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Abstract. The role of isoprene as a precursor to secondarysorbing matter are shown to be another key uncertainty when
organic aerosol (SOA) over Europe is studied with the two-predicting SOA levels. Consequently, smog chamber experi-
way nested global chemistry transport model TM5. The in-ments on SOA formation should be performed with different
clusion of the formation of SOA from isoprene oxidation in types of seed aerosols and without seed aerosols in order to
our model almost doubles the atmospheric burden of SOAderive an improved treatment of the absorption of SOA in
over Europe compared to SOA formation from terpenes andhe models. Consideration of a number of recent insights
aromatics. The reference simulation, which considers SOAn isoprene SOA formation mechanisms reduces the tropo-
formation from isoprene, terpenes and aromatics, predictspheric production of isoprene derived SOA over Europe
a yearly European production rate of 1.0 Tg SOAYyand  from 0.4 Tgyr ! in our reference simulation to 0.1 TgVk.

an annual averaged atmospheric burden of about 50 Gg SOA
over Europe. A fraction of 35% of the SOA produced in the
boundary layer over Europe is transported to higher altitudesfL
or to other world regions. Summertime measurements of or-
ganic matter (OM) during the extensive EMEP OC/EC cam-
paign_ 2002/20_03 are b_etter reproduced Wh_en SOA formatiorbpproximately 250-750 TgCy#, thus accounting for
from isoprene is taken into account, reflecting also the stron

) . _ . : ~the majority of non-methane volatile organic compounds
seasonality of isoprene and other biogenic volatile Organ'C(NMVOC) emissions (Guenther et al., 1995, 2006). Smog
compounds (BVOC) emissions from vegetation. However, 2 ' :

. . X : chamber studies at ambient conditions suggest an important
during Wlnter', our model strongly gnderestlmqtes_OM, “kely role of isoprene in atmospheric photochemistry (e.g. Karl et
caused 'by.m|s.smg wood burnm'g n the emission mventorlesalq 2004, 2006). Although initial studies suggested that iso-
Unc_erta|nt|es n th_e par_ametensathn of isoprene SOA_‘ fo_r “prene was not a significant precursor of SOA (Pandis, 1991),
mation have been investigated. Maximum SOA production is

. . N S o more recent laboratory and smog chamber studies (Edney et
found for irreversible sticking (non-equilibrium partitioning) al., 2005; Kroll et al., 2005, 2006; Kleindienst et al., 2006)
of condensable vapours on particles, with tropospheric SOAas,weII a;s field stud,ies (Ciaeys ét al., 2004a.b: Io’n et al.

production over Europe increased by a factor of 4 in SUM-5005. Kourtchev et al., 2005: Matsunaga et al., 20G5@et
mer compar_ed to the_ reference case. . Completely neg_lectlngl_’ 2006) clearly showed that isoprene can contribute signif-
SOA formation frlom isoprene results in the lowest estlmateicamIy to the formation of secondary organic aerosol (SOA).
(0.51Tg SOAYr?). The amount and the nature of the ab- There is however, controversy on the mechanisms and yields
of SOA formation from isoprene.

In recent chamber studies a yield of 1-2% was found at

Correspondence tdk. Dentener high NO, (INOy]>75 ppbv) conditions (Kroll et al., 2005)
BY (frank.dentener@jrc.it) and about 3% at low NQlevels ([NO]<1 ppbv) (Kroll et
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Introduction

