UC Irvine
UC Irvine Previously Published Works

Title
A review of the anthropogenic influence on biogenic secondary organic aerosol

Permalink
https://escholarship.org/uc/item/8rk282ak

Journal
Atmospheric Chemistry and Physics, 11(1)

ISSN
1680-7316

Authors

Hoyle, CR
Boy, M
Donahue, NM

Publication Date
2011

DOI
10.5194/acp-11-321-2011

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.orag/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8rk282qk
https://escholarship.org/uc/item/8rk282qk#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Atmos. Chem. Phys., 11, 32343 2011 iy —* -

www.atmos-chem-phys.net/11/321/2011/ Atmospherlc
doi:10.5194/acp-11-321-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

A review of the anthropogenic influence on biogenic secondary
organic aerosol

C. R. Hoyle?, M. Boy3, N. M. Donahué, J. L. Fry®, M. Glasius®, A. Guenther’, A. G. Hallar8, K. Huff Hartz °,
M. D. Petters!?, T. Pet4ja3, T. Rosenoerrt!, and A. P. Sullivant®

Lnstitute for Atmospheric and Climate Science, ETH Zurich, Switzerland

2Department of Geosciences, University of Oslo, Norway

3Department of Physics, University of Helsinki, P.O. Box 64, 00048 Helsinki, Finland

4Carnegie Mellon University, Center for Atmospheric Particle Studies, Pittsburgh, PA 15213, USA
SChemistry Department, Reed College, Portland, OR, 97202, USA

6Department of Chemistry, Aarhus University, 8000 Aarhus C, Denmark

"National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO, USA

8Desert Research Institute, Storm Peak Laboratory, P.O. Box 882530, Steamboat Springs, Colorado, USA
9Department of Chemistry & Biochemistry, 224 Neckers Hall, Southern lllinois University, Carbondale, IL 62901, USA
10Colorado State University, Department of Atmospheric Science, Fort Collins, CO 80523, USA
HEnvironmental Chemistry, Engineering Sciences Lab 230, Harvard, Cambridge, MA 02138, USA
12North Carolina State University, Marine Earth and Atmospheric Sciences, Raleigh, NC 27695, USA

Received: 10 August 2010 — Published in Atmos. Chem. Phys. Discuss.: 19 August 2010
Revised: 2 December 2010 — Accepted: 2 January 2011 — Published: 14 January 2011

Abstract. Because of the climate and air quality effects of Kanakidou et al., 2005; Zhang et al., 2007a; Jimenez et al.,
organic aerosol, it is important to quantify the influence of 2009). The last decade saw significant improvements in the
anthropogenic emissions on the aerosol burden, both globeharacterisation of organic aerosols and the understanding
ally and regionally, and both in terms of mass and numberof their sources and impacts on the environment. This re-
Methods exist with which the fractions of organic aerosol re- search has provided insight into the contribution of organ-
sulting directly from anthropogenic and biogenic processedcs to fine particulate matter, and thus potentially negative
can be estimated. However, anthropogenic emissions cahealth effects (Ostro and Chestnut, 1998). Organic aerosols
also lead to an enhancement in secondary organic aerosol foplay an important role in the climate system. They affect the
mation from naturally emitted precursors. We term this en-Earth’s radiation balance directly by scattering sunlight, but
hanced biogenic secondary organic aerosol (eBSOA). Herealso indirectly through their role as cloud condensation nu-
we review the mechanisms through which such an effect maylei (CCN) (Twomey, 1974; Twomey et al., 1984; Albrecht,
occur in the atmosphere and describe a work flow via which1989; Charlson et al., 1992; Chuang et al., 1997; Adams et
it may be quantified, using existing measurement techniquesal., 2001; Hansen and Sato, 2001; Schulz et al., 2006). Fur-
An examination of published data reveals support for the exther, the presence of organic species in atmospheric aerosol
istence of the enhancement effect. can affect the hygroscopicity and the ability of internally
mixed aerosol particles to serve as CCN (Corrigan and No-
vakov, 1999; Prenni et al., 2001, Giebl et al., 2002; Raymond
and Pandis, 2002; Pradeep Kumar et al., 2003; Prenni et al.,
2003; Merikanto et al., 2009).

Organic material can comprise a significant fraction of par- The role of organic aerosols in visibility-reducing haze
ticulate aerosol mass at urban and remote locations (e.gn the regional scale (e.g. Tanner, 2000) has also been ex-
Chow et al., 1994: Malm et al., 1994: Andrews et al., 2000; amined. Because of the effects of organic aerosols on air
quality and climate, it is desirable to separate the anthro-
pogenic contribution from the natural background, to guide
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burden. Usually, regulation targets the control of various2 Mechanisms for an anthropogenic effect on BSOA
kinds of emissions such as SOA precursors, nitrogen ox-
ides (NQ), particulate matter mass, or sulphate mass. Be2.1 Partitioning
fore implementing emission controls, chemistry models at
a range of scales are used to assess the effect of changks the atmosphere, biogenic volatile organic compounds
in emissions on the organic aerosol burden. In large scaléBVOC) molecules react with OH, £or NOs to form more
chemical transport models, organic aerosols have commonl§unctionalized molecules. These reaction products form a
been classified in two groups; essentially non-volatile specieglistribution in volatility space, with some being able to re-
emitted as aerosols (primary organic aerosol, or POA), andersibly partition into the condensed phase. Observations
the volatile compounds which oxidise and then partition toof organic mass loading dependent aerosol yield are gen-
the condensed phase in the atmosphere (secondary orgaretally modelled using equilibrium gas/particle partitioning
aerosol, or SOA) (e.g. Chung and Seinfeld, 2002; Tsigaridis(Pankow, 1994; Odum et al., 1996; Donahue et al., 2006b),
and Kanakidou, 2003; Hoyle et al., 2007). Recently, POAand observations often show lower yields under conditions
has been shown to be, if anything, more volatile than SOAwith low organic aerosol loadings (0.1-1 pg#. Any pro-
(Robinson et al., 2007; Huffman et al., 2009), but the des-cess that increases organic aerosol mass loading (e.g. an-
ignation of POA as un-reacted and generally reduced prithropogenic SOA or POA) should then, in principle, result in
mary emissions is still valid (Donahue et al., 2009). Startingincreased BVOC yields. This reasoning implicitly assumes
from an experimental point of view, Fuzzi et al. (2006) intro- that the aerosol forms a well-mixed liquid phase containing
duced a source-based classification of anthropogenic POA myriad of mutually miscible organic compounds, and that
(APOA) and anthropogenic SOA (ASOA) and proposed adissolution of organic vapours in a pre-existing organic lig-
set of measurable distinguishing characteristics of the caruid will increase the equilibrium uptake of the reacted BVOC
bonaceous particles in these groups. It should be noted thgtroducts (Seinfeld and Pankow, 2003; Kroll and Seinfeld,
these definitions and the measured masses depend on tB€08). The overall uptake depends on the miscibility and ac-
measurement techniques applied, and that as measuremdiwity coefficients of the semi-volatile compounds. Thus, if
techniques are changed or improved, new sub categories G3SOA is miscible in pre-existing organic aerosol from an-
OA are often defined. Not all organic species can be detectethropogenic activity, it should in principle enhance the in-
or analysed by the various techniques available. corporation of BVOC oxidation products into the condensed
Sources of anthropogenic OA include not only aerosolphase.
mass from fossil fuel combustion, but also from meat cook- Defining the properties of “anthropogenically derived or-
ing, biomass burning, the use of biofuels, and other humarganic aerosol” is difficult, as it can be soot, primary organic
activities that lead to the emission of both fossil and modernaerosol from combustion (e.g. meat cooking or diesel ex-
(i.e. not fossil) volatile organic carbon. Consequently, onehaust), or SOA from the oxidation of anthropogenic VOCs.
must separate modern OA into biogenic and anthropogenic&Generally seen, soot is primarily composed of carbon in its
fractions. However, even determining a fraction of modernelemental form (Seinfeld and Pandis, 1998), POA is com-
VOC that is actually emitted through anthropogenic activ- posed of elemental carbon, linear, cyclic and branched hy-
ities does not capture the whole human influence on the ordrocarbons with oxygenated carbons and large carbon num-
ganic aerosol budget, as it ignores any possible enhancemeriiers (Gg-Cs0) (Sakurai et al., 2003; Behera and Sharma,
through anthropogenically emitted compounds, of SOA for-2010), and SOA is composed of highly functionalized
mation from true biogenic precursors. molecules with relatively short carbon chains (typical molec-
In this paper we summarise the various feedbacks beular weights<500 Da, assuming a typical C:O ratie0.4,
tween anthropogenic activities and BSOA formation, andmolecules have carbon numbet€;s) (Baltensperger et al.,
we describe methods for separating SOA due to the differ2005). Clearly, the partitioning of BVOCs in these different
ent sources. In Sect. 2 we discuss the mechanisms throudlipes of anthropogenic organic aerosol will depend on the
which anthropogenic emissions may influence the formationparticle composition and phase, as well as changes in these
of SOA from naturally emitted precursors. Section 3 presentgproperties with particle age. Song et al. (2007) and Asa-
the various methods which are used to attribute observed orAwuku et al. (2009) found that model POA hydrocarbons do
ganic aerosol to a source, while in Sect. 4 we discuss thaot form a miscible phase with monoterpene SOA, suggest-
available observations that are suitable for detecting the ening no anthropogenic enhancement effect. However, Asa-
hancement effect. Section 5 presents a summary and concldwuku et al. (2009) found the opposite for diesel exhaust par-
sions. ticles. Further, to our knowledge, there are no studies testing
the effect of incorporation of BVOC products in SOA from
anthropogenic precursors or chemically aged POA. Since
these compounds are more oxidised, and hence more simi-
lar to BVOC oxidation products, enhancement effects due to
partitioning are plausible and should be investigated further.
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Water may also contribute to the organic phase and genemay be particularly important since anthropogenic activities
ally increases partitioning into the condensed phase (Seinfeldan provide acidic aerosol seed material in the form of sul-
etal., 2001). The presence of water also causes repartitioninghuric and nitric acid production from S@nd NQ, emis-
due to preferential uptake of more polar compounds whilesions (Jang et al., 2002).
simultaneously driving less polar compounds into the gas Zhang et al. (2007b) examined aerosol mass spectrome-
phase (Seinfeld and Pankow, 2003). Chamber studies suder (AMS) data collected in Pittsburgh, and found a 25% in-
gest that the water uptake behaviour of SOA generated frontrease in SOA mass during periods when the aerosol was
biogenic and anthropogenic precursors is generally similamore acidic. They did not, however, find evidence for
(Baltensperger et al., 2005; Varutbangkul et al., 2006; Prennany chemical difference in the SOA which would explain
et al., 2007) and thus differences in organic aerosol water upthis increase, such as oligomer formation. Takahama et
take are unlikely to result in major differences in partitioning al. (2006) also observed a mild (0.61) correlation between
between urban and rural areas. These studies, however, caaerosol acidity and OA burden in Pittsburgh, and were also
not distinguish between a single aqueous-organic phase anghable to find any evidence for acid catalyzed heteroge-
a mixture containing an aqueous-organic and liquid pure orneous chemistry which would lead to enhanced SOA. In
ganic phase. Therefore, the hygroscopicity measurements dooth cases, the observed increase in OA with aerosol acid-
not necessarily suggest that anthropogenic and biogenic oity may also be related to processes which affect both acid-
ganic agqueous solutions result in the same degree of repartity and SOA, such as air mass origin and history. On the
tioning of polar and non-polar compounds. Furthermore, theother hand, several laboratory studies show dramatically in-
role of inorganic water uptake, which exceeds that of mostcreased aerosol yields under acidic conditions (e.g. Edney
organic compounds (Petters and Kreidenweis, 2007), is unet al., 2005; Kleindienst et al., 2006; Surratt et al., 2007).
clear. Initial experiments by Prisle et al. (2010) suggest thatAdditionally, for SOA formed from isoprene oxidation prod-
partitioning enhancement due to inorganically bound wateructs, Surratt et al. (2007) demonstrate the existence of parti-
is modest for freshx-pinene-derived SOA at atmospheri- cle phase acid catalyzed reactions, leading to the formation
cally relevant mass concentrations, but more data are needeaf 2-methytetrols, sulphate esters and high molecular weight
to establish the generality of this finding. In particular, the SOA products. Isoprene derived SOA was also investigated
enhancement depends on the solubility of the organic comby Edney et al. (2005), who found that concentrations of
pounds in water. There is a clear need for more data in2-methyltetrols and 2-methylglyceric acid increased signif-
cluding systems that produce more oxidised compounds (e.gcantly under acidic conditions. In regions where isoprene
SOA from isoprene), more water soluble compounds (e.gis present, sulphuric acid seeds may lead to the formation of
aged SOA), and more high vapour pressure but water solublepoxydiols (Paulot et al., 2009) and reactive uptake of these
compounds (e.g. glyoxal). on acidic aerosols may lead to a 30-fold increase in OA mass

