylic, and oxalic acids
Pyruvic acid+OH 502+hvh 5and 10 2.7-3.1  Glyoxylic acid, acetic Observed by LC/ESI-MS Carlton et al. (2006),
acid, oxalic acids (up to 500 Da) Altieri et al. (2006)
P-methylphenol+OH/N@ Laser Flash Photolysis 0.002 0.5 4-methylcatechol Dimers and trimers Hoffmann (2007)
Observed by SPE-LC/MS
N-methylpyrrolidone+OH HO,+h' 0.5 Freé N-Methylsuccinimide, Observed by LC/ESI-MS Poulain et al. (2007)
5-hydroxy-N-methylpyrrolidone,  (up to 300 Da)
formylpyrrolidone,
N-hydroxymethylpyrrolidone,
2-pyrrolidone,
methylamine,
acetamide,
N-methylformamide,
NHPMP,
2-hydroxy-N-methylsuccinimide,
formamide,
N-methylacetamide,
dimethylacetamide,
butanoic acid
3,5-dihydroxybenzoic Fentén 0.02 4% Not measured Observed by UV-VIS spectroscopy ~ Gelemesal. (2003),
acid+OH Hoffer et al. (2004)
Levoglucosan Fentdn 1 4.5 D-glucose Observed by MALDI/TOF-MS and  Holmes and Petrucci

ATR-FTIR (up to 1458 Da) (2006)

@ Unless specified, all the studies were carried out in steady state photochemical experiments, under aerated conditf@s, at 25
[organich = initial organic concentrations? For simplification, only non-hydrated forms are noted (although formaldehyde is totally hy-
drated in the aqueous phase), and only neutral forms of the acids are noted (although their forms depend orkphl &richptolysis at

A=313 and 320 nm, at 2€. 9 Buffered with perchloric acid® Pulse radiolysis in NO/O, aqueous solutions’. Unbuffered solutions9
Photolysis using simulated solar spectrum-a800 nm.h Photolysis ak=254 nm.' Photolysis using spectruim>250 nm.) Fenton reaction

was operated using 0.1 and 0.005 mM ¢f®$ and FeCj respectively.k Buffered with sulfuric acid.

Dimers and trimers were observed by Hoffmann (2007)showed for the first time that oligomers formed in the aque-
during the OH-oxidation of p-methylphenol (Table 10). This ous phase can result in SOA under atmospheric conditions,
can be explained by the fact that phenoxyl radicals formedand that the resulting SOA has properties slightly different
during H-abstraction or addition of OH radicals to phenolic from those obtained from the gas-phase photooxidation of
compounds are stabilized by mesomeric effects, their reacbiogenic compounds (Michaud et al., 2009).
thlty towards Q is very |OW, and the recombination of two Aqueous phase photochemistry may lead to the forma-
radicals (Fig. 9) is possible (von Sonntag and Schuchmannjon of polyfunctional organic compounds in diluted droplets,
1997). which play an important role in condensation reactions lead-

Liu et al. (2009) also suggested that oligomers producedng to oligomers and SOA when the organic concentrations
during the OH-initiated oxidation of methacrolein were increase during cloud evaporation. However, the scientific
formed via organic radical processes. Furthermore, Michaudknowledge of photochemical processes of organics, and es-
et al. (2009) evaporated droplets containing oligomers depecially polyfunctional compounds, in the atmospheric aque-
rived from photooxidized methacrolein and obtained signifi- ous phases is still quite limited and needs further investiga-
cant amounts of stable organic aerosols. These experimentgn.
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5.4.2 Gas-liquid interactions leading to SOA production  oligomers were also observed from the aldol condensation
of carbonyls in sulfuric acid solutions (N@&ze and Esteve,
Processes at the air-water interface can play a key role 2005, 2007). Amino acid- and ammonium sulfate-catalyzed
the uptake and reactions of atmospheric gases with liquideactions in water and ionic solutions were also suggested to
droplets. Atmospheric species may react at the interfacgroduce light-absorbing “humic-like” compounds (Nez
without actually being taken up into the bulk (Finlayson- et al., 2007).
Pitts and Pitts, 2000). The uptake and oxidation op 8én-
not be explained by liquid-phase chemistry alone (Jayne e6.4.3 Evaluation of the importance of in-cloud
al., 1990; Donaldson, et al., 1995; Finlayson-Pitts and Pitts, processed SOA
2000; Knipping et al., 2000) and it proceeds via the forma-
tion of a bound complex at the air-water interface (JayneA number of models have been used to investigate multi-
et al., 1990; Donaldson et al., 1995; Finlayson-Pitts andphase organic chemistry, including gas- and aqueous-phase
Pitts, 2000). Similarly, the atmospheric uptake of acetaldephotochemistry and gas/aqueous phase transfer. In good
hyde (Jayne et al., 1992; Davidovits et al., 1995) and gly-agreement with field studies, simulating several evaporation-
oxal (Schweitzer et al., 1998) cannot be described solely bycondensation cycles, these multiphase models showed that,
liquid-phase chemistry and are best explained in terms of eneompared to cloudless conditions, significant additional
hanced reactivity at the gas-liquid interface. amounts of SOA containing carboxylic acids are formed af-
In particular, the presence of light has recently been showrier the cloud dissipates. For example, Warneck (2003, 2005)
to enhance the reactivity at the gas-liquid interface. Georggroposed that oxalic acid, present in aerosols in the remote
et al. (2005) studied the effect of light (in the range 300—marine atmosphere (in particular Central Pacific Ocean),
500 nm) on the uptake kinetics of N@n various surfaces mainly originates from multiphase photooxidation of ethane,
taken as proxies for organic surfaces encountered in the troethene and acetylene. This source of oxalic acid includes gas
posphere. Based on these experiments a mechanism wahase photooxidation of the VOCs, followed by gas/agueous
suggested, in which photosensitized electron transfer is ocphase transfer of the oxygenated products (glyoxal, glyco-
curring. This photoenhancement is stronger on humic acidslaldehyde) in cloud droplets, which then are photooxidized
on which the light-activated reduction of N@vas observed in the aqueous phase, leading to oxalic acid, which remains
to be a major source of gaseous HONO (Stemmler et al.jn the condensed phase after cloud evaporation, thus form-
2006). Soil and other humic acid containing surfaces exhibiting SOA. Due to the absence of other sources in the re-
a hitherto unaccounted organic surface photochemistry irmote marine atmosphere, SOA formation from in-cloud pro-
producing reductive surface species which react selectivelgessing may be the only pathway for oxalic acid occurrence
with NO,. The interactions of aerosols consisting of humic in aerosols at such sites (Warneck, 2003, 2005). In the
acids with gaseous NfQwere also investigated under differ- same way, simulating sulfate and organic multiphase chem-
ent light conditions in aerosol flow tube experiments at am-istry (up to G) through several cloud processing cycles (up
bient pressure and temperature. The results show that NOto 8cycles), Ervens et al. (2004a) showed that significant
is also converted on the humic acid aerosol into HONO, andamounts of SOA containing sulfate and organic acids are
that this reaction produces volatile products from the aerosoformed after the cloud dissipates. In both clean and pol-
that can be detected in the gas phase at the reactor exit. THeted atmospheres, oxalic, glutaric, adipic, and pyruvic acids
formation of HONO on the humic acid aerosol is strongly are the main contributors to the organic acid fraction of the
activated by light. aerosol mass. In agreement with observations, the oxalate
Similarly, a significant photoenhancement of the uptakefraction in processed particles exceeds the fractions of other
of ozone on benzophenone and phenol solid films was als@licarboxylic acids since it represents an end product in the
observed under simulated atmospheric conditions with re-oxidation of several organic gas phase species. The study
spect to relative humidity, pressure, temperature anddd- suggests that cloud processing may act as a significant source
centration using a coated flow tube reactor (Jammoul ebf small functionalized mono- and dicarboxylic acids, some
al., 2008). As a consequence of the photoenhanced hefraction of which can be retained in the aerosol phase follow-
erogeneous chemistry, the contact angle increased, shoving droplet evaporation.
ing an increase of the organic film hydrophobicity for the  Gelencér and Varga (2005) and Chen et al. (2007) in-
benzophenone-phenol mixture upon combined exposure teestigated the multiphase behavior of organic compounds
light and ozone along with the appearance of a new abup to Gg polyfunctional compounds. Geleras and
sorption band up to 450 nm. Appearance (or red-shifting)Varga (2005) determined an aerosol yield parameter for mul-
of UV-visible features during SOA formation and aging tiphase SOA formation as a function of the Henry’'s Law
was also observed during the processing of particles obeonstant and found that the SOA yield is significant above
tained by the oxidation of limonene where solar radiation H=1000 M atnT1. Among the potential precursors for this
may play a significant role in the processing of SOA in the process are oxygenated compounds such as primary oxida-
atmosphere (Walser et al., 2007, 2008). Light absorbingtion products of biogenic and anthropogenic hydrocarbons,
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Fig. 8. Radical processes explaining the formation of oligomers during the photolysis of pyruvic acid in the aqueous phase under atmo-
spheric conditions (Guzam et al., 2006). PA =pyruvic acid; ISC =intersystem crossings ketyl radical; A =2,3-dimethyltartaric acid;
D = multifunctional dicarboxylic acid. The rapid decarboxylation of D may form two products, B1 and B2.