Global isoprene emissions are estimated to amount to
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al., 2006). Based on measurements of isoprene oxidatiothe agueous phase, Ervens et al. (2008) were able to predict
products (2-methyltetrols) in aerosol samples, Claeys et alin-cloud formation of glycolic, glyoxylic and oxalic acids
(20044a) estimated a 0.4% SOA yield by mass from isoprenén agreement with aircraft measurements of cloud-processed
photo-oxidation. In contrast, Edney et al. (2005) found lit- particles. They found that in regions with high N@nd iso-
tle evidence of isoprene-derived SOA formation in high at- prene emissions, together with abundant clouds, as it is the
mospheric NQ conditions. However, when acidifying the case in Northeastern US or Southeastern Asia, aqueous phase
aerosol seed, a SOA yield of 2.8% was observed, suggestingrocessed SOA might contribute significantly to total SOA.
that acid-catalyzed reactions on acid aerosols are involved in Considering aqueous phase oxidation products from iso-
the enhanced formation of SOA from isoprene. The forma-prene, Matsunaga et al. (2005) suggested a global annual
tion of polymers has been invoked as a possible mechanismroduction of 10—120 Tg of organic aerosol matter from iso-
of SOA formation, either directly from isoprene (Limbeck prene. In contrast, Claeys et al. (2004a) proposed that only
et al., 2003) or from isoprene gas-phase oxidation products small fraction of all reacted isoprene is converted into SOA,
(Czoschke et al., 2003; Kleindienst et al., 2006; Surratt etcorresponding to a source of 2 TgYrSOA. In perspective,
al., 2006) via acid catalysis. Recent reaction chamber expera review by Kanakidou et al. (2005) suggested SOA forma-
iments indeed confirm the formation of polymers in isoprenetion from terpenes and other reactive VOC (ORVOC) emitted
oxidation experiments by reactive uptake into highly acidic by the vegetation to range between 12 and 70 TgyMore
sulphate aerosols (Liggio et al., 2007). Non-oxidative (ac-recently much higher estimates of the biogenic SOA produc-
cretion) reactions in the particle phase appear to be involvedion have been inferred from top-down approaches. Based
in the ageing of isoprene derived SOA. Dimeric hemiacetalson the global mass-balance for atmospheric VOC, Goldstein
and esters from isoprene oxidation have been found both ind Galbally (2007) derived a global SOA production of up
laboratory experiments and ambient aerosol (Surratt et alto 910 Tg Cyrl. Their estimate has been further revised by
2006). Another important group of accretion reaction prod-Hallquist et al. (2009) who found that the total global flux of
ucts formed from isoprene SOA seem to be organosulphateliogenic SOA could range between zero and 185 Tg¢,yr
(Surratt et al., 2007a,b). Organosulphates from isoprene oxwith a best estimate of 88 Tg Cy*. It should be noted that
idation have also been detected at sites in Southeastern UBe top-down estimate by Hallguist et al. (2009) considers
and Europe (Surratt et al., 2007apBez-Gonalez et al., non-BVOC sources of SOA. Their approach considers VOC
2008). of intermediate volatility (IVOC), with saturation concentra-
Recent work also suggests that in-cloud oxidation of watertions between 1®and 1§ pg n23, emitted during biomass
soluble isoprene oxidation products (in particular methylgly- burning which may patrtition to the primary organic aerosol
oxal and hydroxyacetaldehyde) can also produce SOA (Er{POA), and the oxidation of low volatility VOC to create ox-
vens et al., 2004). Lim et al. (2005) conclude that in-cloud idized primary aerosol (Robinson et al., 2007; Donahue et
oxidation of isoprene can yield SOA by up to 0.3% by mass.al., 2009). In the present study, direct emissions of IVOC or