The preceding discussion highlights the importance ofyields from isoprene (Surratt et al., 2010). Similarly, sul-
both aerosol mixing state and single particle phase state gbhuric acid may pull glyoxal into the particle phase due to
the organic compounds. The assumption of a well-mixed or-esterification (Liggio et al., 2005).
ganic phase with little or no water present is likely correct The unreacted forms of the isoprene epoxydiols were de-
in controlled chamber experiments, and may also be correctected at relatively low concentrations in ambient aerosol
far from point sources in the atmosphere. This is expectedy Chan et al. (2010b). Interestingly, many of the prod-
because single particle mass spectrometry suggests that facts of the acid catalyzed particle phase reactions of these
from sources, organic and inorganic constituents are intercompounds, such as organosulphates, 2-methyltetrols, 2-
nally mixed (Murphy et al., 2006), and because under thosemethylglyceric acid, 2,3-dihydroxymethacrylic acid angl C
conditions a thermodynamically stable liquid phase is likely alkene triols have also been observed in ambient aerosol
to form (Marcolli et al., 2004). The aerosol in urban areas(Claeys et al., 2004b; Edney et al., 2005; Surratt et al., 2006),
and near sources, however, is more complex and typicallysuggesting that these reactions do indeed lead to enhanced
externally mixed (Moffet et al., 2008), further complicating aerosol mass in the atmosphere under acidic conditions.
the interaction of reacted BVOC products and pre-existing This body of work suggests that (1) equilibrium the equi-
aerosol. librium partitioning framework may not be sufficient to fully

Finally, reversible and irreversible condensed-phase acmodel OA aerosol formation unless heterogeneous chemistry
cretion reactions (Barsanti and Pankow, 2004), may signif-is included, and (2) that anthropogenic activities may indeed
icantly increase condensed-phase products due to esterficafluence biogenic SOA formation, perhaps explaining the
tion, oligomerization, hemiacetal formation, aldol addition, correlation of modern carbon found in the condensed phase
or Criegee intermediate adduct reactions (Kroll and Seinfeldwith concentrations of anthropogenic OA precursors.

2008), though at least in chamber experiments condensation
of biogenic SOA remains reversible upon dilution after many

hours (Grieshop et al., 2007). Heterogeneous reactions that
proceed at low pH (a subset of aforementioned reactions)
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2.2 The role of NG, VOC, equalling the daytime peak, although they do not see
a corresponding increase in particulate phase WSOC. More

Anthropogenic emissions of NO compete with pifor per-  field studies, focussing on twilight and night-time chemistry,

oxy radicals formed in the initial stages of VOC oxidation, are needed to quantify the contribution of pi@itiated VOC

leading to changes in functional groups and affecting subseexidation, especially for biogenic VOC, such as monoter-

quent fragmentation, oligomerization, and isomerisation re-penes and sesquiterpenes, that are emitted at night from some

actions. Since both carbon chain length and identity of theecosystems.

functional groups affect vapour pressures and solubility in

the organic phase, aerosol yields depend o N@hcentra- 2.2.2 SOA yields in the presence of NQ

tions.

While the formation of SOA from biogenic VOCs in the SOA yields for'isoprene and several monoterpenes and
presence of N@has been the subject of many chamber stud-S€SAuiterpenes in the presence of\Nf@ve been measured
ies, the effect of NQ on aerosol yields is complex. The N the laboratory. The yield dependence on,N®compli-
yields depend on many factors including the VOC precur_cated .when oxidation by ozone or hydroxyl racﬁcals takes
sor, the concentration of NQ reaction time, and the pri- place in the presence of NOTh(_e_pnmary reason Is thougr_\t
mary oxidant. A widely used ratio in parameterising yield © be that under high Noconditions, organo-peroxy radi-

results, and in yield predictions in models, is the vOcjNO €&!S (RQ) react with NO and N@instead of with peroxy
ratio (ppbC/ppb). radicals (RQ or HO,). A number of different critical values

(VOC/NOy) have been suggested (e.g. 10-15:1, Pandis et al.,
2.2.1 Nitrate-initiated SOA yields 1991, 8:1, Presto et al., 2005, 3—-10:1, Lane et al., 2008) for
the point of 50:50 branching between the two reaction paths.

SOA mass yields have been reported for the reaction of théS the OH/Q ratio also depends on the VOC/N@tio, it is
nitrate radical (N@), a night-time product of the N+ Og dlfflcult_to separate changes in yield dge to change_s in con-
reaction, with isoprene and several monoterpenes (Table 1fentrations of OH and ©from changes in product distribu-
Partitioning theory suggests that SOA mass yields shouldion due to the presence of N@Presto et al., 2005). How-
vary with the total SOA mass concentration (Odum et al.,€ver, the approach adopted by Lane et al. (2008) is to identify
1996; Donahue et al., 2006a), so one must always be Carézrodyct yields for each fundamental pathway (i.e., highyNO
ful when comparing experimental datasets. However, di-dominated by R@+NO, low-NG, by RO, + HO) and then
rect comparisons for equivalent initial concentrations are ceri0 assume that SOA yields can be calculated by a linear com-
tainly valid, and these measurements show a variability wellPination of the “pure” mass yields scaled by the strength of
beyond that predicted by partitioning theory alone. This sug-8ach reaction pathway. Clearly, anthropogenic processes that
gests spurious dependences on other experimental conditioﬂi@rt_urb these branching ratios frpm their background values
and indicates the need for further corroborating studies. ~ Will influence overall SOA formation.