including, for example, pinonaldehyde. Multiphase SOA

o o Q OH OH
formation was found to be less efficient than in-cloud sul- H
fate production per unit mass concentration of the precur- 2% ——
sor. However, considering the vast amounts of VOCs that o . " _—
OH

are emitted by vegetation and oxidized in the troposphere,

in-cloud SOA formation may significantly contribute Figua-o. (!l::f?ﬁrh E oAt ik o Bhen Gy ra

: : - tion ) S TGl . -
mospheric SOA production on a glob_al scale (Gelen&n‘ﬂf’ icals during the OH-initiated oxidation of phenolic compounds (von
Varga, 2005). Chen et al. (2007) applied 0-D and 3-D modelssonntag and Schuchmann, 1997).
which both showed a significant increase of SOA formation
when the agueous-phase organic chemistry in clouds is con-

sidered. A 27% increase was obtained using the 0-D model | . . .
in a rural scenario with strong monoterpene emissions. Over- Lim et al. (2005) and Ervens et al. (2008) investigated the

all, this study suggests that SOA formation due to aqueous[nUItiphase be_havior_ of isopre_ne. “F" et al. (2005) studied
phase organic chemistry in clouds could be important at IocaploUd processing of ISoprene In an air parcel transported for
tions that are strongly influenced by monoterpene emissions5 days over the tropical Amazon, followed by 5d.ays over
However, key limitations of this study were the simple treat- the Atlantic Ocean where cloud and cloudless periods alter-

ment of organic reactions in the aqueous phase for organi@ated' Following each cloud period, aqueous-phase species

compounds of carbon number greater than four (only baseﬁ?ontlnrigil_tevaporgtlng _f(gom. clould drtl)_plets. In_ parltlculalr_, the
on their phase transfer). Another limitation was the lack ow volatility organic acids (i.e., glycolic, pyruvic, glyoxylic,

of treatment of aqueous phase oligomerization processes foqlnd (;)lxallc ac_ldé rramglnet(:] in the etjgtrpsol [Ia_haset drrlr;%gge
both biogenic and anthropogenic compounds. This shoul oudless period. Under these conditions, Lim et al. ( )

therefore amplify the importance of SOA formation due to ound that the contribution of cloud processing to the global
aqueous-phase organic chemistry in clouds SOA budget is considerable, with an important contribution

of oxalic acid, in good agreement with observations. By tak-
ing into account the SOA yields obtained in the model, a
global isoprene emission flux of 500 Tg/yr results in an SOA

m§ion of dimers b& recombination of two phenoxyl ?gicals during the OH-ipitiated
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source strength from cloud processing of 1.6 Tg/yr, which5.5 Aerosol formation from real plant emissions
is a significant contribution to global biogenic SOA, as de-
scribed in Sect. 2.1. Moreover, Fu et al. (2008) calculatedThe importance of BSOA is discussed in Sect. 2 and has
the global source of SOA from the irreversible uptake of been further demonstrated in several studies (Szidat et al.,
dicarbonyls (glyoxal and methylglyoxal), yielding contribu- 2006; Lanz et al., 2007; Simpson et al., 2007; Schichtel et
tions of 11 Tg Clyr, including 2.6 Tg C/yr from glyoxal and al., 2008) which reported that up to 90% of the total SOA
8 Tg Clyr from methylglyoxal whereas 90% of this source in many regions of the European continent during summer
takes place in clouds. months originates from biogenic sources. Long-term stud-
Ervens et al. (2008) developed a parcel model where ares in the boreal forests in Finland show that biogenic oxi-
exhaustive multiphase chemical mechanism was compledation products aid the formation of new particles and thus
mented by the oligomer formation from glyoxal described contribute not only to atmospheric particle mass but also to
by Altieri et al. (2006) and Carlton et al. (2006, 2007). It atmospheric particle number (O’Dowd et al., 2002). Simi-
was shown that substantial amounts of SOA were formedarly, in coastal regions biogenic organo-iodine compounds
from isoprene through in-cloud processes. Sensitivity testsind biogenic iodine emissions contribute significantly to new
of liquid water content, cloud contact-time, aerosol/droplet particle formation (O’Dowd et al., 2002; Laaksonen et al.,
number concentration, pH, and gas-particle partitioning 0of2008). Kerminen et al. (2005) estimated that new particle
semivolatile organics showed that the N@vels are most formation over boreal forests could currently exert a cooling
influential in the control of the carbon yield of the in-cloud of 0.2-0.9 W nt? via the effect on cloud formation. Increase
processed SOA. Ervens et al. (2008) concluded that in reof tree emissions under conditions of rising temperature and
gions with high NQ and isoprene emissions, together with CO» concentrations and subsequent enhanced particle forma-
abundant clouds (e.g., Northeastern US or Southeast Asidjon, could thus constitute an important negative feedback of
the additional SOA formed through in-cloud processes mightvegetation on climate change via the direct and indirect ef-
significantly contribute to SOA. However, the authors only fects of aerosols (Kulmala et al., 2004). Using a vegetation
considered the oligomer formation from glyoxal. Other po- model Lathiere et al. (2005) predicted the future expansion
tential oligomerization processes from polyfunctional com- of boreal and temperate forests that may lead to an increase
pounds such as pyruvic acid (Guamet al., 2006; Altieri ~ of monoterpene emissions by a factor of 1.5. Based on the
et al., 2008), or methacrolein (El Haddad et al., 2009; Liusame vegetation scenario, Tsigaridis and Kanakidou (2007)
et al., 2009) were not considered. This should result in arpredict an increase of the future biogenic SOA burden of
underestimation of the total SOA formed. Furthermore, the0.94Tg, i.e., the same order of magnitude as the present an-
model calculations by Ervens et al. (2008) did not take intothropogenic sulfate burden. The effects of climate change on
account the photochemical degradation of diacids and parvegetation emissions and biogenic SOA formation of these
ticularly oxalate and its complexes with TMI (Deguillaume model studies would be in accordance with the negative feed-
et al., 2005), and therefore, probably overestimate the SOMack hypothesis of Kulmala et al. (2004). Nevertheless, large
formation. uncertainties in the SOA source strength and the tendency
Despite large uncertainties, the above mentioned model$o strongly underestimate SOA concentration in many recent
indicate that in-cloud aqueous phase processes of organigsodel studies point to a severe lack in the understanding of
are probably largely contributing to the global sources ofbiogenic SOA sources, despite its obvious importance for cli-
SOA. Photochemical reactions play an important role in themate issues (Kanakidou et al., 2005 and references therein;
processing of organics. However, the scientific knowledgeFuzzi et al., 2006).
of photochemical processes of organics in the atmospheric The oxidation of a single monoterpene likeinene leads
agueous phases and at the surface of droplets and aerosolgtisa complex mixture of long-chain and short-chain products,
still quite limited and needs further investigations. In parti- which may or may not contribute to SOA formation. How-
cular, the radical photochemistry occurring at the surface ancever, the natural atmosphere is an even more highly mixed
in the bulk diluted aqueous solutions should be further studsystem (Goldstein and Galbally, 2007), and plant emissions
ied for polyfunctional organic compounds. Special attentioncontain a mixture of monoterpenes, sesquiterpenes, and other
should be paid to radical photochemistry occurring in con-long- and short-chain compounds, partly containing oxygen.
centrated media where the activity coefficients are differentMoreover, these compounds cover a wide range of reactiv-
from unity, in order to simulate the conditions of evaporating ity towards the atmospheric oxidants OH; énd NG (e.g.,
droplets and/or deliquescent aerosols. The influence of paAtkinson and Arey, 2003). Because of their complexity, such
rameters relevant to the atmosphere such as pH, TMI conteneaction systems cannot be easily simulated in the laboratory.
and ionic strength, which are likely to be highly variable in As a result, several recent investigations of biogenic SOA
the atmospheric aqueous phases and greatly affect oligomdermation have utilized emissions from real plants. These
rization processes, should also be examined. experiments complement laboratory studies of SOA forma-
tion from single compounds, and enable the interaction and
synergic effects of the different components in the emission
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mixture to be investigated. Moreover, such experiments willimportant loss process for VOCs. Mentel et al. (2009) in-
yield SOA formation potentials for emissions from individ- vestigated particle formation from emissions of boreal for-
ual plant species or plant groups, which can be characteristiest species in a twin chamber system using(8—-80 ppb)
of particular eco-systems. Such studies may serve to estimatnd OH radicals ((&2)x10’ cm~2) as oxidants. At total
the total flux of organic carbon into the particulate phase onVOC mixing ratios of less than 10 ppb, OH radicals were
an eco-system level (Mentel et al., 2009). needed to generate new particles under the conditions in the
McFiggans et al. (2004) oxidized the emissions of plant/reaction chamber, although almost all sesquiterpenes
macroalgae at elevated ozone levels to generate particles iere already consumed bysMefore OH generation. An
order to obtain information on new particle formation in average nucleation ratgz nm, of 40cnT3s~! and an aver-
coastal areas. According to their findings molecular iodineage condensational growth rate of 20 nn were observed,
directly released into the atmosphere from macroalgae mawhich are larger than those over a boreal forest, but com-
be more important for nucleation than organo-iodine com-mensurable with the factor of 10 increase in OH concentra-
pounds. Joutsensaari et al. (2005) studied particle formatiotions. Thresholds for new particle formation were signifi-
using VOC emissions from white cabbage. In this experi-cantly lower for the tree emissions than for purginene.
ment elevated ozone levels were added directly to the cham¥he measured SOA volume, average nucleation and conden-
ber that contained the plants, and enhanced VOC emissiorsational growth rates were linearly dependent on the car-
were triggered by exposing the plants to methyl jasmonatebon mixing ratio in the reactor. The SOA mass fractional
The observed particle formation rates were similar to at-yields obtained for tree emissions were in good quantitative
mospheric nucleation events, but growth rates were clearlyagreement (within 5-10%) with the data obtained for boreal
larger. From this observation Joutsensaari et al. (2005) conforests by Tunved et al. (2006).
cluded that the condensing species should not significantly All studies described above suggest that atmospheric
contribute to nucleation in the atmosphere and suggested thaierosol formation from real plant emissions is different from
stress-induced plant emissions may be an important factor ithat observed for the oxidation of single compounds. Stud-
new particle formation. In a second set of experiments theies using plants as an integral VOC source can help to con-
plant chamber was separated from the reaction chamber arfitm if the simple additivity of single compounds holds for
enhanced monoterpene emissions were triggered by infestingrediction of SOA formation and where more detailed un-
the cabbage plants with herbivores (Pinto et al., 2007). It waslerstanding is needed. Moreover, if the plants are stressed,
concluded that the monoterpene mixing ratio (ca. 30 ppb)emission strength and emission patterns change and this es-
arising from the cabbage, which contained limonene (30%)pecially may play a role in threshold controlled processes
as the main component, was too low to induce new particldike new particle formation. These types of results cannot in-
formation at ozone levels of less than 100 ppb. trinsically be produced by laboratory experiments with single
Generally, trees are expected to be the major sourcerecursors, but of course in field studies. However, in field
of VOC that contribute to SOA formation. VanReken et experiments the stability of conditions is limited and long
al. (2006) investigated particle formation from ozonolysis of observation times are needed to reproduce findings. This gap
holm oak and loblolly pine emissions using a twin chambercan be filled by controlled simulation experiments with real
approach. The biogenic emissions were generated in a typslants, which reflect the highly mixed natural states, and ap-
ical plant chamber and transferred into a second, dark reagaroach natural VOC concentrations and oxidant levels. The
tor, where ozonolysis and subsequent particle formation tookachievement of quantitative results in such simulation exper-
place. The VOC mixing ratios (several ppb) entering theiments is still complicated by the natural, biological variabil-
aerosol chamber during these experiments were lower thaity of plant emissions. However, separation of the plant en-
those used in most chamber studies, and approached the natosure and reaction chamber (VanReken et al., 2006) com-
ural canopy levels. Ozone levels were around 50 ppb. Partibined with thoroughly controlled conditions for plants and
cle formation from holm oak and loblolly pine emissions was stable parameters in the reaction chamber, can lead to repro-
compared to that obtained in a control experiment performediucible, quantitative results (Mentel et al., 2009). It seems
usinga-pinene (6 ppb). VanReken et al. (2006) found thatthat plant chamber studies as described above will provide
holm oak emissions were the least efficient particle sourcean important additional tool for laboratory and field studies
whereas emissions from loblolly pine produced more parti-directed toward understanding and quantifying natural pro-
cles tharw-pinene. However, the amount of particles formed cesses of particle formation.
during the events was variable for the same pine tree and a
simple relation between emission pattern and event strengtb.6 Interaction of atmospheric organic components