Calculations with CAPRAM 3.0i (Herrmann et al., 2005; semi-volatile vapours are not included. In our work, we fo-
Tilgner et al., 2008) confirmed earlier findings by Lim et cus on SOA production in terms of “traditional” SOA, origi-
al. (2005) showing that emissions of isoprene are linked tonating from the photo-oxidation of individual VOC like iso-
the in-cloud formation of oxalic acid via the formation of prene, terpenes, and aromatics. Thus our results should be
glycolaldehyde in the gas-phase oxidation of isoprene. Oxseen in context of the range provided by Kanakidou et al.
alic acid is one of the major identified single organic particle (2005).
mass components. Model studies suggest that isoprene is the A global model study by Henze and Seinfeld (2006) evalu-
largest source of secondary produced glyoxal and methylated the formation of SOA from isoprene oxidation based on
glyoxal on the global scale (Saunders, 2003; Fu et al., 2008)laboratory chamber data from Kroll et al. (2006), suggest-
New model results from Myriokefalitakis et al. (2008) un- ing that photo-oxidation of isoprene and consequent SOA
derline the large global contribution of isoprene and otherformation may contribute 6 Tgyt, or 47% of their total
biogenic hydrocarbons to the water-soluble oxidation prod-predicted SOA production, equal to roughly a doubling of
uct glyoxal, and confirm overall agreement with satellite ob-the simulated SOA burden obtained from terpene oxidation
servations of this compound. Moreover, Fu et al. (2008)alone. Using the same SOA vyields, a regional model study
found that the global source of SOA by irreversible uptake ofby Liao et al. (2007) suggested that isoprene oxidation con-
glyoxal and methylglyoxal may yield 11 Tgyt SOA, with tributed 50% to SOA concentrations over the USA and 58%
90% of the formation taking place in clouds. Recent labora-to the global SOA concentrations for the years 2001-2003.
tory experiments have demonstrated the formation of higheAssuming a fixed 2% SOA mass yield from isoprene oxi-
molecular weight compounds, some with oligomeric struc-dation, van Donkelaar et al. (2007) was able to improve the
ture, from the aqueous phase oxidation of pyruvic acid, gly-comparison of modelled and measured organic aerosol (OA)
oxal and methylglyoxal (Altieri et al., 2006, 2008; Carlton et surface mass in the USA. According to present-day model
al., 2007). Using a revised aqueous phase oxidation schem&mulations of Tsigaridis and Kanakidou (2007), isoprene
for isoprene, including oligomer formation from glyoxal in oxidation produces 4.6 Tg SOAV} with the two-product
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approach from Henze and Seinfeld on a global scale, whiclpreviously mentioned simulations in context of prior studies,
corresponds to 38% of the 12.2 Tg SOAYiformed by the  we repeat some sensitivity studies already presented in Tsi-
oxidation of other BVOC and to 27% of the total SOA in garidis and Kanakidou (2003). Moreover, we assess to what
their simulations. extend the new results can be reconciled with particulate or-
Tsigaridis and Kanakidou (2003) presented a comprehenganic matter observations from the EMEP OC/EC campaign
sive sensitivity study on SOA formation on a global scale us-in 2002—-2003 (Yttri et al., 2007).
ing a previous version (TM3) of the model used in this work.
They found that the global annual SOA production from bio-
genic volatile organic compounds (VOC) ranges between 2.
and 44.5 Tg and from anthropogenic VOC (aromatics) range
between 0.05Tg and 2.62Tg. The given ranges reflect th
uncertainties in the treatment of SOA formation. However, |, this work, the two-way nested atmospheric zoom model
formation of SOA from isoprene was not included in that TMS5 is used. The TM5 model is an off-line global chem-