Despite the uncertainties, these large SOA yields from ni_lsoprene
trate oxidation present a mechanism for a positive correla-

tipn betwgen NQ® concentrations and SOA formation: re- The SOA vyield of isoprene seems to depend strongly on
gions of high NQ and G have an additional pathway for e conditions used to oxidize isoprene (Carlton et al.,
SOA formation available via N§oxidation of VOCs, which 5009y kroll et al. (2006) indicated that the isoprene SOA
will be most important under high-NCand low-light condi- yield increases from no injected NGVOC:NO, of more
tions, where photolabile Nhas the longest lifetime. Ina {4, 225:1) to a plateau between 100 and 300 ppl NO
global modelling study, Hoyle et al. (2007) found that up.to (VOC/NOy of 2.25:1 to 0.75:1), and decreases at highexNO
21% of the global average SOA burden may be due to oxidagyncentrations. Data from Dommen et al. (2006) show that
tion of SOA precursors by N§) during twilight conditions, 5o yields fall on two different plateaus within the investi-
or early in the night. This percentage increased to aro””(bated VOC/NQ range: low yield for VOC/N@ ratios from
50-60% near the surface in industrialised regions, emphasis;s.1 o 10.5:1 and high yield for 10.5:1 to 7:1. Chan et

ing the importance of anthropogenic emissions for this SOA,; (2010a) show that SOA yields increase for VOC;N@I-
formation pathway. During a recent measurement campaigiyes petween 0.1:1 to 1:1 and then decrease. Together these
in the north-eastern US, between 1% and 17% of night-timé,ree sets of experiments (Fig. 1) show an optimal range of

SOA was found to result from NOinitiated isoprene oxi- - yoc:NOy values between 10:1 and 1:1 for SOA yield from
dation, (Brown et al., 2009). Surratt et al. (2008) find uUp 10 jsonrene. However, it is important to note the differing ox-

30% of ambient aerosol at a Hungarian field site to consist of 444t conditions (HQ generated from RO +£in Dommen
organosulfates, with a significant contribution from nitrooxy ot a1 2006: from OH + BO, in Kroll et al., 2006) present

organosulphates related to N©xidation of BVOC. In At- 1 ihese two experiments, which may skew the,R&ical
lanta, Hennigan et al. (2009) find a peak in gas phase WSOG ;-

during the night, which they attribute to N@xidation of

Atmos. Chem. Phys., 11, 32343 2011 www.atmos-chem-phys.net/11/321/2011/
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Table 1. SOA yields for NG-initiated experiments.

VOC Yield Notes

18-120ppb isoprene  4-24% Higher yields observed when oxidant
was introduced slowly

11 ppb isoprene 2% Second generation products contribute to the
yield more than first generation products

50-500 pph-pinene 4-16% Higher yields at lower RH and the
use of organic seed aerosol

18-580 pphy -pinene  0-16%  —

7-358 pphB-pinene  10-52% Found largest yields at
intermediate concentrations

15 ppbg-pinene 5098 No yield dependence on relative
humidity (0—60%)

18 ppb limonene 17% -

500 ppb limonene 21-40% Higher yields found with organic

vs. (NHy)2SOy seed
7-395ppbAS-carene  15-62% -

1 Ng et al., 20082 Rollins et al., 20093 Spittler et al., 2006% Hallquist et al., 1999 Fry et al., 2009.

10 8), which favors the formation of a second generation prod-
: Efofme; etal. uct methacryloylperoxynitrate (MPAN), which in turn leads
© Chanetal to aerosol formation upon further oxidation (Surratt et al.,

2010). NOQ was also found to increase the SOA formation
of {

from acrolein and crotonaldehyde (Chan et al., 2010a), and
therefore similar effects may be seen for other VOC which
.'. have«,B-unsaturated aldehydes as oxidation products. The
oo low VOC:NOy SOA yields measured by Chan et al. (2010a)
were also larger than those seen by Kroll et al. (2006) for
{ high VOC:NQ, ratios. Since the N&NO ratio tends to be

% SOA yield
S
o
o

e o higher in urban regions than rural regions, this suggests that
o SOA from isoprene and particular other VOC could actually
0 4 ?% be enhanced in urban areas. This is certainly an effect which
warrants further investigation, particularly though field stud-
i . i ies.
01 1 10 100 1000 Further, as discussed in Sect. 2.1, aerosol acidity has been
VOC/NO, (ppbC/ppb) observed to increase isoprene SOA formation (e.g. Edney et
al., 2005; Surratt et al., 2007) probably through reactive up-
Fig. 1. Percentage yield of SOA vs VOC/N@atio, for experiments ~ take of epoxydiols formed from isoprene at low-RN€bndi-
performed by Dommen et al. (2006), Kroll et al. (2006), and Chantions (Surratt et al., 2010; Paulot et al., 2010).
et al. (2010a). The highest yields are observed at VOG/Nfos
between 1 and 10. All data are normalized to density = 1.4g&m Monoterpenes and oxymonoterpenes
Because the NQconcentration for the data point at the highest
VOC/NG ratio is <1ppb, this data point represents the lower The formation of SOA in the presence of NBas been stud-
bound for the VOC/N ratios. ied for several monoterpenas:pinene 8-pinene, limonene,
3-carene, myrcene3-ocimene, sabineney-terpinene,a-
terpinolene (Pandis et al., 1991; Hoffmann et al., 1997; Grif-
Yields for low VOC:NQ ratios reported by Chan et fin et al., 1999; Klinedinst and Currie, 1999b; Presto et al.,
al. (2010a) are higher than those reported by Kroll et2005; Lee et al., 2006; Zhang et al., 2006). The complex-
al. (2006). The experiments of Chan et al. (2010a) wereity of the dependence of Naoncentration on monoterpene
carried out at atmospherically relevant BIRO ratios (3—  SOA yields was first noted by Pandis et al. (1991) who found

www.atmos-chem-phys.net/11/321/2011/ Atmos. Chem. Phys., 1133312011
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that the SOA yield from the photooxidation gfpinene in- The high insolation and abundant vegetation in Amazonia
creased with increasing VOC/NQatio and maximized at make this region a global hotspot for the emission of various
8% for 10—20 ppbC:ppb NO The SOA yield was found to  biogenic volatile organic compounds (e.g. Rasmussen and
decrease for VOC/Ngratios greater than 20. Khalil, 1988; Keller et al., 2009). Previously it was thought
More recently, Presto et al. (2005) showed that SOAthatthe vast emissions of VOC in the Amazon area would de-
yields from ozonolysis ofx-pinene are lower under high- plete the oxidative potential of the atmosphere (Lelieveld et
NOx (<15 ppbC:ppb N@) than low-NQ conditions. The al., 2002) and thus constrain the BSOA production. How-
reduction of the SOA yields was attributed to the formation ever, there have been strong indications thaty HBbem-
of higher volatility products under high NQincluding evi- istry remains substantially more vigorous under lowxNO
dence of nitrate-containing organic species. high-isoprene conditions than standard mechanisms predict
The NQ dependence becomes increasingly complex(Thornton et al., 2002). This was confirmed by a more re-
when the monoterpene consists of two double bonds withcent study by Lelieveld et al. (2008) showing that the oxida-
differing reactivity, as is the case for limonene. Zhang ettive potential in the pristine rainforest is maintained through
al. (2006) indicated that two competing effects contribute tothe recycling of OH via organic peroxy radical reactions un-
the NQ, dependence of the SOA yield: reactive uptake byder low NG, conditions. Most attempts to estimate Ama-
the aerosol and gas-phase oxidation. In the presence of ozorm®nian BSOA production (e.g. Penner et al., 2001; Kanaki-
and at low NQ, heterogeneous ozonolysis of the exo doubledou et al., 2005) with global models have considered only
bond generates condensed-phase secondary generation orionoterpenes as precursors. More recent efforts (e.g. Heald
dation products. However, at high N(yas-phase oxidation et al., 2008) have included isoprene, which has been shown
of the double bond becomes the dominant process for aerosob be a significant SOA precursor (Claeys et al., 2004a), but
product generation. still omit some potentially significant precursors such as the
The SOA mass yields have been measured for a few oxyhighly reactive sesquiterpenes which have very high BSOA
genated biogenic compounds (Table 2). Again, since aerosaglields. Both observational and modelling studies have con-
partitioning depends on the total concentration of organiccluded that ca. 80% of the aerosol mass in the Amazon forest
matter, direct comparisons of mass yields are difficult. Nev-is of biogenic origin (Artaxo et al., 1990; Artaxo and Hans-
ertheless, this shows the high variability among monoter-son, 1995; Heald et al., 2008; Q. Chen et al., 2009) either due
penoid species and generally higher yields from sesquiterto primary or secondary sources (Kanakidou et al., 2005),

penes. however there is a large uncertainty in this number. One has
_ to keep in mind that unless we have an accurate knowledge
Sesquiterpenes of the emissions of primary aerosols, it will be difficult to as-

o i ) . ) sess the relative importance of the SOA. Measurements made
Oxidation of the highly reactive sesquiterpenes in the presyyring the Amazonian Aerosol Characterization Experiment
ence of NQ can also create significant SOA mass concen-»nog (AMAZE-08), under near pristine conditions, show that
trations (Table 2). In the case of sesquiterpenes, higher NOyne sypmicrometer aerosol is mostly composed of BSOA,
concentrations are correlated witigherSOA yields, the op- \hile supermicron particles consist mainly of primary or-
posite dependence from that observed in monoterpenes. Thig, nic matter (Bschl et al., 2010). While the submicrometer
is presumably due to the lower volatility of the sesquiterpenesraction was found to account for more than 99% of the ca.
nitrates. ) i ) , 200 cn1 2 particles observed, approximately 70% of the ca.