was not evident. This study demonstrated that particle for- with water
mation from biogenic emissions could be investigated under
conditions that approach the ambient atmosphere. Water vapor in the moist atmosphere may interact with or-

The studies discussed above appliegla the main ox- ganic aerosol components and their precursors in a number
idant for particle formation but oxidation by OH is also an of ways. Ignoring the potential dependence of the kinetics
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of gas phase reactions in the oxidative pathways of organiavater expressed in molar terms compared with the lower mo-
species on water vapor, these interactions may be classifieldr abundance of the higher MW organic components relative
as: to their C* values). Itis clear in Fig. 10 that there is a much

] . . stronger relative dependence of condensed organic mass on
1. Impact on the loading of organic aerosol by influence py 4t 10w organic molecular abundance@m—2 B and

of relative humidity on the partitioning of SOA compo- 1ugm~3 C) than at high abundance (20gm—3 B and

nents between the gas and aerosol. 100xgm~3 C) and therefore that the precursor concentra-
2. Changes in the ambient water content and size Oﬁion at which SOA formation experiments are conducted will
aerosol particles in the sub-saturated moist atmospheréifiuénce the observed RH dependence. .
with varying relative humidity. In contrast to these predictions, chamber studies have only
reported modest RH effects on SOA mass (Cocker et al.,
3. Nucleation of cloud droplets on aerosol particles con-2001a, b), though substantial effects on particle mass and
taining organic material as water vapor concentrationnumber have been reported in flow-tube studies (Jonsson et
increases above a critical threshold and the growingal., 2006). A challenge in these studies is that water can par-
droplet successfully competes for available water vaporticipate as a reactant in the gas-phase chemistry leading to
SOA formation, so deconvolving RH effects on the phase-
partitioning thermodynamics and water effects on the chem-
istry can be a challenge. Hygroscopic growth experiments
provide an important additional constraint, as it is the pres-
ence of water in the organic phase that suppresses the or-
Of course, these processes will overlap to varying degreeganic vapor pressures in the theoretical calcylat?ons. To the
such that hygroscopic growth or cloud droplet activation of &xtent that hygroscopic growth of pure organics is relatively
aerosol particles will increase the liquid water content and!OW. the activity coefficient of water in the organic phase is
hence the equilibrium concentration of soluble aqueous ordreater than unity. Not only does this reduce the water frac-
ganic components, for example. However, these classificalion in the organic phase, but, via the Gibbs-Duhem rela-
tions will first be considered in turn, before addressing suchtionship, it raises the organic vapor pressures as well. For

4. Nucleation of ice crystals on organic aerosol behav-
ing as ice nuclei, or freezing of aerosol containing or-
ganic material that had previously activated into liquid
droplets.

complications. example, the 1,3,5-trimethylbenzene SOA experiments re-
ported by Baltensperger et al. (2005) show much lower hy-
5.6.1 The effect of relative humidity on secondary groscopic growth at 85% RH than one would predict for wa-
organic aerosol formation ter forming an ideal solution with M\y/ganic=180¢ mot?,

especially early in the experiment, consistent with an activity
Seinfeld et al. (2001) and Seinfeld and Pankow (2003) con-coefficient for water in the SOA of considerably more than 1.
sidered the means by which water vapor may impact on theThat in turn means that there will be less water in the organic
equilibrium concentration of SOA mass by reference to themixture at a given RH, which finally will reduce the effect of
conventional formulation of the equilibrium coefficientin ab- RH on the organic vapor pressures. The generality of such
sorptive partitioning K ,, used in Egs. (1)—(3). An increase results should be investigated. A broader discussion of the
in each component present in the aerosol phase can be amle of water in absorptive partitioning through its effects on
complished by decreasing the average molecular weight o€ondensed molar mass and its contribution to the overall con-
all condensed species, M)y, decreasing the component ac- densed mass may be found in Barley et al. (2009) and of the
tivity coefficient¢; or increasing the absorptive particulate effects of non-ideality and phase separation of hydrophobic
mass,C,,. Since water has a very low MW it will always and hydrophilic components in absorptive partitioning in Er-
tend to increas& , by decreasing MV),,. However, the ac-  dakos and Pankow (2004).
tivity coefficient variation with RH will be more complex and
depend largely on the hydrophilic nature of the partitioning 5.6.2 Hygroscopic growth
organic components.