study. o . . istry/transport model (Krol et al., 2005) that uses meteoro-
_ Along array of uncertainties is associated with the forma-|oica| fields, including large-scale and convective precipita-
tion of secondary organic aerosols (Kanakidou et al., 2005)i51 and cloud data, from the European Centre for Medium

beginning with the emissions of the volatile organic com- pange Weather Forecast (ECMWF). The standard version of
pounds (VOC) that act as precursors of SOA, followed by the 5" employs 25 vertical layers which are derived from the

formation processes of semi volatile organic gases and theig, layers of the operational ECMWF model. Since the focus

condensation on pre-existing aerosols and finally the effec;g on the troposphere, higher vertical resolution is maintained

tiveness of removal of SOA from the atmosphere, mainly byjn, the houndary layer and in the free troposphere. Globally,
wet deposition. Currently identified major uncertainties that 5 1, orizontal resolution of%6<4° (longitudexlatitude) is em-
influence the yields of SOA from isoprene and monoterpene%byed_ The two-way zooming algorithm allows resolving
are the levels of ambient NGconcentrations or VOC/NO the European domain (18V, 14° N to 36 E, 64 N) with
ratios (Presto et al., 2005b; Presto and Donahue, 2006; Kroll, i resolution of 9x1°. To smooth the transition be-
et al., 2006), the temperature dependence of the partitions,een the global Bx4° region and the regionalk 1° do-

ing coefficient (Offenberg et al., 2006), relative humidity 50 4 domain with a3<2° area resolution has been added,
(Jang and Kamens, 1998; Cocker et al., 2001), the role Ofstretching from 32W. 42° N to 51°E. 72 N.

acid-catalyzed heterogeneous reactions of carbonyl products 1 slopes advection scheme (Russel and Lerner, 1981)

(Czoschke et al., 2003; linuma et al., 2004; Czoschke ang,q pheen implemented: non-resolved transport by deep and
Jang, 2006), the possible formation of high molecular weightgp 510w cumulus convection is parameterised according to
products (oligomers, humic like substances) (Kalberer et al.jgqike (1989). The vertical diffusion parameterisation of
2006; Surratt et al., 2006; Heaton et al., 2007), the role ofyts1ag and Moeng (1991) is used for near surface mixing.
squ_hat.e aerosol concentration in the condensation process the free troposphere, the formulation of Louis (1979) is
(Kleindienst et al., 2006; Kroll et al., 2007), the effect of \;qeq  The model transport has been extensively validated
UV-light (Presto et al., 2005a), and the absorption propertlquSingzzan and SE (Peters et al., 2004; Krol et al., 2005)

of pre-existing carbonaceous particulate matter (e.g. Seinfeld 4 3150 within the EVERGREEN project (Bergamaschi et
and Pankow, 2003). Furthermore, the importance of isopreng; 2006).

as a precursor of SOA is determined not only by SOA yields
but also by the total amount of isoprene emissions from veg2.2  Gas-phase chemistry
etation (Carlton et al., 2009).

In this work we use the global atmospheric transportThe gas phase chemistry is calculated using the CBM-IV
model TM5, with a 2 x1° resolution over the European do- chemical mechanism (lumped structure approach; Gery et
main to study SOA formation over Europe. We build up on al., 1989a, b) as modified by Houweling et al. (1998), solved
the previous sensitivity analysis on global SOA performed byby means of the Eulerean backward iterative (EBI) method
Tsigaridis and Kanakidou (2003) and further expand their ap{Hertel et al., 1993). In this version of the TM5 model
proach by focusing on the role of isoprene in the formation ofthe coupled aerosol module to calculate secondary organic
secondary organic aerosol over Europe on a high spatial anderosols developed by Tsigaridis et al. (2006) is applied
temporal resolution. This work integrates the most recent in-and has been appropriately linked to the gas phase chemi-
sights on isoprene SOA formation in TM5 and we perform cal mechanism. To this purpose, CBM-IV was modified ac-
a number of simulations to investigate the sensitivity of our cordingly to include the gas phase precursors of SOAgt.e.
model results to different European isoprene emissions inpinene, 8-pinene, toluene, xylenej-caryophyllene which
ventories, different representations of the isoprene SOA forhave not been considered previously, the reactions and rate
mation route, and assumptions regarding the effectiveness afonstants of these VOCs with atmospheric oxidants are listed
wet removal of isoprene oxidation products. To place thein Table 1. Biogenic volatile organic compounds (BVOC)

 Model description

2.1 Atmospheric transport model TM5

www.atmos-chem-phys.net/9/7003/2009/ Atmos. Chem. Phys., 9, 7003-7030, 2009
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Table 1. Reactions of SOA-precursor VOC with atmospheric oxidants included in TM5 (reactions with gas-phase products and temperature

dependent rate constants).