Clearly, the ratio of NQ@ concentration to biogenic VOC 2ug 3 total particle mass was made up by the supermicron

concentration has a pronounced effect on the SOA yield, PrOparticles.

viding a further mechanism through which anthropogenic e ongoing development of the Amazon is resulting in an
emissions modify the SOA production in the atmosphere.gnpanced anthropogenic influence on regional atmospheric
However, this dependence is complex and shows everything,,,,sition. Changes in anthropogenic pollutants (particu-
from a strong positive correlation between Nebncentra- 51y NO, and SQ) can alter the SOA formation potential
tion and SOA to a strong negative correlation over the rangqy |l et al., 2005: Ng et al., 2007) and the relative roles
of biogenic VOCs studied to date. This suggests the need o iterent oxidation pathways. It is typically assumed that
explicit treatment of sub-classes of biogenic VOC in mod- ;e SOA is formed from monoterpenes under lowsNO
els, including NQ dependence, rather than applying lumped ¢, gitions, such as prevail in the Amazon. However, for
BVOC SOA yields. some compounds and conditions, the opposite is true (see
Sect. 2.2). Therefore a change in the amount of; NiDe

to anthropogenic emissions would lead to a change in the
amount of SOA. The magnitude and the sign of this change
depend on the predominant VOC species. The available mass
of existing OA also plays a role, as described in Sect. 2.1. Be-
cause of the dependence of Amazonian emissions of BVOC

2.3 Potential for modification of BSOA in pristine envi-
ronments

There is significant potential for anthropogenic effects on
BSOA in relatively pristine environments.
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VOC Mass Yield Oxidant VOC/NQratio
(ppb C/ppb NQ)

Oxygenated compounds

72 ppb linaloot 6% Photo-oxidation 4

80—230 ppb linalod! 3-5% Photo-oxidation  8-11

124 ppb linaloo? 13% Photo-oxidation 10

78 ppb linaloof 8% Ozone No NQ

116 ppb terpinen-4-8| 6% Photo-oxidation 4

70-230 ppb terpinen-4-%l 3-6% Photo-oxidation 8-11

90 ppb terpinen-4-8l 34% Ozone No NQ

105 ppb verbenorfe 19% Photo-oxidation 11

79 ppb methyl chavicdl 40% Photo-oxidation 8

Sesquiterpenes

5-9 ppba-humulené 32-73% Photo-oxidation  1-3

46 ppboz-humulené 65% Photo-oxidation 9

6—13 ppbB-caryophyllené 37-79% Photo-oxidation 3-8

100 ppbg-caryophyllené 100-125%  Photo-oxidation 9

37 ppb ppb@-caryophyllené 68% Photo-oxidation 19

118 ppby-caryophyllené 29% Photo-oxidation 11

34 ppb longifolen# 65% Photo-oxidation 19

34 ppb aromadrefe 37% Photo-oxidation 21

1 Griffin et al., 19992 Hoffmann et al., 19973 Lee et al., 2006% Ng et al., 2007b.

and NQ on factors like season, rain, forest or biomass fires, New particle formation events have been observed to oc-
it will be challenging to estimate the possible anthropogeniccur in both the cleanest environments (e.g. Antarctica, Ko-
effects using large scale models. ponen et al., 2003) and the most polluted regions, (e.g. India
It is, however, the number of SOA particles that exceed aand China Monkkdnen et al., 2005; Wehner et al., 2005) of
certain size threshold determined by their chemical composiour planet, as reviewed in Kulmala et al. (2004) and Kulmala
tion (or hygroscopicity), that determines the number of cloudand Kerminen (2008). At coastal locations, biogenic iodine
droplets that are formed (Roberts et al., 2002). The latter ishas been identified as a key component (Hoffmann et al.,
the necessary quantity to assess indirect effects of aeroso001; O’'Dowd et al., 2002) influencing particle formation.
on clouds and precipitation (Lohmann and Feichter, 2005).In continental locations, sulphuric acid has been proposed as
One of the potentially largest anthropogenic influences orna plausible candidate for the initial particle formation (We-
the SOA in pristine environments would be an increase in theber et al., 1996; Kulmala et al., 2004; Kuang et al., 2008;
number of aerosol particles through a modification of newNieminen et al., 2009). On the other hand, chamber experi-
particle formation. ments (e.g. VanReken et al., 2006; Burkholder et al., 2007)
and theoretical studies (Bonn et al., 2008, 2009; Boy et al.,
2008) raise the possibility that organic vapours may be the

) ) key molecules for the nucleation mechanism.
A modelling study by Merikanto et al. (2009) showed that on
a global average, about half of all Cloud Condensation Nu- B0y et al. (2003, 2008) showed that for the boreal for-

clei (CCN) originated from SOA. Yu and Luo (2009) claimed est in Central Finland and for an elevated forest in the Front
that secondary particles even dominate the number aburfX@nge of the Colorado Rocky Mountains, USA, sulphuric
dance in most parts of the troposphere80%). However, acid can oqu explain a small fraction (10—-30%) of the ob-
other studies suggest that the effect of new-particle formatiorserved particle growth. In boreal forest Kulmala et al. (2001)
on CCN numbers, even with artificially enhanced SOA for- attr_lbut.ed_ th'e res't of the growth to condensable organics,
mation, remains modest (Pierce et al., 2008). Both the initial’VNiCh is in line with the aerosol mass spectrometer results

formation of the new particles and their subsequent growthPY Allan et al. (2006) and indirect results by Tunved et
to CCN size play a crucial role in the global climate. al. (2006). There is, however, large variability in the rela-
tive roles of the organics and anthropogenic sulphuric acid.

2.4 New particle formation and growth
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In more anthropogenically influenced areas, such as Atlantagt al., 2009) by acting as OH scavengers, and thus affect the
USA, the contribution of sulphuric acid was found to be up to oxidation of both anthropogenic and biogenic precursors, po-
100% (Stolzenburg et al., 2005), depending on local conditentially inhibiting new particle formation.
tions and air mass origin. In Pittsburgh, USA, ultrafine mode Very recent computational studies with quantum-
particles (18-33 nm diameter) were examined by (Zhang ethemistry and first experiments in chambers and flow tubes
al., 2004), who found that during nucleation events, sulphatgesulted in strong evidence that amines could be impor-
was always the first aerosol component to increase, followedant and explain the missing puzzle-piece in the particle
by ammonium, with organics contributing to the later growth. formation process. Loukonen et al. (2010) studied the
The details of the participating compounds and their rela-hydration of sulfuric acid- dimethylamine clusters and found
tive roles are still uncertain, but the oxidized organics are def-dimethylamine enhances the addition of sulfuric acid to
initely involved in the growth of the freshly formed aerosol the clusters much more efficiently than ammonia when the
particles to climatically active sizes (Kulmala et al., 2001; number of water molecules in the cluster is either zero, or
Stolzenburg et al., 2005; Wehner et al., 2005; Smith et al. greater than two. More research is needed, however amines
2008). Thus, oxidized organics strongly contribute to themay play a major role in the nucleation process.
global indirect effect via cloud droplet activation. To quantify the net effects of mutually intermingled SOA
The precursors for sulphuric acid are both anthropogenicand anthropogenic precursors in atmospheric nucleation, and
(i.e. SQ) and biogenic (i.e. DMS). Also the VOCs have to predict their impacts on CN and CCN concentrations in
sources in both categories, which oxidize in the atmospherehe future climate requires a complete picture of the specific
to form condensable organic vapours. Assuming that sulmolecules taking part in the initial nucleation, including a
phuric acid (Sipila et al., 2010) and consequently sulphurknowledge of differences in new particle formation pathways
dioxide is the limiting factor in new particle formation, the between pristine and polluted environments. Such detailed
predicted global average decrease op®@issions by more  information does not currently exist.
than half assumed for the global model simulation in the
next IPCC report would cause a dramatic decrease in SOA
number concentrations, with an associated reduction in thg Methods for separating the contributions of different
negative radiative forcing via the indirect aerosol effect. By  sources to organic aerosol
contrast, if regional S@emissions would increase — partic-
ularly in countries with fast growing populations and less fi- A sample of ambient organic aerosol will generally con-
nancial and technological emission reduction possibilities —tain a fairly reduced POA fraction and a more oxidised
relatively unpolluted regions such as the Amazon could beSOA fraction. Zhang et al. (2005a) developed a method to
subjected to higher sulphuric acid concentrations, which mayuse mass spectra to determine the mass concentrations of
lead to regionally elevated particle formation rates. hydrocarbon-like organic aerosol (HOA) and oxygenated or-
Rizzo et al. (2010), found no evidence for new-particle for- ganic aerosol (OOA) in a sample. It has been shown that
mation in a relatively pristine area of the Amazon, and sug-OOA corresponds with SOA (e.g. de Gouw et al., 2005;
gested that this could be due to the low levels 0b$0this  Zhang et al., 2005b). HOA is almost without exception less
region. There are also other possible explanations for thesebundant than OOA, even in urban settings, and it appears
observations, for example that particle formation took placeto be relatively stable downwind of source regions (Zhang et
in the boundary layer or free troposphere and that the partial., 2007a; DeCarlo et al., 2010). A complication is biomass
cles which reached the instruments in the canopy had growiburning OA (BBOA), which can be relatively oxidized and
since nucleation. Additionally, in this environment the high water soluble (Graham et al., 2002; Mayol-Bracero et al.,
VOC emissions (Rasmussen and Khalil, 1988; Keller et al.,2002; Baduel et al., 2010). However, Sullivan et al. (2004)
2009) in connection with sustained atmospheric oxidant casuggested a substantial fraction of the water soluble organic
pacity (Lelieveld et al., 2008) could lead to a high produc- carbon (WSOC) measured at an urban site during the day
tion rate of condensable vapors, thus causing the particleime in June may be related to SOA. In the work of Weber
to rapidly grow out of the nucleation mode sizes via multi- et al. (2007) WSOC was used as a measure of SOA. It was
component condensation. shown by Kondo et al. (2007) that OOA correlates strongly
Any enhanced particle formation due to higher,S6év- with the WSOC fraction of samples from Tokyo, supporting
els may be greater in summer and in tropical regions wherehe idea that WSOC is related to SOA.
the oxidation of SQ via peroxides is more rapid (Gold-  The vast majority of observed SOA can be linked to emis-
stein et al., 2009) and where furthermore the VOC emissionssjons from the following three source classes:
and subsequently the concentrations of condensable organic
compounds are higher. A further complication arises from Fossil fuel combustiofFSOA) — emissions due to the
the interconnections of anthropogenic and biogenic emis- use of fossil fuels. This category also includes emis-
sions and compounds. The organic precursors also influence  sions due to evaporation during fossil fuel extraction,
the oxidative potential of the atmosphere (Kiendler-Scharr processing and transportation. This source category is
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unequivocally anthropogenic, and it is what determina-
tions of fossil carbon content seek to constrain. Oflsamble