If water is incorporated as a partitioning component into The hygroscopicity of a particle describes its equilibrium wa-
the standard partitioning theories, with an assumed activityter content at a known humidity. Hygroscopicity is an abso-
coefficient of one, changes in RH are found to have profoundute quantity, referenced to the known dry state. In the lab-
effects on aerosol mass. This is simply a result of water beingratory, it may be measured with a hygroscopicity tandem
the most abundant semivolatile component in the atmospherdifferential mobility analyzer (HTDMA) or by single parti-
by many orders of magnitude. For example, Fig. 10 showscle techniques such as the electrodynamic balance (EDB) or
calculations for a test system of two compounds, B and C in-optical tweezers (Hanford et al., 2008). The HTDMA com-
teracting with water. The resulting RH dependence is largepares the mobility diameter at dry conditions with that at
owing to the low molecular mass of water (i.e., the high at-enhanced RH, from which a (diameter related) hygroscopic
mospheric molar abundance compared with@fevalue of  growth factor (GF) is determined. The water fraction of the
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particle is then calculated assuming particle sphericity (ar
volume additivity on dissolution or adsorption of water). Ir
the EDB the particle is levitated by adjusting a voltage fo
compensating the increase in gravitational force on water u e
take; this method thus determines a mass related water |
take. The EDB requires particles with a diameter of at lea
about 5um, and is thus only suited for the laboratory. The
HTDMA is used both in the laboratory and in the field. Swi-
etlicki et al. (2008) provided a recent review on HTDMA
measurements in the field. Zardini et al. (2008) reported
comparison of HTDMA and EDB data for mixtures of am- Sr%ajé’égc;&‘g ol
monium sulfate and different carboxylic acids. i ofgawrgi. med |
Soluble inorganic particles exhibit a distinct deliquescenc H0+0rgg+0rg,, med
RH, where particles suddenly change their state from a d 3rgc)ﬂ++§rrgc+'g'rgh ol
particle to a saturated solution, associated with a sudd 102 R bt kAL

. . . 0 10 20 30 40 50 ] 70 a0 a0 100
change in the diameter. On further increase of RH the pe Relative Huridity, %

ticle becomes more diluted, resulting in a f“rtheﬂBSFg ?ﬁe Cbhdensed mass predicted in the partitioning of water and two organic component
the diameter. On decreasing the RH the partiglg dogs,RRkigdifiGopdensethmasspredisted hhelparifaning.afoaienans m>. U
crystallize at the deliqguescence RH (DRH) but saibehsiayanasorganit'compohdhtsdR-andsGs egsivaiing tidealitybBahd tvhaxs of 100
liquid in a supersaturated solution, exhibiting hystegesis(legénotasshaased Yinsalums! 6. OThcathde0 Bidnwdlonrs theimghmeféct of varying
til it crystallizes at lower RH known as the effl0ré@@éﬁtﬁwhﬂaﬁéwgﬁ’iw&iﬂ%r%§t§1®éﬁ@i3d,2tfﬂ§ ndfiaent t phagsiponent B
(ERH). 0.004, 0.04, 0.4 gmeder yAidEsod 100 e A ahvofpers et Cilays Badiempid peh cases).
Marcolli et al. (2004), Marcolli and Krieger (2006) and and 0). The three pairs of curves show the eﬁe%t of varying the

Meyer et al. (2009) showed that organic compounds carfot@! organic abundances of 0.008, 0.08, /ngol m~ (%320 and

reduce the DRH of mixed particles compared with parti- 200u.gm )gfscomponentBand 0.004, 0.04, mmolm (1,10

cles containing only inorganic components, thus enabling theand 10G.gm™) of component C (low, medium and high cases).
inorganic components to be partly solubilized below their
DRH. The ERH of particles mixed of ammonium sulfate and o o ) o
limonene ow-pinene SOA have been found not to differ sig- may |n.d|cate that. oxidation overwhelms ohgo_merlzatlon in
nificantly from the ERH of pure ammonium sulfate particles the aging of particles formed by self-nucleation. Further-
(Takahama et al., 2007). However, aged ambient aerosol paf0e; an increased hygroscopic growth was found for a de-
ticles, as typically found at remote sites such as the high-créasing chamber VOC precursor concentration (Duplissy et
Alpine site Jungfraujoch, do not show efflorescence at RH adl-» 2008). This may be explained by partitioning of higher
low as 10% (Weingartner et al., 2002). From such field mea.volatility (less polar) compounds into the aerosol at high con-

surements it may be implied that, for atmospheric aeroso|Sf:entrations, as described in Sect. 4.3.2. Decreasing the VOC

the presence of SOA will enable the water uptake of the in-Precursor, hence molecular abundance of partitioning organ-

organic fraction at RH values lower than the DRH of the in- I°S and aerosol loading down to atmospherically relevant val-
organic component. ues thus results in an increase of the hygroscopic growth fac-

The hygroscopic growth of SOA has recently been inves-O"-

tigated in several simulation chamber studies (Baltensperger Hygroscopic growth has also been investigated for
et al., 2005; Varutbankul et al., 2006; Duplissy et al., 2008).HULIS, which are frequently used as model compounds for
No efflorescence or deliquescence has been found in theseOA. Both HULIS extracted from atmospheric aerosols and
studies. Hygroscopic growth has been found to increase witfstandard material such as SRFA have been investigated (Gy-
aging time under the chamber conditions (Baltensperger e$€l et al., 2004; Baltensperger et al., 2005; Dinar et al., 2007;
al., 2005; Duplissy et al., 2008), with such an increase beingZiese et al., 2008). In general, these samples showed similar
consistent with oxidation of the SOA particles during aging. hygroscopic growth.

Oligomerization is another process thought to take place dur- The water content can be calculated by accounting for the
ing aging. In chamber experiments, dimers and trimers havéonic and molecular interactions (solving the water equation
a lower O/C ratio than monomers (Reinhardt et al., 2007). Inwithin an energy minimization) or can be evaluated by use
line with this observation, Altieri et al. (2008) reported that of relationships derived from mixing rules, such as that of
the ratio of organic matter to organic carbon (OM/OC) in the Zdanovskii, Stokes and Robinson (ZSR) (Stokes and Robin-
oligomers (1.0-2.5) was lower than the OM/OC in the or- son, 1966). Whichever method is used to evaluate multi-
ganic acid monomers formed, suggesting that the oligomergomponent water content, the prediction must include the
are less hygroscopic than the organic acid monomers in thevater associated with all components. Such binary aque-
investigated system. An increase in hygroscopicity with timeous solution data may be readily available for inorganic

Aerosol Mass Variation with Relative Hurnidity

Aerosol Mass, |,|_gm'3
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systems of atmospheric importance, but are seldom availwhere HTDMA measurements were accompanied by de-
able for atmospherically-representative organic compoundstailed chemical measurements sufficient to perform a hy-
necessitating the use of models to predict the water activgroscopicity closure (McFiggans et al., 2005; Aklilu et al.,
ity in the aqueous organic solution. A number of approache2006; Gysel et al., 2007; Sjogren et al., 2008). McFiggans
have been used, including; (i) explicit considerations of com-et al. (2005) and Gysel et al. (2007) showed that, in atmo-
pound interactions requiring compound specific laboratoryspheric particles, water uptake is to a great extent determined
data, e.g., the extended ZSR approach of Clegg and Simorby the inorganic constituents. It was found to be more im-
son (2001); (ii) empirically-fitted approaches such as UNI- portant that the chemistry and instrumental behavior of the
QUAC (Ming and Russell, 2002); (iii) more generalized inorganic compounds was well-characterized, e.g., if sulfate
group contribution techniques such as UNIFAC (Topping etwas present as ammonium sulfate or ammonium bisulfate
al., 2005a, b). Various developments have been made tand whether ammonium nitrate was present, than if the hy-
UNIFAC in order to most appropriately treat atmospherically groscopic growth factor chosen for the organic components
relevant components through development of new group inwas accurate.
teraction parameters (Peng et al., 2001), based on emerging
laboratory data. The contribution to the water content by5.6.3 Cloud condensation nucleation behavior
a number of organic components may be directly evaluated
within the organic activity coefficient model, and combined The activation of an aerosol particle into a cloud droplet is
with the water associated with the inorganic components indetermined by the size of the particle and its composition. A
a coupled model (Topping et al., 2005b). Such models maycomplete discussion of the processes controlling warm cloud
(Ming and Russell, 2002; Erdakos et al., 2006a, b) or may nodroplet activation is provided by McFiggans et al. (2006).
(Topping et al., 2005b) explicitly account for interactions be- With respect to the effect of organic components on CCN
tween inorganic and organic solutes. The AIOMFAC model behavior of atmospheric aerosol, there are several considera-
reported by Zuend et al. (2008) is based on LIFAC with tions. Organic molecules may influence both the Raoult and
improved treatments of the mid-range interaction terms en¥elvin terms of the Kohler equation by their effect on the
abling superior treatment of inorganic and a limited numberwater activity and surface tension of the activating aerosol
of organic components (alcohols and polyols) in multicom- particle.
ponent aerosol. A recent detailed comparison with labora- The cloud forming potential is closely related to the hy-
tory measurements has shown that both coupled and uncog@roscopic properties of the aerosol, and is typically probed
pled treatments of inorganic and organic components captureith a cloud condensation nuclei counter (VanReken et al.,
water uptake behavior adequately (Hanford et al., 2008). Al-2005; Prenni et al., 2007; Duplissy et al., 2008; Engelhart
ternatively, the contributions may be lumped and treated inet al., 2008). VanReken et al. (2005) found a decreasing
an additive manner as in the ZSR technique, which may béygroscopicity (increased supersaturation required for acti-
applied as outlined below. vation at a given size) with aging time for SOA from seve-
The hygroscopic growth factor of a mixture (ikeg) is ral biogenic precursors and attributed this to an increased
estimated from the growth factors of the individual compo- degree of oligomerization, while Duplissy et al. (2008) re-
nents of the aerosol and their respective volume fractians, ported a decreasing required supersaturation with aging time,
1/3 in line with the simultaneously observed increasing hygro-
GFixed= ngGF]§> (12) scopic growth determined with an HTDMA. Similarly, En-
z gelhart et al. (2008) reported thafpinene SOA experienced

where the summation is performed over all compoundsa decrease of the particle activation diameter of approxi-

l . .
presentin the particles. The model assumes that the particlensq"j‘t(EIy dnmh dunng aging. e .,
are spherical, there is ideal mixing behavior (i.e., no volume Recently the semi-empirical *Kohler theory” (Petters

change upon mixing) and independent water uptake by th&nd Kreidenwe_is, 2007 and references therein) was intro-
organic and inorganic components. The volume fractigns duced to describe the hygroscopic growth as a function of

of the components in the particles are calculated as relative humidity (so-called humidograms). Hexeis a sin-
gle free parameter of the *Kohler theory”, capturing all