VOC-+Oxidant reaction Rate constant
ISOP+ OH —  0.61 HCHO+ 0.03 MGLY + 0.58 OLE+ 0.63 PAR+- 0.85 HOy + 0.85 XO + 0.15 XOoN 2.54x10 L exp(410/T)
ISOP+ O3 —  0.90 HCHO+ 0.03 MGLY + 0.55 OLE+ 0.36 CO+ 0.63 PAR+ 0.15 GO3

+ 0.28 OH+ 0.30 HO, + 0.18 X0, 12.3x10 15 exp(—2013/T)
ISOP+ NO3 —  0.03 HCHO+ 0.12 ALD2+ 0.08 MGLY + 0.45 OLE+ 0.90 ORGNTR+ 0.90 HQ, + 0.10 NG,  7.8x1013
APIN + OH —  1.22 HCHO+ 0.06 MGLY + 1.16 OLE+ 1.26 PAR+ 1.70 HO, + 0.15 XO,N + 0.70 TERG 1.21x 10~ exp444/T)
APIN + O3 —  1.80 HCHO+ 0.06 MGLY + 0.72 CO+ 1.26 PAR+ 0.46 OH+ 0.60 HQ, + 1.00 TERG 1.01x10 B exp—732/T)
APIN + NOg —  0.06 HCHO+ 0.24 ALD2+ 0.16 MGLY + 0.90 OLE+ 1.80 ORGNTR+ 1.80 HQ; + 0.20 NG,  3.15x10"13exp(841/T)
BPIN 4+ OH —  1.22 HCHO+ 0.06 MGLY + 1.16 OLE+ 1.26 PAR+ 1.70 HQ, 4 0.15 XN + 0.70 TERG 2.38x10 11 exp(357/T)
BPIN + O3 —  1.80 HCHO+ 0.06 MGLY + 0.72 CO+ 1.26 PAR+ 0.46 OH-+ 0.60 HQ, + 1.00 TERG 15x10~17
BPIN 4+ NO3 —  0.06 HCHO+ 0.24 ALD2+ 0.16 MGLY + 0.90 OLE+ 1.80 ORGNTR+ 1.00 CO

+ 1.80 HQ, + 0.20 NG, 1.6x10"0exp(—1248/T)
BCAR + OH —  2.00HO 20.0x10711
BCAR + O3 —  1.60 HCHO+ 0.40 ROOH+ 0.12 OH 116x10°15
BCAR + NO3 —  0.06 HCHO+ 0.24 ALD2+ 0.16 MGLY + 0.90 OLE+ 1.80 ORGNTR+ 1.80 HG, + 0.20 NG,  1.9x10711
TOL + OH —  7.00 PAR+ 1.00 AROG 5.96x10712
TOL + O3 —  8.00 PAR+ 1.00 AROG 2.34x 10" 12 exp(—6694/ T)
TOL + NOg —  1.00 MGLY 6.8x10°17
XYL + OH —  7.00 PAR+ 1.00 AROG (1.37x107114+2.36x 107114+ 1.43x10-11) /32
XYL + O3 —  8.00 PAR+ 1.00 AROG b
XYL + NOs3 —  1.00 MGLY + 1.00 PAR (3.8x1071642.33x107164+4,5x10-16) /32