Biomass and biofuel burninBBOA and BBSOA) —
partly anthropogenic and partly natural, emissions in
this category are from forest fires, agricultural waste
burning, domestic cooking and heating fires, meat cook- s
ing etc. Anthropogenic influence can be either direct - | combustion tracers

(i.e., cooking or agricultural fires) or indirect (i.e., land \

«— | "Canalysis

~

Non- combustion

use changes and/or forest management practices). Seasonality; - CO correlations,
modelling, —> ( Natural burning modelling, AMS,
. . . trajectory analysis GC/HPLC
BVOCs- (BSOA) the non-combustion related emission Organic tracers

\
i

of VOCs from plants. Here there are also anthropogenic “ D)

modifications due to land use and atmospheric change @ Naturl
. . . . biomass burning BVOC BVOC
that are associated with large impacts on regional scales

and significant global effects. We can in turn split the
BVOC fraction into two sub fractions: natural BSOA Fig. 2. A schematic depiction of the methods for source apportion-
and anthropogenically enhanced BSOA (eBSOA). eg-ment of the various fractions of observed organic aerosol. Enhanced

SOA represents the SOA fraction from naturally emitted SOA (eBSOA) results from. an ant_hropogenlc enhancement of SOA
. . . . from BVOC, therfore we differentiate between natural BVOC and
BVOC which may result from an interaction with an-

. o . . enhanced BVOC, even though the species and emission mecha-
thropogenic emissions, as discussed above and in MOrgigms are identical, as described in Sect. 3. The rectangles describe

detail below. some of the techniques and marker compounds used to seperate

. L . . . the different fractions. EC = elemental carbon, AMS= aerosol mass
A major objective of this paper is to describe a methodologyspectrometer, GC = gas chromatography, HPLC = high-pressure lig-

for separating OA into the fractions identified above. Fur- ;4 chromatography.

thermore, the essential challenge can be summarised as fol-

lows. OA levels are almost without fail higher in urban areas ) ) i i
than in remote areas. This includes extremely high levelletermine the fraction of OA wh|ch results from combus_t|on
in megacities such as Mexico City (Salcedo et al., 2006; De{€-9- Gustafsson et al., 2009; Szidat et al., 2009). This re-
Carlo etal., 2008; Aiken et al., 2009; Hodzic et al., 2009) andduires knowledge of the average emission ratios for OC and
Beijing (Sun et al., 2010). However, even in these settings_EC from the various burnlr_1g processes tha_t need to be taken
OOA is the major OA fraction (Zhang et al., 2007a: JimenezINto account (e.g. domestic wood _flres, Szidat et aI.,_2006).
et al., 2009). While source attribution and modelling studies 10 extract the contemporary fraction of the combustion re-

point to a very large anthropogenic SOA source from mobile/at€d OA, only the modern fraction of the EC aerosol must
sources (i.e. transportation using fossil fuels), (e.g. Schauep® considered. Similarly, levoglucosan can be used instead of
et al., 2002; Docherty et al., 2008; Yin et al., 2018C EC to determine the combustion related fraction of modern

measurements suggest a substantial modern fraction. UndeP” (€. Sullivan et al., 2008; Szidat et al., 2009).
standing this is a great challenge. A recent Aerosol mass spectrometer (AMS) study by Lee
We propose the following general methodology (sum- €t al. (2010) shows that in very fresh smoke (with an age of
marised in Fig. 2), in line with the recent work of Szidat around 305), both for flaming and smoldering combustion
et al. (2006, 2009): beginning with an aerosol sample con-<conditions, molecular fragments with a mass-to-charge ra-
taining a certain fraction from each of the above categories!io (/2 of 60.021 correlate very well with measurements of
a separation of the sources may be made as follows: the a?A- The experiments were performed with several different
portionment of the fossil fuel combustion fraction of organic fuels, suggesting that AMS measurements may be valuable
aerosol can be made VIAC analysis, adC is depleted in  in estimating the contribution of POA from biomass burning
compounds of fossil origin due to radioactive decay. In suchto ambient OA.
calculations it is important to take into account that wood The remaining fraction of the sample which is not from
grown during the last 6 decades has elevaf@llevels, due  combustion processes contains mostly OA formed from nat-
to atmospheric nuclear bomb tests.14C isotopic ratio of  ural emissions of BVOC, however it may still be comprised
1.16+0.05 is used for OA from wood combustion, by Szi- of a natural fraction and an anthropogenically enhanced frac-
dat et al. (2009). tion. It may also contain substantial quantities of OA derived
The remaining fraction then contains OA from BVOCs from cooking. Qualitatively, these fractions may be sepa-
and combustion of modern biogenic matter. Combustion pro+ated by the comparison of measurements from an urban and
cesses result in the formation of elemental carbon (black carnearby rural site (e.g. Szidat et al., 2009).
bon, or soot) aerosols (“EC”, “BC” or soot), and a correlation A quantitative separation may be achieved via measure-
between a time series of these and that of OA can be used tments within the urban area, as well as up- and downstream
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of it. A tracer of anthropogenic emissions (CO levels which  Nevertheless, the use of such molecular markers makes it
are elevated over the background values, for example) mapossible to estimate the fraction of the combustion-related
be used to estimate the dilution of the urban plume (e.g. demodern OA that comes from different burning situations, al-
Gouw et al., 2005; Weber et al., 2007). De Gouw et al. (2005)lowing an approximate separation of clearly anthropogenic
suggests that the removal of anthropogenic VOCs and prosources such as domestic wood burning for heating or cook-
duction of ASOA in an air mass, as it travels from an urbaning and agricultural waste burning.
source region, can be estimated by using three parameters, One factor which needs to be addressed is the effect of
namely a relatively inert pollution tracer (e.g. acetylene oratmospheric ageing on biomass burning markers, and their
CO), hydrocarbon ratios, and the chemical kinetics of the re—ratio to OA. This is currently not well quantified, however re-
actions occurring in the air mass. If the production of ASOA, cent experimental work strongly suggests that both levoglu-
as the plume ages downstream of the urban area, is knowrtosan (Hennigan et al., 2010) and th&= 60 biomass burn-
as well as BVOC and BSOA concentrations upstream of theing marker (Grieshop et al., 2009) decay significantly during
urban area, an anthropogenic enhancement of BSOA can hghotochemical oxidation in chambers.
calculated. The kinetics of BSOA formation from BVOC in ~ Obviously, in the case of forest fires, it is not generally
chemically unperturbed conditions must also be known, ancpossible to differentiate between natural and anthropogenic
there are considerable uncertainties associated with the moavents based on molecular markers. Trajectory modelling
elling of SOA production. from known fires, combined with an emissions estimate may
A further way to separate the two fractions is to use abe the only useful method in this case. The seasonality of
model where a simulation with and without anthropogenic burning events can also be used in longer time series to ap-
emissions can be performed. Of course, such a simulatioportion observed OA to its source — emissions from fires for
must accurately represent the chemistry and thermodynarmdomestic heating peak in winter, and agricultural waste burn-
ics of both biogenic and anthropogenic OA, as well as theiring and other open fires also have a seasonal dependence.
interactions. The only suitable method that would quantatitively ac-
The sample fraction related to emissions via the combus<ount for the anthropogenic enhancement of OA from nat-
tion of modern biogenic material, for example from natural ural fires would be a modelling study, where anthropogenic
and non-natural forest fires, agricultural waste burning, cook-emissions were turned on and off.
ing and heating can also be further broken down into a nat- Emissions from cooking have been found to contribute to
ural and an anthropogenic fraction. Almost all combustion5-24% of OA at urban locations (Rogge et al., 1991; Zheng
of modern biogenic material in urban areas is anthropogenicet al., 2002; Huang et al., 2010; Sun et al., 2010), and the
therefore an urban plume tracer correlation analysis can béfluence of POA from cooking may now be comparable
carried out, and all modern combustion related OA comingto POA from motor vehicle emissions (Allan et al., 2010;
from the urban area can be categorised as anthropogenic, 8un et al., 2010). The OA contribution from cooking emis-
no natural biomass burning events took place upwind of thesions should thus preferably be constrained in source ap-
urban area. portionment studies by measurements of molecular marker
On the other hand, emissions of molecular markers as @ompounds using off-line techniques (see e.g. Rogge et al.,
function of OC emissions, (for example levoglucosan/OC1991; Zheng et al., 2002) or on-line gas chromatography (e.g.
or n-alkane/OC ratios) have been measured for differenWilliams et al., 2006), or by measurements of relevant mass
biomass types and for different burning situations such afragments using an aerosol mass spectrometer (Sun et al.,
residential, wild fire or agricultural burning (e.g. Fine et al., 2010; Allan et al., 2010; Huang et al., 2010).
2001, 2002; Hays et al., 2005; linuma et al., 2007; Maz- In the possibilities for source apportionment described
zoleni et al., 2007, Sullivan et al., 2008). Shrivastava etabove, emissions of modern, non-volatile organic com-
al. (2007) suggest that large even-numbered alkanoic acidgounds through non-combustion related anthropogenic ac-
(hexacosanoic, octacosanoic, triacontanoic and dotriacortivities have not been accounted for. This includes emissions
tanoic acids) can be used to identify open burning as wellsuch as the natural rubber content of tire dust, and paved road
as non-combustion emissions of low volatility organic com- dust (Fine et al., 2001). However, these are comparatively
pounds, where the use of levoglucosan as a tracer can sepamall sources, and in relation to the other substantial uncer-
rate the combustion and non-combustion fractions. There ar&inties in the source separation they are unlikely to lead to
some significant uncertainties in these methods, as the ratisignificant errors.
of the molecular marker to OC is rather variable, even for Compounds such as organosulfates and nitrooxy-
the same combustion material and situation, and the ambierdrganosulfates from oxidation of isoprene and monoterpenes
concentrations of the markers is highly variable due to themay serve as potential tracers of anthropogenic enhancement
multitude of different sources with different emission pro- of BSOA since these molecules are formed in reactions
files (e.g. Fine et al., 2001; Robinson et al., 2006; Mazzoleniinvolving BVOC and sulphate (e.g. linuma et al., 2007;
et al., 2007). Surratt et al., 2008; Nogre et al., 2010). Sulphate sources
in the specific study region should obviously be evaluated,
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to account for the relative contribution of anthropogenic ——
and natural sources (DMS and volcanoes). Unfortunately, i« Ll
quantitative studies would presently be hampered by the f
lack of commercially available authentic standards for
organosulfates.