= _wi)/(pi) (12) compound properties as well as the degree of dissociation

2k (wi/ pi) and deviations from ideal behavior as a function of water ac-
wherew); is the measured mass fraction aidhe density of  tivity, thus determining the hygroscopic growth. Whilst it is

component. unlikely that general agreement may be obtained with this

A number of laboratory studies have shown that the ZSRapproach to link sub-saturated and supersaturated beha-vior,
relationship is generally valid within experimental error (e.g., it may have value under well-defined conditions. Seve-ral
Choi and Chan, 2002; Svenningsson et al., 2006; Varutstudies have found that, within error, reconciliation of growth
bangkul et al., 2006; Moore and Raymond, 2008; Sjo-factor and CCN activation from chamber studies of SOA
gren et al., 2008). Relatively few field studies are reportedcan be achieved using such an approach with the surface
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tension of water (e.g., Duplissy et al., 2008). Engelhart etammonium salts due to reaction of ammonia with slightly
al. (2008) reported that the CCN activity afpinene and  soluble organic acids (such as adipic acid) can affect the CCN
mixed monoterpene SOA can be modeled by a very simpleactivity and hygroscopic growth of aerosols with a signi-
implementation of Khler theory, assuming complete disso- ficant organic component. The findings are relevant to or-
lution of the particles, no dissociation into ions, a molecular ganic components containing carboxylic groups and require
weight of 180gmot?, a density of 1.5gcm?®, and a sur-  the presence of water in the aerosol. It was also found that
face tension to within 10-15% of water. However, Prenni etthe effects are stronger for less soluble organic acids. Prisle
al. (2007) found that measured droplet activation conditionset al. (2008) showed that it was necessary to consider par-
were inconsistent with hygroscopicity measured below watettitioning of organic molecules between the bulk and surface
saturation and Bhler theory expressions based on Raoult’s of an activating cloud droplet to correctly predict measured
law for several parameterizations of water activity for SOA CCN behavior of the sodium salts og@ Cy4 fatty acids,
formed in ozonolysis of-pinene and other precursors. Di- confirming the predictions made by surface partitioning the-
nar et al. (2007) found that the approach works reasonablyry.
well for SRFA samples but is limited in use for the HULIS
extracts from smoke- and pollution-derived aerosol particles5.6.4 Ice nucleation
stating that the difficulties arose from uncertainties with the
GF measurements at high relative humidity, leading to largeln general ice nucleation can occur in the atmosphere in two
errors in the predicted CCN activity. It is also possible that fundamental ways: through homogeneous freezing of liquid
surface tension could have played a role in the activation ofsolution droplets and through heterogeneous interaction on
the HULIS extracts. More research is needed to elucidate th@ particulate nucleus. Homogeneous nucleation, or freez-
reasons for these different observations. ing, occurs at temperatures below about 240K, while hete-
Surface-active compounds may have a significant potenrogeneous freezing may occur at much higher temperatures
tial to increase the predicted cloud number concentration anéind just slightly below 273 K. For both processes, nucleat-
thus radiative forcing in cloud simulations, when compareding efficiency not only depends on temperature but also on
with simplified simulations assuming the properties of am-the chemical composition of the droplets or particles. On
monium sulfate (Ervens et al., 2005; McFiggans et al., 2006)}the other hand, when the nucleation of ice from supercooled
and may thus be of high atmospheric relevance. Cloud acaqueous solutions is described as a function of the water ac-
tivation behavior prediction using theoretical calculation of tivity of a solution, the ice nucleation process becomes inde-
surface tension was shown to give reasonable agreement witpendent of the chemical composition (Koop, 2004), indicat-
laboratory measurements for pure component organic partiing the nature of the solute is unimportant for the freezing
cles generated in the laboratory (Rissman et al., 2007). Howprocess. There is further evidence that a similar dependence
ever, recent developments in the theory of partitioning of sur-is also true for heterogeneous ice nucleation in the immersion
face active materials between the bulk and surface of growingnode (Zobrist et al., 2008a) and for dust particles with so-
aqueous droplets (Kokkola et al., 2006; Sorjamaa and Laaktuble coatings in the deposition/immersion model (Archuleta
sonen, 2006) indicate that, when agreement is achieved iet al., 2005).
such studies using the simplified approach, this is likely to The majority of work on organic aerosol components and
result from cancellation of errors in the underlying assump-their influence on homogeneous freezing has mainly fo-
tions. Such complete cancellation cannot generally be aseussed on small organic acids. While some laboratory stud-
sumed. In addition, although the critical supersaturation of aies indicate that low molecular weight dicarboxylic acids
particle may be correctly predicted using the simplified ap-exhibit identical freezing behavior as sulfate (Wise et al.,
proach, there may be significant differences in the predictior2004), others have indicated that homogeneous freezing of
of critical diameter. McFiggans et al. (2006) provide a dis- low molecular weight dicarboxylic acids is not as efficient
cussion of the potential effects of component-limited solu-as for inorganic aerosol components (Prenni et al., 2001).
bility and the possible effects of film-forming compounds Also field measurements indicate that organics could impede
on CCN behavior relevant to organic aerosol componentsice nucleation since these measurements have revealed that
More recent modification of &hler theory to account for ad- organic containing aerosols are less abundant than sulfate
sorption to wettable but largely insoluble compounds (Sor-aerosols in ice cloud particles when compared to intersti-
jamaa and Laaksonen, 2006) has predicted that such prdial aerosols (DeMott et al., 2003; Cziczo et al., 2004a, b).
cesses may account for activation of such components aBased on a modeling approachather and Koop (2005)
atmospherically-reasonable supersaturations and further thexplain this poor partitioning of certain organics into the ice
oretical and laboratory work is needed to investigate this bephase primarily by a disparate water uptake and resulting size
havior. differences that occur between organic and inorganic parti-
Two recent studies have investigated the CCN behaviorcles prior to freezing. The situation is less clear with re-
of mixed inorganic/organic particles from different perspec- spect to the influence of organic aerosol components on he-
tives. Dinar et al. (2008a) suggested that the formation ofterogeneous ice nucleation processes. Zobrist et al. (2006)
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measured the heterogeneous freezing points with several inganic carbon (Mhler et al., 2005). These effects were very
mersed dicarboxylic acids and found that only oxalic acid, inrecently interpreted by the possible presence of a highly vis-
the form of its dihydrate, acts as a heterogeneous ice nucleusous or glassy state in solutions of larger organic molecules
with an increase in freezing temperature between 2 and 5 K(Murray, 2008; Zobrist et al., 2008b). Furthermore, Prenni
Long-chain alcohols have also been found to catalyze theet al. (2009) investigated the ice nucleation behavior of SOA
freezing of solutions of ammonium sulfate and sodium chlo-particles generated by the ozonolysis of 25 different alkenes.
ride (Popovitz-Biro et al., 1994; Seeley and Seidler, 2001;None of these SOA particles showed measurable signatures
Cantrell and Robinson, 2006; Zobrist et al., 2008a). Forof heterogeneous ice nucleation at a temperature of 243 K.
the alcohol systems, it is believed that the organic moleculesHowever, the laboratory studies mentioned above are per-
self-assemble at the air-water interface into two-dimensionaformed at precursor concentrations significantly greater than
crystals with a structure similar to the basal plane of ice. Inthose commonly occurring in the atmosphere, influencing the
the case of oxalic acid the crystallization of the oxalic acid chemical composition of SOA. As already mentioned above,
hydrate within the aqueous solution is assumed to result irin Sects. 3.2. and 4.1.2, as the mass concentration of organic
organic crystals, which act as immersion mode freezing iceaerosol rises in a chamber experiment, compounds of higher
nuclei. Further interesting results with respect to the influ-volatility (and different chemical functionalities) progres-
ence of organics on ice formation were recently publishedsively partition into the aerosol phase, potentially changing
by Beaver et al. (2006), who studied the effects of carbonylthe physico-chemical behavior of the organic phase. Such
compounds on the ice nucleation of sulfuric acid in the la-effects have already been observed experimentally for the
boratory and observed that the physical properties of the oreloud activation potential of SOA for atmospheric mass load-
ganic compounds (primarily the solubility and melting point) ings (King et al., 2009) and it remains to be explored if they
play a dominant role in determining the inferred mode of also play a role for the ice-forming properties of organics.
nucleation (homogeneous or heterogeneous) and the specifimilarly, changes of chemical functionalities of organics as
freezing temperatures. Highly soluble, low-melting point or- a consequence of homogeneous or heterogeneous aging or
ganics caused a decrease in aerosol ice nucleation temperarganic aerosol components are not covered in conventional
tures when compared with aqueous sulfuric acid aerosol -ehamber experiments.
in agreement with the homogeneous freezing experiments In summary, it remains unclear how important the chemi-
mentioned above. In contrast, sulfuric acid particles exposeaal nature of the organic compounds is with respect to their
to organic compounds of higher molecular weight, of much ability to serve as ice nuclei or their potential to impede or
lower solubility and higher melting temperatures, nucleateeven inhibit ice formation, since the implications of individ-
ice at temperatures above aqueous sulfuric acid aerosols. Aptal solubility, melting temperature, surface activity or glass-
parently, partial crystallization of organic molecules changesforming properties of organics are not quantitatively under-
the freezing mode from homogeneous to heterogeneous. Thstood. Certainly additional laboratory work and field mea-
precipitated crystal, possibly an organic solid, might then in-surements in clouds in the upper troposphere are needed in
duce heterogeneous ice nucleation at the liquid/solid interthe future to understand the role of organics in ice nucleation.
face.