Reactions of organic peroxy radicals and operator species

TERO, + NO - NOy 4.2x10"12exp(180/ T)
TERO, + TERO, — 1.7x10 1 exp(1300/ T)
TERO; + HO, — ROOH 3.5x10 13exp(1000/ T)
TERO, + XO» - 1.7x10~ M exp1300/T)
TERO; + AROO, — 1.7x10 M exp(1300/ T)
AROO, + NO - NOy 4.2x10"12exp(180/ T)
AROO, + AROO, — 1.7x10~ M exp(1300/ T)
AROO;, + HO, — ROOH 3.5x10"13exp(1000/T)
AROO; + XO» - 1.7x10 M exp1300/T)
X0, + NO —  NO 4.2x10"12exp(180/T)
X0y + XOp - 1.7x10" M exp1300/T)
X0y + HO» — ROOH 3.5x10 13exp(1000/ T)
XO2N + NO — ORGNIT 6.8x10713

XO2N + HO, — ROOH ¢

& Average of rate constant of the ortho-, meta-, and para-isomers.

b Average of temperature dependent rate constants of the ortho-, meta-, and para-isomers:
(2.4x 10" 13 exp(—5586/ T)+5.37x 10~ 13 exp(—6039 T)+1.91x 10~ 13 exp(—5586/ T)) /3.

€ [6.8x10 13x(3.5x 10 13 exp(1000/ T))]/[4.2x 10~ 12 exp(180/ T)].

that form SOA like monoterpenes and other reactive volatile2005). The largest fraction of SOA is from biogenic pre-
organic compounds (ORVOC) are representedviyinene  cursors while the anthropogenic SOA production is roughly
and g-pinene. Toluene and xylene represent the anthro-a factor of 10 smaller. As stated in the introduction, the given
pogenically emitted aromatic compounds that form SOA.range refers to production in terms of “traditional” SOA and
New in this work compared to Tsigaridis et al. (2006) is the the formation of SOA as a result of the multi-step oxidation
consideration of isoprene and sesquiterpenes, the latter repref directly emitted compounds with intermediate volatility
sented bys-caryophyllene, as additional biogenic SOA pre- from biomass burning or diesel exhaust might be larger.
cursors. The standard parameterisation of SOA formation in ] o )

TMS5 corresponds to the scenario S1.1 given in Tsigaridis and Anthropogenic emissions of non-aromatic NMVOC are

Kanakidou (2003) (see Sect. 2.5). implemented and distributed among CBM-1V compounds as
described in Houweling et al. (1998). The terrestrial bio-
2.3 NMVOC emissions sphere is a major source of BVOC. According to the Global

Emission Inventory Activity (GEIA) database (Guenther et
SOA is formed in the gas-phase oxidation of biogenic andal., 1995) about 503 Tg C of isoprene, 127 Tg C of monoter-
anthropogenic NMVOC in the atmosphere. The global pro-penes, and 260 Tg C ORVOC are emitted annually into the
duction is estimated to range from 12—70 TgySOA with atmosphere. Monthly BVOC emissions calculated in our
a central estimate of about 30 Tgyr SOA (PHOENICS reference simulation (see description below) correspond to
Synthesis and Integration Report, 2005; Kanakidou et al. monthly emission fluxes from the GEIA database (Guenther
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et al., 1995). BVOC emissions from the GEIA inventory are NMVOC emissions. Emissions of aromatics from biofuel
based on the year 1990. We note that there are more receand biomass burning are not considered at the moment as
estimates for BVOC emissions on the global scale (leathi they are highly uncertain over Europe. In Europe and USA
et al., 2005; Guenther et al., 2006) and European scale (Kadlecreasing trends of aromatic hydrocarbon emissions have
et al., 2009; Steinbrecher et al., 2009). The GEIA emissionbeen reported in the last 2—3 decades (EMEP, 2008; US EPA,
database has been chosen to allow for maximum consisten3008). The relatively crude estimate of emissions of aro-
with earlier TM5 versions, while the more recent emission matic compounds in our model study can be justified by the
estimates are used in the present study to estimate the sensimall relative contribution of aromatic hydrocarbons to the
tivity of SOA formation to emissions. total SOA production.