On long time scales, the distribution of different vegetation
types, their emissions of BVOCs and therefore the formation
of BSOA, will be influenced by atmospheric changes such as
increasing temperatures, shifting rainfall patterns, changesin  °
ozone and carbon dioxide concentrations. These changes ca
undoubtedly be classified as an anthropogenic modification.
The net effects of the combination of such factors on SOA
burdens is highly uncertain. Due to the long timescales in-Fig. 3. Relative amount of contemporary carbon in measurements
volved, the resulting changes in SOA may be best quantifiednade in different situations and seasons. Ranges are shown together
by modelling both the vegetation and atmospheric systemswith the median value. Summer is indicated by “S” and winter by
for example Heald et al. (2008), J. Chen et al. (2009). “W”. The plot is an update of the one shown in Larsen et al. (2001).

Given the possibilities for source apportionment, we neXt“TotaI VOC” are volatile organic compounds excluding methane.
consider whether there is any evidence from observational 1] (Klouda et al., 1996) [2] (Klouda et al., 2002) [3] (Klouda and

. _ _Connolly, 1995) [4] (Klinedinst and Currie, 1999a) [5] (Glasius
work for a substantial enhancement of natural SOA via inter et al., 2011) [6] (Lewis and Stiles, 2006) [7] (Szidat et al., 2009)

action with anthropogenic emissions. [8] (Jenk et al., 2006) [9] (Larsen et al., 2001) [10] (Glasius et al.,
2001).
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4 Observational and modelling data

2004; Lewis and Stiles, 2006; Bench et al., 2007; Gelencs
et al., 2007; Takahashi et al., 2007; Szidat et al., 2009).

An overview of several investigations of atmospheric com- Generally, measurements made in urban areas have lower
pounds and components is presented in Fig. 3. MeasurePercentages of contemporary carbon in fine PM compared
ments of total VOCs in urban areas show low contemporanto those made in rural and remote sites due to local emis-
carbon percentages (0-40%), probably reflecting the contrisions from fossil-fuel combustion (e.g. Schichtel et al., 2008;
bution of long-lived VOCs from the combustion of fossil Glasius et al., 2010). However, in some areas meat cook-
fuels. In these studies, a larger contribution of contempo-ing (Schauer and Cass, 2000) and residential wood combus-
rary carbon to atmospheric oxidation products, such as cartion (e.g. Gelena et al., 2007) may contribute to contem-
bonyl compounds, formic and acetic acids, was found duringPorary carbon during certain periods. As expected, mod-
summer than during winter. Both carbonyl compounds andern sources of carbon dominate PMin rural areas with
formic and acetic acids have relatively high percentages ofractions of 0.75 to 0.95 for the US (Bench et al., 2007)
contemporary carbon (carbonyls 39-84%, formic and aceti@nd 0.63 to 0.76 for Europe (Gelegct al., 2007). How-
acids 55-100%) even in urban environments. As the mairgVer, high contributions of contemporary carbon to fine PM
urban source of modern VOC stems from the use of bio-(0.46 to 0.90) are also observed in urban areas during sum-
fuels such as wood, for heating, this greater abundance ofer. In several cities in Europe, Japan and the western U.S.
contemporary carbon in the oxidation products in summerabout half of the carbon in fine PM is contemporary, while
points to a very large influence of BVOC emissions from higher values are found in south-eastern US cities (Lewis
natural sources. Indeed, the separation of the OC values intét al., 2004; Szidat et al., 2004; Lewis and Stiles, 2006;
wood-burning OC and biological OC in the work of Szidat Bench et al., 2007; Takahashi et al., 2007; Szidat et al,
et al. (2009), show that the higher levels of modern OC 0b-2009). Schichtel et al. (2008) examined measurements at
served in Goteborg in summer than winter are natural in ori-paired rural and urban sites, and found urban contributions
gin. (above regional background levels) to contemporary carbon
A number of studies have investigated the relative contri-in PMz2s of 0.23ug C/mi (or 11%) in north-west USA and
bution of fossil and contemporary carbon in particulate mat-0-42 g C/mt (or 17%) in south-west USA during summer,
ter (PM) and a few are included in Fig. 3. The range of when residential wood combustion is expected to be of mi-
contemporary carbon contribution is broader for the fine PMNOr significance.
than for individual compounds or compound groups in Fig. 3, However, this contribution was calculated by simply com-
reflecting the diversity in chemical composition and sourcesparing the values at the two sites, and no allowance was
of carbon in PM. Observed fractions of contemporary carbonmade for wind direction. During periods when the wind was
in fine PM range from 0.46 to 0.95 in summer (Szidat et al.,blowing from the urban to the rural site, the measured OA