Finally, there is another potential effect of organic aerosol5.7 Thermodynamics and mixtures in atmospheric
components on ice cloud formation — the influence of organic models
surface layers. For example, organic films on the aerosol sur-
face have been used as one explanation for supersaturatiokBder the non-ideal conditions expected to be encountered
with respect to ice exceeding 100% observed in the tropicalinder self-nucleating conditions in simulation chambers, or
tropopause (Jensen et al., 2005). The idea is that dense adnr organic component condensation in chambers or the at-
ganic films might reduce the accommodation coefficient formosphere, the activity coefficients of the condensing organic
the uptake of water, resulting in aerosols with more concencompoundsy;, are required in the calculation of the, ;
trated solutions, with lower activities, and correspondingly (or C;) values. The UNIFAC group contribution method is
inhibited homogeneous freezing. Alternatively, if water rich widely used for calculating activity coefficients in liquid non-
aerosols were fully covered with organic surfactants, nucle-electrolyte mixtures, including organic compounds and wa-
ation might be suppressed if it started preferentially at theter. Several studies have made use of UNIFAC in calculating
surface (Tabazadeh et al., 2003; Peter et al., 2006). In adhe formation and hygroscopic properties of organic partic-
dition, there have been recent studies on ice nucleation omlates (e.g., Jang et al., 1997; Pankow et al., 2001; Peng et
pure SOA particles as well as on mineral dust particles coatedl., 2001; Seinfeld et al., 2001; Erdakos and Pankow, 2004;
with SOA (Mohler et al., 2008). SOA significantly reduced Erdakos et al., 2006a, b). Semi-empirical group contribu-
the ice nucleation efficiency in both the homogeneous andion methods such as UNIFAC are broadly suitable for atmo-
the heterogeneous ice nucleation case, requiring very largepheric applications because a small number of functional
supersaturations before ice particles could be observed. Sgroups can be used to represent a large number of organic
milar results were obtained for soot particles covered by or-components. The group interaction parameters account for
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differences in the molecular interactions between pairs ofthe interaction of organics and inorganics within this phase.
functional groups in solution under the assumption that theirConsequently, the validity of this assumption is not general
contributions to the component activity coefficients are addi-and it is desirable to develop approaches that do not rely on
tive and independent. such a priori conditions. In general, all components may be
Because field evidence suggests that organic aerosol conpresent to some degree in all phases. In particular, high po-
ponents invariably do not exist in the absence of inorganiclarity organic components may be present at significant con-
components, a wide variety of approaches have been usetkntrations in an aqueous phase (e.g., Meyer et al., 2009)
to treat multicomponent particles. The models of Clegg etand salts may be present in a predominantly organic phase at
al. (2001) and Ming and Russell (2002) may be used if theconcentrations that affect all component activities.
concentrations of organic compounds in mixed aqueous salt Clegg and Seinfeld (2006a) demonstrated that the
aerosol are so low that water may be considered the solextended-ZSR approach first proposed in Clegg et al. (2001)
vent. Similarly, if the particles comprise organic and water is reasonably accurate when carboxylic acids are not allowed
solutions with inorganic salts present at concentrations sufto dissociate. When carboxylic acids are allowed to dissoci-
ficiently low for the organic/water mixture to be considered ate, the extended-ZSR only yielded reasonable results when
the solvent, the formulations of Kikic et al. (1991) or Erdakos the non-dissociating support ion is present at medium to high
et al. (2006a, b) may be appropriate. concentrations (Clegg and Seinfeld, 2006b). This was bench-
Raatikainen and Laaksonen (2005) presented an evaluanarked against a complex Pitzer-type model based on all
tion of the capabilities of multi-component activity coeffi- multicomponent equilibrium data.
cient models for atmospheric applications. These included: The X-UNIFAC.3 model of Erdakos et al. (2006b) enables
(i) models combining group contribution models for organic consideration of phase separation by applying correction to
components and ionic interaction models for inorganics:the model terms and constraint on parameters in predicting
Ming and Russell (2002) combining UNIFAC (including component activity coefficients to avoid activity coefficient
modifications to account for differences in molecule polar- re-expression relative to the same reference state in each
ity) and the Pitzer, Simonsen, Clegg (PSC) mole fraction ionphase, which would otherwise be necessary. The model is
interaction model and Topping et al. (2005a, b) combiningapplicable to carboxylic acids and hydroxycarboxylic acids
UNIFAC and the PSC model, (ii) an extension of UNIFAC and was demonstrated for a limited number of mixed systems
to include group interaction parameters for ions and (i) awith these compounds, salts and water. There are severe data
modified version of LIFAC (Yan et al., 1999), a group con- limitations in the approach limiting the specific model appli-
tribution version of the LIQUAC model of Li et al. (1994).  cability, but the generality of the approach is encouraging.
The Raatikainen and Laaksonen (2005) version contains |t can be seen that there are a number of modeling
optimized interaction parameters for atmospherically rele-tools capable of making activity coefficient predictions in
vant components such as dicarboxylic acids and hydroxysingle phase and multiphase solely organic or mixed or-
carboxylic acids. All the above models are capable of pre-ganic/inorganic and aqueous solution particles. There is,
dicting activity coefficients in single-phase multicomponent as yet, no generally applicable model, but appropriate care-
mixtures with reasonable but varying degrees of skill. How- fu| selection of model and laboratory SOA formation sys-

ever, phase separation is not easily treated in these formulaems should allow reasonable representation of activity coef-
tions. A general method for predicting activity coefficients ficients in partitioning calculations.

for solutions containing significant amounts of organic com-
pounds, inorganic electrolytes and water does not exist; nor
do the data require the construction of such a general frames Future research directions
work applicable across the full range of atmospheric organic
compounds. The topics discussed in this review demonstrate the immense
It has been assumed in some studies that two stable liprogress made in our understanding of SOA over the past
quid phases are present in the ambient aerosol (equivalent tb0 years. We now possess much better knowledge of detailed
fully externally mixed particle populations): one hydrophilic processes and how they affect SOA formation, properties and
containing mostly water and inorganic electrolytes, the othempossible environmental impacts. Despite this, there are still
hydrophobic comprising mainly organic components. Thissignificant gaps in our knowledge which places limitations
assumption allows the hydrophilic phase to be treated as ann our ability to quantify and predict SOA in the ambient at-
aqueous electrolyte solution, and the less polar hydrophobienosphere. In light of the progress made and problems iden-
phase as a non-electrolyte solution. The system can then ktified, several emerging issues pose challenges which need to
treated by previously-reported activity coefficient methods, be addressed via a combination of laboratory, field and mod-
e.g., in line with Griffin et al. (2003). The model of Griffin et eling studies. These key issues are discussed below. They
al. (2003) does not include inorganic components in the nonare not listed in order of priority but rather as a guide for
agueous phase and allows organics to partition to both confuture research directions. In general, it is pointed out that
densed phases. However, it does not account adequately fonany of the items on this list require faster and more accurate
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analytical tools which may open avenues for exploring agraphical locations or times. The potential enhancement of
wider range of phenomena. Other major challenges includeBSOA by anthropogenic pollution needs to be evaluated in
an improved understanding of the fundamental processes rehe field by analyzing BSOA formation during periods of
sponsible for SOA formation and how they affect composi- high and low pollution.