ORVOC are defined as compounds with a lifetime under
typical troposph_er_ic conditions of less than 1 d_ay (Guenther2.4 Primary and inorganic aerosols
et al., 1995). Griffin et al. (1999b) have determined the con-
tribution of individual chemical compounds to the emissions ]
of ORVOC on a global scale based on the emissions fronf>@S phase chemistry (Sect. 2.2) and secondary aerosol for-
predominant plant species. According to these authors, 32981ation are coupled and computed online together with all
of the total ORVOC emissions contribute to SOA formation. Other aerosol compounds in this version of TMS. Sulphate is
Following Griffin et al. (1999b), we assume that 5% of the assumed.to l:_Je present only in the _aerosol phase. Itis formed
emissions of ORVOC are sesquiterpenes, representgd by DY the oxidation of S@ (and DMS) in the gas phase by OH
caryophyllene. Among the remaining ORVOC constituents@nd in the aqueous phase by® and . Black carbon
that contribute to the formation of SOA, 48% have a ter- (BC) and primary organic carbon (POC) are, as well as in-
penoid molecule structure, while 52% have an aliphatic (C7-0rganic components, considered externally mixed; they are
C9 n-carbonyls, higher olefins) or aromatic structure. Fordescribed only by mass, and being in the accumulation mode
simplicity, B-pinene was used to represent the less effective/Vith & mass mean radius of 0.14 ym for wet and dry removal
aliphatic and aromatic fraction of the SOA-forming ORVOC Processes. Seasaltand dust'are externally mlxeq components
compounds, while:-pinene was used to represent the moren _the model, they_are described by lognormal distributions
efficient terpenoids. Consequently, the remaining ORVOC(A'tke_”- accumulation and coarse mode for sez_a_sa_lt and accu-
emissions are distributed equally betweerand 8-pinene. mulation and coarse mode for dust)..The equilibrium model
Emissions of monoterpenes and ORVOC are assumed to d&=QSAM2 (Metzger et al., 2002a, b) is used to calculate the
pend only on temperature, while isoprene emissions depenfartitioning between the aerosol and gas phases of ammonia,
on temperature and light (e.g. Tingey et al., 1991; Guentheflitric acid, ammonium and nitrate and the water attached to
etal., 1993). The equations describing the dependence of isghe particle in equilibrium with the water vapour (Vignati et
prene emissions on temperature and light and the dependengé» 2005). In-cloud as well as below-cloud wet removal are
of terpene and ORVOC emissions on temperature given bygr_ametenze_d Q|ﬁerently for convective and stratiform pre-
Guenther (1997) are applied. cipitation, building on the vyork of .Guellle et al. (1998) and

Together with the global fields of emission factors and fo- Jeuken et al. (2001). Sedimentation is only taken into ac-
liar biomass densities, BVOC emissions at any location andount for the coarse mode of dust and sea salt particles.
time during the simulation are calculated on-line. Emission The global emission inventories of primary carbonaceous
factors and foliar biomass densities have been compiled aparticles (black carbon and primary organic carbon) used in
described in Guenther et al. (1995) for 72 ecosystem classethie present work are from Bond et al. (2004) for the anthro-
defined by Olson (1992). The BVOC emission module ap-pogenic contributions (fossil and biofuels) and from van der
plies the radiation code of Weiss and Norman (1985) to cal-Werf et al. (2004) for the large scale biomass burning areas.
culate the extinction of light as a function of the leaf area in- Anthropogenic emissions are given with an uncertainty fac-
dex (LAl), the distribution of the LAl inside the canopy (leaf tor of two (Bond et al., 2004). We assume that 100% of the
area density), the fraction of leaves and the orientation ofemitted black carbon and 35% of the emitted primary organic
these leaves. Applying this BVOC emission module in TM5 carbon are hydrophobic (Cooke and Wilson, 1996; Mayol-
with ECMWF meteorological data results in global isoprene Bracero et al., 2002). The conversion of BC and POC from
emissions of about 500 Tgyt. hydrophobic to hydrophilic is assumed to occur by reaction