4.1 Observations from remote, rural and urban areas
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at the rural site would be greater than the background OApan air masses contained more WSOC than ambient air.
and urban contribution calculated would be too low. On the AWSOC/ACO ratios increased by a factor of two by the
other hand, slightly higher temperatures (and correspondingecond day and were considerably higher than those for pri-
volatilisation of particulate matter) in urban areas could leadmary emissions of organic carbon, suggesting the contribu-
to a very slight lowering of the calculated urban contribution. tion of primary organic matter was low. However, even when
Itis difficult to determine whether any of this urban contribu- using published particulate yields for low N@onditions
tion is the result of an urban enhancement of natural organi¢Ng et al., 2007), the measured concentrations of the an-
aerosol or not, since a quantitative source apportionment waghropogenic VOCs could only explain around 37% of the ob-
not performed in this study. served growth of the organic carbon aerosol, and the biogenic
Pyrogenic carbon particles sampled in the Amazon,VOCs could explain less than 10%. The authors speculate
thought to be emitted by biomass or fossil fuel combustion,that the yields derived from chamber measurements may be
were examined by &schl et al. (2010) and found to have lower than those in the real atmosphere, that the observed
a partial organic coating. Q. Chen et al. (2009) found thatSOA could have been formed by VOCs which were not mea-
the organic loading in the Amazon basin increased by 50%sured, or that SOA formation from biogenic precursors is
during periods with substantial influence of out of-Basin-air more efficient in urban plumes.
masses, although it is difficult to quantify what fraction of In another study Weber et al. (2007) used measurements
this organic aerosol was formed locally. Both of these ob-of WSOC as an estimate of SOA mass. They found high
servations qualitatively support an anthropogenic enhancemeorrelations between WSOC and anthropogenic emissions,
nent effect. such as isopropyl nitrate and carbon monoxide, in urban
In the work of Szidat et al. (2009), sources of contempo-plumes originating in both Atlanta and New York City, dur-
rary and fossil carbon were investigated by combining indi-ing NEAQS-ITCT 2004. This suggested a strong linkage be-
vidual **C measurements of organic carbon, water-insolubletween WSOC (or SOA) and anthropogenic emissions. Inter-
organic carbon, and elemental carbon with a bottom-up apestingly, the ratios of anthropogenic VOCs to WSOC were
proach using levoglucosan as an organic tracer for biomassimilar in Atlanta and New York City, even though biogenic
combustion. Comparing measurements from an urban ared¥OC concentrations were 10 to 100 times higher in Atlanta.
and a rural site, located 35km apart, they showed an enThis indicates that the mechanisms for SOA formation in At-
hancement (by a factor of 2—3) of non-combustion relatedlanta and New York City were similar, regardless of the much
modern OC in aerosols from the urban site. These measurdrigher concentrations of biogenic VOCs in Atlanta, and that
ments suggest an enhancement of biological SOA due to inthe process was strongly linked to anthropogenic emissions.
teraction with anthropogenic emissions. Unfortunately mea-However,1*C analysis performed on WSOC extracted from
surements were not made at the rural site in summer. filter samples collected during the same summer of 2004 in
An urban tracer and SOA formation modelling analysis Atlanta showed that 70 to 80% of WSOC was biogenic in ori-
was carried out on the data collected during the New Englandyin. This is consistent with biogenic VOCs being involved
Air Quality Study (NEAQS) 2002, leading to the conclu- in most of the SOA formation. Remote sensing data was
sion that the dominant fraction of the organic carbon aerosopresented by Goldstein et al. (2009), showing an increase in
could be attributed to anthropogenic secondary aerosol forsummertime aerosol optical thickness (AOT) over southeast-
mation (de Gouw et al., 2005). This conclusion was basedern USA. They demonstrate that the AOT increase is con-
on the findings that firstly, air masses which showed highsistent with secondary aersol formed from BVOC, and sug-
toluene/benzene ratios (indicating that little processing hadyest that the formation of this SOA is modulated by anthro-
taken place) had no subsequent peak in the organic carbgmogenic emissions.
aerosol concentration. Secondly, when sampling took place The results from these studies suggest that it is possi-
off of the coast of Maine, where monoterpene emissions aréle that the incorporation of biogenic species into organic
high, no increase in the OA was observed and OA concenaerosol is more efficient in polluted air.
trations correlated with those of isopropyl nitrate, an anthro-  14C analysis would suggest that most of the SOA is mod-
pogenic VOC. This latter observation is consistent with anern, however these measurements seem to disagree with
anthropogenic control of SOA even in a region with very high other experimental evidence. A possible explanation may
biogenic emissions. be that most'*C measurements have been performed on
A similar analysis was applied to data collected by aero-bulk filters rather than on different fractions of the organic
plane and ship during NEAQS-ITCT (New England Air aerosol. Interestingly, the work of Weber et al. (2007) is
Quiality Study — Intercontinental Transport and Chemicalone of the few studies to perforfC analysis on only the
Transformation) 2004 (de Gouw et al., 2008). The air- WSOC (not the total organic carbon) and yet they observed
craft tracked a plume originating in New York City, which similar results to studies (e.g., Lemire et al., 2002; Lewis et
contained biogenic and anthropogenic VOCs, for two daysal., 2004; Lewis and Stiles, 2006) usiftC measurements
The concentrations of CO and WSOC were well corre-from bulk filter samples. It should be noted that the parti-
lated throughout the observational period, indicating the ur-tioning of semivolatiles on filter samples may differ from the
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Table 3. The pre-industrial and present day burdens of SOA calculated in several modelling studies. The abbreviations in the last column are
as follows: Ox — change in atmospheric oxidants, APOA — changes in anthropogenic POA, BPOA — changes in biogenicPORONO

effect on SOA yields, BVOC-changed BVOC emissions since pre-industrial period. For a full description of the models, see the individual
papers.

Study Preindustrial Present day Change Effects

burden of SOA (Tg) burden of SOA (Tg) Tg (%) accounted for
Chung and Seinfeld (2002) 0.06 0.19 0.13 (216%) Ox,APOA,BPOA
Tsigaridis et al. (2006) 0.64 0.8 0.16 (25%)  Ox,APOA,BVOC,NEPOA
Hoyle et al. (2009) 0.44 0.70 0.26 (59%)  Ox,APOA,BPOA
Liao and Seinfeld (2005) 0.23 0.33 0.10 (43%)  Ox,APOA,BPOA

(baseline scenario)

atmosphere or change during sampling, resulting in positive
or negative biases for these compounds.

The possibility cannot be ruled out that biogenic VOCs
which are not accounted for in the plume modelling studies
provide at least some of the missing biogenic OA mass. An-
other factor which would lead to higher modern SOA frac- C | I I
thﬂS, Whlle malntalnlng a COFI'e|atI0n Wlth anthropogenlc —400. -80. 0. 10. 50. 100. 2200. 400. 600. 1000. 2000. 5000. 7000.
tracers, is an anthropogenic enhancement of SOA formation s
from naturally emitted BVOC.

Fig. 4. (A) shows the modelled total column increase in SOA since
the pre-industrial period, whil@B) shows the mass formed directly

4.2 Large scale modelling of the anthropogenic from anthropogenic SOA precursors.

contribution

All global modelling studies examining the change in SOA
burden since pre-industrial times show an increase in BSOASPectively. Panel B shows the contribution to the total SOA
due to anthropogenic emissions (Table 3). increase from aromatic species predominantly emitted dur-
Anthropogenic VOC were not included as SOA precur- ing fossil-fuel combustion, but also emitted during biomass
sors in Chung and Seinfeld (2002), however, the percentburning. Maximum SOA burdens from these mostly an-
age of the present day SOA burden resulting directly fromthropogenic SOA precursors are lower than 600 fgéaen
anthropogenic VOC was approximately 6% in Tsigaridis etover industrialised areas. The vast majority of the mod-
al. (2006) and 8% in the experiments described in Hoyle etelled increase in SOA formation is due to anthropogenic en-
al. (2009). Thus, in each of these studies, the majority offancement of SOA formation from biogenic precursors, in
the SOA increase since pre-industrial times is due to an enthis case mainly by the provision of additional low volatil-
hancement of SOA formation from biogenic precursors dueity POA, which shifts the partitioning of secondary organic
to changes in SOA partitioning, oxidation patterns and depo-SPecies in the model towards the condensed phase. The
sition rates. The contributions of biogenic and anthropogenic@hnual global emissions of POA in Hoyle et al. (2009) in-
sources in Liao and Seinfeld (2005) were not listed sepacreased from 10.3Tg (C)/yr for the pre-industrial period to
rately. 30.4 Tg (C)/yr for the present day model run. Predictions of
The global distribution of the change in SOA from Hoyle future changes in SOA burdens are generally consistent with
et al. (2009) is shown in Fig. 4. The total increase in SOA this effect, for example Heald et al. (2008) predict a 10%
since the pre-industrial period was modelled by performingincrease in SOA from monoterpene sources with a 60% in-
two experiments in which the only difference was in the an-crease in anthropogenic POA emissions between the years
thropogenic emissions. The total change in SOA column2000 and 2100, while Liao et al. (2006) predict a 31% in-
burden is Shown in pane' A. The |argest tropospheric Co|_Crease in SOA from 2000 to 2100 as POA emiSSionS more
umn increases are found near industrialized areas or in athan double during this period.
eas with large amounts of biomass burning. SOA burdens In such models, the partitioning of SOA is based on the
decrease at high southern latitudes and over eastern Russi@ankow/Odum (Pankow, 1994; Odum et al., 1996) frame-
due to changes in SOA partitioning, oxidation and depositionwork, and thus corresponds with chamber measurements of
patterns and due to lower biomass-burning emissions in th&OA partitioning. Models generally contain a single organic
present day inventory than in the pre-industrial inventory, re-condensed phase, combining both SOA and hydrophilic
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POA. The applicability of this single phase for partitioning variability in temperature and moisture on SOA was evalu-
calculations is discussed in Sect. 2.1. Tsigaridis et al. (2006ated over a decade by Tsigaridis et al. (2005), who found an
found that accounting for the VOC/NQatio on the produc- associated SOA production variation of around 8%, which
tion of SOA resulted in a 20% decrease in BSOA globally is equal to their calculated production of ASOA. Changes in
and a 20% increase in ASOA. BVOC emissions and in deposition of SOA were both found
The effect of anthropogenic emissions on the formation ofto contribute to the variability.