tion, and the design of simulation experiments which more Use of data from simulation chambersBottom-up esti-
closely reflect the conditions and complexity of the real at-mates of SOA formation fluxes rely on data generated from

mosphere. simulation chamber experiments. However, the yields of
SOA from individual precursors appear to be highly depen-
6.1 SOA budget dent on experimental conditions. Further work is clearly re-

quired to establish the most appropriate parameters for in-
Further research in the following areas should help to reducg|ysion in global models. Despite the complexities involved,
the large uncertainty associated with the SOA budget. these data need to be understood in terms of chemical and
Missing BVOC- It is plausible that large sources of or- gas-particle partitioning mechanisms before reliable extrap-
ganic compounds are yet to be identified. This may be a repjation to the ambient atmosphere can be placed on a sound
sult of current limitations associated with detection and anal-hasis. This will require substantial improvements in our un-

ysis tools and may be addressed, for example, by measuringerstanding of the chemical mechanisms and the thermody-
the entire reactivity of radicals towards organics in order tonamics of such complex gas-particle mixtures.

estimate the total organic burden in the atmosphere in dif- additional SOA precursors The potential importance of
ferent environments. A complementary approach would beaqgitional sources of SOA (newly discovered and previously
to use less specific detectors in order to detect unidentifieginconsidered precursors, such as acetylene and oxygenated
compounds in ambient and in plant chamber studies in orgyoCs) should be explored. A large source of missing bio-
der to assess the amount and the main functional groups qenic VOCs that result in SOA likely also includes plant
these species. 2-D separation methods may provide such agaf volatiles (Hamilton et al., 2009) and oxidation products

avenue for these investigations. of primary plant material containing unsaturated fatty acid
Improved quantification of BSOA in the fieldThe quan-  residues.

tification of BSOA in the field using highly time-resolved
techniques has remained a challenge due to the difficulty ir6.2 Fundamental understanding of processes leading to
separating the relatively low formation rates from variations SOA formation
due to advection and other OA sources. Future highly time-
resolved studies (e.g., using AMS, PILS-WSOC) should belmproved understanding of VOC oxidatienh The atmo-
performed at locations that are expected to be dominated bgpheric degradation mechanisms for many established SOA
BSOA to evaluate the biogenic signal more clearly. New precursors (e.g., monoterpenes, aromatics) contain a high
techniques that eliminate the influence of the backgroundevel of uncertainty, particularly in relation to the reac-
OA, such as flux measurements, or that use more specifitivity of certain oxidation products. There is a general
biogenic tracers such as carbonyl sulfide uptake, may provéack of information on the degradation reactions of multi-
to be effective. functional oxygenates containing combinations of the key
Improved quantification of SOA formation from biomass functional groups (i.e., -C(=O)H, -C(=0)-, -OH, -ONQO
burning — Very recent results indicate that SOA formation -C(=O)OONGQ, -C(=0)OH, -OOH and -C(=0O)OOH) and
from biomass burning emissions can be very important undethe further degradation of organic nitrates and hydropero-
some circumstances and minor in others. The observed varxides is particularly poorly characterized, even though these
ability is likely to stem from the high variability of the gas, are comparatively significant product classes which poten-
semivolatile, and particle emissions from BB due to combus-tially play a role in SOA formation. The role of Nginitiated
tion conditions (flaming vs. smoldering) and fuel burned, aschemistry in SOA formation has largely been neglected and
well as atmospheric variables (injection height, wet removalthe chemical mechanisms for the atmospheric degradation of
in pyroconvection). Additional field studies are needed toother potential SOA precursors, such as sesquiterpenes, long-
characterize this potentially important SOA source. chain alkanes and oxygenated BVOC, are also in need of im-
Addressing the discrepancy betwe#C analysis and  provement.
highly time-resolved studiesThe apparent contradiction be-  Gas-particle partitioning— The link between the fun-
tween results based dAiC analysis that attribute most SOA damental understanding of gas-particle partitioning and its
to modern sources and those from highly time-resolved studapplication to atmospheric or laboratory generated SOA is
ies that point to anthropogenic pollution as the dominantcomplex. Several factors complicate the interpretation of
source of SOA needs to be a focus of future work. Newdata such as the nature of the condensed phase, effect of
field studies should strive to include both types of measuretemperature and the validity of thermodynamics and solu-
ments to allow a more direct comparison and to address th&on theory for non-ideal partitioning. In addition, the appli-
possibility that the different findings are due to different geo- cation of fundamental data, such as vapor pressures, molar
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activity coefficients and the mean MW of the condensingorganic nitrates, oligomers and other higher-MW com-
phase has proven to be difficult. Further improvements inpounds. Many of these species remain poorly characterized.
the use of gas-particle partitioning theory to interpret experi-Missing information includes the identity, concentration, for-
mental data, obtained in both laboratory and field studies, arenation pathways and possible roles in affecting surface ten-
required. sion, optical properties, reactivity and CCN activity of SOA.
Condensed phase reactionsThe wide range of higher- New analytical methods should be developed to extract, iden-
MW products detected in laboratory-generated SOA havdify and quantify these compounds. While the formation of
resulted in many proposed reactions occurring in the con-oligomers has been firmly established in laboratory expe-
densed phase. Further work is required to investigate theiments, it is still uncertain whether they are formed under
key processes (e.g., oligomerization, organosulfate formaambient conditions. There are still abundant unknown SOA
tion) under conditions relevant to the atmosphere. constituents, even first-generation products detected in la-
Aqueous phase reactiorsChemical and photochemical boratory chamber studies, which are present in ambient and
processes in the atmospheric aqueous phase may lead pant chamber aerosol and need to be structurally elucidated.
the formation of polyfunctional organic compounds in di- Given their chemical complexity, efforts should be made to
luted droplets, which play an important role in condensationisolate and purify key species and to establish their chemical
reactions leading to oligomers and SOA when the organicstructures, where use could be made of available advanced
concentrations increase during cloud evaporation. Howevermultidimensional MS and NMR techniques.
the scientific knowledge of photochemical processes of or- High time resolution techniques The development of
ganics, especially polyfunctional compounds, in the atmo-measurement techniques with high time resolution would be
spheric agueous phases is still quite limited and needs furvery beneficial for mobile platforms by providing fast mea-
ther investigation. Future studies should take into accounsurements of more components, e.g., tracers or functional
the influence of different parameters relevant to the atmo-groups. The recent methods providing data at high time re-
sphere such as pH, TMI content and ionic strength, whichsolution like mass spectrometry should be developed further
are likely to be highly variable in evaporating droplets, and to allow for less costly and labor-intensive deployments over
could greatly affect the oligomerization processes. longer time periods, a key issue for long-term monitoring.
Detection and quantification of nanoparticles Nucle- Methods that could be easily deployed and operated at multi-
ation of new particles is recognized as a widespread pheple locations are beneficial for field campaigns or for longer-
nomenon but the exact mechanisms of initiation and growthterm monitoring. This would allow for better possibilities to
are not well-known. A major challenge is posed by the evaluate and validate Eulerian type models.
minute mass of the nucleation mode particles. Standing is- Characterization of SOA formation and aging processes
sues include identification of the main nucleating agents, the- Recent field results, mostly from anthropogenic pollution,
possible role of organics in nucleation, and the contributionsuggest that SOA formation occurs in a timescale of one day
of organics to the growth mechanism. New instrumentationafter emission of the precursors, while aging of the SOA is
dedicated to these issues is urgently required. The missingapid at first and continues at a slower rate for at least a week.
parameters need to be studied in different environments (urMeasurements of organic aerosol density could be used to
ban, rural, remote locations) in order to be able to includeprovide information on atmospheric processing and aging of

nucleation in a meaningful manner in models. particles. Description of transformations (such as kinetics
of specific processes, e.g., oligomerization, liquid phase dif-
6.3 Measurements of aerosol composition fusion, water interaction, surface reactions) relevant to SOA

formation should be better characterized. Confirmation of
Characterization of water insoluble organic matter (WIOM) this model at other locations and the investigation of whether
— SOA contains both water soluble (WSOM) and water inso-the processes are similar for biogenic SOA are needed.
luble organic matter (WIOM). Due to availability of separa-  Setup of field campaigrsAs already done to some extent,
tion methods, analytical tools and the importance of WSOM |arge field campaigns need to be specifically designed for the
in CCN activation, much of the effort in speciation and mi- ana|ysis of SOA. This often involves a Lagrangian type ap-
crophysical studies has focused on WSOM but mostly neproach that allows for the analysis of the airmasses after dif-
glected the WIOM, which may constitute a large fraction of ferent time of aging. Mobile platforms (aircraft, Zeppelins,

the mass in some aerosol types and hence may significantlghips, and mobile on-road laboratories) seem to be especially
affect the microphysical, optical and chemical properties.syited for such an approach.

WIOM is left mostly under-characterized. Tools for isola-
tion, characterization and process studies of this importans.4 Dealing with complexity
fraction are therefore encouraged.