BSOA was investigated by Carlton et al. (2010), using the
CMAQ regional model. They found that the SOA burden
on the east coast of the USA was reduced, at the surfaces,

by about 50% if all controllable non-natural emissions were . : . .
shut off. The greatest reductions in BSOA were achievedThe biosphere is undoubtedly the major source of VOC in the

by removing anthropogenic POA-B0%), NG, (—20%) and atmosphere, however the research discussed here shows that

. . the anthropogenic modification of this source is significant.

reactive non methane carbon specie4@%). However, the ; : o : .

. ) X : Anthropogenic VOC and particulate emissions contribute di-
modelling study was only carried out for the time period of

15 August—4 September, 2003, and therefore represents raectly to the total OA burden, both in, and downwind of ur-

. . . . ban areas. On the other hand, the enhancement, through an-
time period where high concentrations of natural VOC are : o . . .
expected. thropogenic emissions, of SOA formation from true biogenic

. . . . ... precursors is currently a poorly characterised effect. We de-
As the dominant sink of SOA precursor VOC is oxidation _; ; . .
followed by deposition (Chung and Seinfeld, 2002), the dis_f|ne this enhanced SOA fraction, eBSOA, as that fraction of

tribution of oxidants plays a role in determining the SOA bur- SOA Whl(?h 1S produceq from modern (nqn-fossﬂ), naturally
. . . . emitted biogenic organic compounds, which would not be in
den. If the concentration of atmospheric oxidants increases

the VOCs are oxidised closer to the surface and their sourcfhe condensed phase in the absence of anthropogenic effects.

regions, resulting in faster removal, and a shorter SOA "fe_%mssmns from biofuel combustion, cooking, and human-

time. When the total global burden of SOA increases, suc initiated biomass burmng do not contribute directly tq eB- .
) ; : OA, these are rather direct sources of anthropogenic semi
processes can lead to a greater increase in SOA in the bound-

) L volatile organic compounds and aerosols. Changes in BVOC
ary layer than in the upper troposphere (Tsigaridis et al., = . . .
emissions due to changes in land use, climate or atmospheric

2006), or even to lower SOA burdens in the upper tropo- " . o
sphere, and in remote regions (Chung and Seinfeld, 2002c_:omposmon should be considered as contributing to eBSOA.

Hoyle et al., 2009). The opposite effect is seen when emis—’ The importance of eBSOA lies in the fact that it must be
sioﬁs of VéC are ‘so lar gahat the oxidant concentrationsconSidered an anthropogenic contribution to the aerosol bur-

9 . .den, while it does not directly consist of species emitted via
are depleted. In these areas, the concentration of SOA B uman activity

lower and the precursor VOC are transported further from We describe several mechanisms by which anthropogenic
their source (Heald et al., 2008). Global models therefore y Pog

predict a change in the distribution and lifetime of SOA. g}og g';aftr'gpn %ﬁothsn;trgg;pr;irﬁ d?ahyoxfefsg: ttt;e df';(rem?r:f;e
An increase in the global burden of SOA of 36% by 2100 g P y ; !

was predicted by Heald et al. (2008), using the A1B emis_eﬂ‘ects have been poorly quantified. In the equilibrium

sions from the IPCC Special Report on Emissions Scenari(?aS/partICIe partltlonlr)g fr_amework, an increase in aerosol
S ) L . eads to a shift in partitioning from the gas to the condensed
(SRES), primarily due to increases in biogenic and anthro-

. . . - hase, therefore increased anthropogenic emissions of or-
pogenic emissions. However, an experiment examining onl

the effects of land use change found a 14% decrease in globglam(.: part|c.ulate. matter or semi-volatile OC may lead to
; . . a shift of biogenic carbon from the gas to the condensed

SOA, mainly due to cropland expansion. Other studies have : . o
. . . ; phase. The magnitude of this effect depends on the misci-
predicted a 54% increase in SOA by 2100, using the A2 SC€hility of the condensed and gas phase species, a quantity that
nario (Liao et al., 2006) — (a 31% increase was found when Y gas p P a4 y

. T . I extremely variable between different compounds, and not
only the anthropogenic emissions were changed to projecte

2100 values), and a doubling of SOA (Tsigaridis and Kanaki—WeII descrl_bed- for.atmosphenc-ally reIe_vant m|>.<tur.es. Afur
; o . ther complication is the formation of different liquid phases

dou, 2007), due to changes in emissions, using the 1S92a sce-.. . .
. ; . Within the same aerosol droplet. Condensed phase reactions
nario. J. Chen et al. (2009) examine the change in BVOC - : .
. . have been shown to reduce the volatility of organic species
emissions in the USA, between the present and ca. 2045— - -
L : ! -once they partition to the aerosol, and the efficiency of these

2054. They find increases in monoterpene and isoprene emis- . . .
reactions depends on the aerosol composition or acidity.

i 0, 0, i i i -
sions of 26% and 20% respectively, due to increases in tem Anthropogenic emissions of NGzan greatly affect yields

perature qnd splar insolation. When land use change Was SOA, but again the total effect depends on the organic
coupled with climate change, the isoprene and monoterpeng ecies involved. A comparison of the yields from different
emissions were found to reduce by 52% and 31% respec-p y P y

tively. Similarly to Heald et al. (2008), the reduction was experiments is difficult due to the dependence of yield on the

attributed to crop land expansion. The effect of shorter termconcentratlon of the organic species.

Summary and conclusion
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The formation of new particles in the atmosphere can oc-actions, and thus on the partitioning of biogenic species,
cur both due to organic species or sulphuric acid. Gas phasalso needs to be better quantified, including the effect of
organics certainly partition to the newly formed particles, be-aerosol acidity. In this respect, more measurements of ambi-
ing responsible for much of their growth (Kulmala et al., ent aerosol are needed, which aim specifically to relate SOA
2001; Bonn et al., 2008; Boy et al., 2008). Thus new particleburden to aerosol acidity, under the exclusion of other effects
formation may be an important SOA formation mechanism.which have until now lead to some ambiguity.

Because of the role of sulphuric acid in new particle forma- The net effect of N@ on yields of SOA from mixtures of
tion, changes in emissions of sulphur compounds may leadbiogenic precursors needs to be systematically assessed, not
to changes in SOA concentrations. only for different VOC/NGQG ratios, but for different VOC

A general approach for isolating the eBSOA contribution concentrations, so that the yields are known for the range of
to the observed OA burden was outlined, taking advantage o€onditions encountered in the atmosphere.
various measurement techniques to apportion the carbon to The mechanisms behind new particle formation in the at-
sources, based on properties such as age and correlation withosphere need to be better understood, in particular the rela-
other tracers. tive roles of different species such as sulphuric acid or or-

The evidence for substantial contributions of eBSOA to ganic species, in polluted and non-polluted environments,
the OA burden in existing measurements was discussed. and the dependence of particle formation rates on the con-

Most large scale modelling studies show a clear contribu-centrations of these compounds. The effect of changes in
tion of eBSOA to the increase in SOA since pre-industrial new particle formation on the burden and lifetime of SOA,
times, for example only 31% and 21% of the modelled and on the numbers of CCN needs to be assessed.

SOA increase consisted of SOA formed directly from an- More systematic regional or global modelling studies
thropogenic VOC in the studies of Tsigaridis et al. (2006) with a fully coupled biosphere and atmosphere would be
and Hoyle et al. (2009) respectively, the vast majority of theextremely useful to better quantify the magnitude of the
remainder being eBSOA. An eBSOA contribution of around changes in BVOC emissions resulting from climate change,
50% is estimated by Carlton et al. (2010) for the east coastand use change, or atmospheric composition change. An in-
of the USA in summer. Changes in temperature, precipita-vestigation of possible climate feedbacks through the direct
tion, atmospheric composition, and land usage all affect theor indirect effect of organic aerosols would likewise be very
emissions of BVOC, and have been predicted to lead to subinteresting.

stantial changes in BSOA in the future. More effort needs to be made to quantify, or at least con-

However, despite the multitude of mechanisms possiblestrain, the proportion of eBSOA in the observed atmospheric
for eBSOA formation, the evidence from current observa- OA burden. As there is no specific marker for eBSOA, this
tions is less clear. Modern carbon certainly accounts for larggask can only be achieved by the apportionment of the ob-
fractions of the urban OA burden, even in summer (Lewisserved OA mass to its various sources. To this end, measure-
et al., 2004; Bench et al., 2007), when anthropogenic emisments upstream, within and downstream of urban areas are
sions of modern carbon, for example through wood burning,required, where the enhancement of the urban OA over the
should be relatively low. However, there may be other sub-regional background can be determined, and where the con-
stantial urban sources of modern OA. More direct evidence idribution of anthropogenic VOC emissions can be removed
found in the comparison of measurements at closely locatedbased on the age of carbon and the correlation with markers
urban and rural sites, where for example the measuremenisf specific emission sources. More work is needed to char-
of Szidat et al. (2009) would suggest the contribution of eB-acterise the changes in ratios of these molecular markers to
SOA to the observed OC mass concentration could be aroun®A as a function of time from emission.

50-60%. Detailed modelling of OA in urban plumes (e.g. de
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