Organosulfates, HULIS, oligomers and other higher-MW Complex simulation systems Many laboratory studies
species- Recent field and chamber studies suggest that comemploy simplified experimental conditions which neglect
plex organic matter may consist of organosulfates, aminesthe environmental complexity. Important factors often
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overlooked are presence of water, complex reactant mixturehemistry, particulate-phase reactions, as well as aerosol ag-
and composition, and temperature dependence. This limiting over time scales beyond those accessible in chamber
the ability to extrapolate laboratory-based data to the atmostudies. The oxidation products explicitly identified would
sphere. With regards to simulation chambers, more complexdeally be the predominant ones that have been identified
VOC mixes could be employed. An important future deve- in laboratory studies. Models of this type, which simulate
lopment would be to describe the effect on SOA formationthe time-dependent course of SOA formation as a VOC is
when going from the oxidation of a single precursor to the oxidized, are well-suited for simulation of chamber experi-
oxidation of complex mixtures. ments, as they test the level of understanding of the funda-
Combination of laboratory and field studiedn the field, mental processes involved. While such models have been
SOA from different precursors are mixed. The laboratory al-formulated theoretically, a drawback to their use is that in
lows for the analysis of specific precursors and thus SOA demany cases the majority of semivolatile oxidation products
tection by different methods can be tested. Future laboratoryor a particular VOC may not yet have been fully identified.
studies should therefore be performed under conditions thaEven if well validated based on chamber data, they may not
are closer to ambient conditions. The study of SOA from au-be the optimal choice for a three-dimensional atmospheric
tomobile engine exhausts, wood burning, and whole plantshemical transport model because of their computational de-
in addition to studies of individual precursor gases seemsnands. Despite increased understanding, the point has not
very promising. However, these laboratory studies need tdeen reached where SOA models can be formulated purely
be made at concentrations relevant to the atmosphere. on the basis of chemical reaction mechanisms and thermody-
Data interpretation— As high complexity methods reach namic predictions, in the absence of laboratory data. There-
maturity it is likely that data interpretation will become the fore, formulation and testing of SOA models must continue
rate-determining step in the analytical procedure. This mayl0 be based firmly on laboratory chamber data, and tested
require the adoption of data handling technologies associate@9ainst real-world ambient data under a wide range of con-
with image processing and statistical methods, such as prinditions
cipal component analysis, to find ways in which useful and Availability of relevant data input It is evident that labo-
timely information can be extracted from chemical methodsratory data should preferably reflect conditions either as close

with such high levels of detail. to ambient as possible or which allow confident extrapolation
to ambient conditions. Ambient data must provide informa-
6.5 Modeling of SOA tion which can be used for source apportionment, to evaluate

the models emissions and chemical processing, which will
It is obvious that modeling activities must follow experimen- require some combination of chemical speciation, radiocar-
tal and mechanistic understanding, and the most basic prolhon data and/or functional group analysis. It is important to
lem regarding modeling of SOA is therefore the uncertainty note that even in their present state or with modest improve-
surrounding the main formation mechanisms. However, thements, chemical transport models can still be used to evalu-
mechanistic details obtained from eXperimental and theoretate emission inventories of primary emissions of both parti_
ical work need to be tested in models against ambient data |ré|e and precursor VOC — such evaluations are a pre_requisite
order to be considered reliable. to any attempt to understand SOA formation in the ambient
Reflecting the latest findings|t is essential that models atmosphere.
reflect the latest findings as well as possible, and it can b% 6
noted that much of the understanding that has emerged over
the past several years concerning the formation of SOA stillHealth impacts- A recent epidemiological study reveals a
needs to be incorporated in the SOA models embedded igtronger association between daily mortality and fine parti-
atmospheric chemical transport models. The new developeulate air pollution in summer than in winter (Nawrot et al.,
ments that need to be reflected in any class of models includg007). As high PM levels in summer are typically associated
sufficiently detailed gas-phase chemistry, especially the rolayith the production of SOA, this finding suggests that SOA
of NOx level, leading to formation of semivolatile products, may substantially contribute to the observed effect on morta-
particulate-phase chemistry, identification of the volatility lity. However, there are very few studies of the health effects
range of oxidation products, and the roles of organic aerosobf SOA. This is mainly due to the lack of suitable particle
level in determining aerosol water content. exposure techniques for studies of in vitro toxicity effects of
Empirical vs. fundamental modeling A fundamental = SOA. Techniques that directly investigate the interaction of
model would be based on detailed gas-phase mechanisn0A material with lung cells are just emerging (e.g., Jang
of VOC oxidation leading to explicit products that are then et al., 2006b; Baltensperger et al., 2008; De Bruijne et al.,
allowed to partition between the gas and particulate phase2009). Another possible approach to unravelling the possible
according to theoretically predicted partitioning coefficients. health-related aspects of SOA is to identify markers for SOA
This class of models would account for the nature of the consources and also for allergens and other inducers of health
densed phase and include, to the extent we understand sug@noblems. Reactions occurring at the surfaces of SOA, such

Impacts of SOA on health and climate
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as nitration, should be studied in relation to these possible
health impacts. Studies that combine bio assays and such
markers could shed new light on the topic.

Participation of organics in new particle formation Se-
veral studies strongly suggest that biogenic VOCs may be
involved in new particle formation in forested environments.
This phenomenon has important implications for climate-
biosphere interactions, and should be further investigated,
including the application of recently developed nanoparti-
cle composition techniques such as NAMS and TDCIMS in
forested areas.

Optical properties- The optical properties (scattering and
absorption) of fresh and aged SOA (pure or in combination
with other species) are not well constrained, hindering as-
sessment of their possible contribution to the aerosol direct
effect. New sensitive techniques should be sought to measure
these missing properties.

Cloud formation and properties The complex interaction
and influence of SOA in the formation of clouds could be
essential. One crucial point is to establish the influence of
SOA on the kinetics and thermodynamics of water uptake.
In addition, ice nucleation and evaporation of water are two
processes where the complex mixtures of SOA are expected
to have an impact.

7 Abbreviations

AMS Aerosol Mass Spectrometry

APCI Atmospheric Pressure Chemical lonization
ASOA Anthropogenic Secondary Organic Aerosol
ATOFMS  Aerosol Time-of-Flight Mass Spectrometry
BB Biomass Burning

BSOA Biogenic Secondary Organic Aerosol
BSOC Biogenic Secondary Organic Carbon
BvVOC Biogenic Volatile Organic Compound
CACM Caltech Atmospheric Chemistry Mechanism
CCN Cloud condensation Nuclei

CE Capillary Electrophoresis

Cl Chemical lonization

CIMS Chemical lonization Mass Spectrometry
CMB Chemical Mass Balance

DMA Differential Mobility Analyzer

DRH Deliquescence Relative Humidity

EC Elemental Carbon

EDB Electrodynamic Balance

El Electron lonization

EMEP European Monitoring and
Evaluation Programme

ERH Efflorescence Relative Humidity

ESI Electrospray lonization

FTICRMS Fourier Transform lon Cyclotron
Resonance Mass Spectrometry

FTIR Fourier Transform Infrared Spectroscopy

GC Gas Chromatography

www.atmos-chem-phys.net/9/5155/2009/

GCIMS

GF
HOA
HPLC

HR
HRMS
HTDMA

HULIS
IC
ITMS
LC
LC/MS

LDI-MS
MALDI

MS
MW
NAMS
NMR
OA
oC
oM
OOA
PAN
PILS
PIXE

PMz, PMzs,
PM1g

POA
PTR/MS

Q-TOF
RH

scl
SEC
SFA
SOA
soc
SRFA
TA
TDCIMS

TMI
TOF
UNIFAC
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Gas Chromatography/

Mass Spectrometry

Growth Factor
Hydrocarbon-like Organic Aerosol
High Performance

Liquid Chromatography

High Resolution

High Resolution Mass Spectrometry
Hygroscopicity Tandem Differential
Mobility Analyzer

Humic-like Substances

lon Chromatography

lon Trap Mass Spectrometry
Liquid Chromatography

Liquid Chromatography/

Mass Spectrometry

Laser Desorption lonization-
Mass Spectrometry
Matrix-Assisted Laser
Desorption lonization

Mass Spectrometry

Molecular Weight

Nano Aerosol Mass Spectrometer
Nuclear Magnetic Resonance
Organic Aerosol

Organic Carbon

Organic Matter

Oxygenated Organic Aerosol
Peroxyacyl Nitrate

Particle into Liquid Sampler
Particle-Induced X-ray
Emission spectrometry
Particulate Matter

with an aerodynamic
diameter<1, 2.5

and 10um, respectively

Primary Organic Aerosol
Proton Transfer Reaction/
Mass Spectrometry
Quadrupole-Time-of-Flight
Relative Humidity

Stabilized Criegee Intermediate
Size-Exclusion Chromatography
Size-Fractionated Aerosol
Secondary Organic Aerosol
Secondary Organic Carbon
Suwannee River Fulvic Acid
Total Aerosol

Thermal Desorption Chemical
lonization Mass Spectrometry
Transition Metal lon
Time-of-Flight

Universal Functional

Activity Coefficient
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