Apart from BVOC, aromatic compounds have the poten-with ozone and follows the description given in Tsigaridis
tial to form secondary organic aerosols (Odum et al., 1997)and Kanakidou (2003). The chemical ageing process thus
The emissions of aromatic hydrocarbons are adopted frontlepends on @levels and ambient humidity and has a strong
the Emission Database for Global Atmospheric Researcteffect on the removal of carbonaceous aerosols, since hy-
(EDGAR) version 2.0 (Olivier et al., 1996) for the year 1990. drophilic BC and POC are more efficiently scavenged in
Unfortunately there is no more recent speciated VOC emis<louds than hydrophobic BC and POC. We note that there
sion database covering our model domain available. Thesare also other parameterisations of aerosol-ageing; it was be-
emissions add up to about 10-15% of all anthropogenicyond the scope of this paper to explore these.
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Secondary organic aerosol particles are assumed to be hyswer and upper ends of the volatility range (typically from
drophilic. In clouds, 30% of the mass of hydrophilic BC, 0.01ugnt3 to 1P ug i3 at 298 K) are selected to cover
hydrophilic POC and SOA remain in the interstitial air of the range of atmospheric conditions. Chemical ageing and
clouds, while 70% behave as hygroscopic and thus undergmultigenerational processing in the gas phase and condensed
wet deposition by in-cloud and below-cloud scavenging. Hy-phase can be captured in the VBS by simply redistributing
drophobic aerosols are not removed by in-cloud scavengingmaterial from one volatility bin to another. For more details
Wet removal of SOA is in rough agreement with Chung andon this approach we refer the reader to the work of Donahue
Seinfeld (2002) who assume 20% of the SOA mass to beand co-workers (Donahue et al., 2006, 2009; Presto and Don-
hydrophobic. Gases are scavenged according to their soltehue, 2006; Pathak et al., 2007).
bility. The dry deposition of gases and aerosols is calculated The partitioning of a condensable compoundetween
using the ECMWF surface characteristics and the resistancthe gas phase and the aerosol phase is described by the
method (Ganzeveld and Lelieveld, 1995). gas/particle partitioning coefficier®,; for absorptive up-

De Meij et al. (2006) compared European aerosol opticaltake into the particle phase (Pankow, 1994a; Seinfeld and
depth (AOD) calculated with TM5 using the EMEP emission Pankow, 2003; Pankow and Barsanti, 2009):
inventory (containing S& NOy, NH3, PM2 5, PMcoarsg and 10-6
the AEROCOM inventory (containing SO particulate or- Kpi= Ai = RTf
ganic matter, BC; Dentener et al., 2006) with surface data =~ GiM:i  MW&ip}
from AERONET observation sites and with MODIS satellite 0 - , )
data. Calculated AOD with both inventories underestimatedVherepy ; is the pure compound's vapour pressure in atm,
the observed AERONET AOD values by 20-30% but show T is temperature in KG; (ngmi-3) is the concentration in
good spatial agreement with MODIS data. In the case ofthe gas phasey; (ng m~3)is the concentration in the (largely
the AEROCOM inventory, a simplified global SOA source organic) material aerosol phask,is the universal gas con-
yielding 19.1 Tgyr?! (Europe: 0.41 Tgyr?) particulate or-  Stant (8.206c10~°>m3atmmol* K1), f is the absorptive
ganic matter had been applied based on the assumption thaiass fractiong; is the activity coefficient of compoundin
15% of natural terpene emissions form non-volatile SOA in- that particulate phase, and10is a conversion factor (gh).

1)

stantaneously when emitted. The activity coefficient; describes the non-ideal interaction
between the dissolved species i and the other components of
2.5 Formation of secondary organic aerosols the (organic) particulate phase. Note that Eq. (1) is entirely

general and applies to partitioning to any condensed phase,
We parameterize the formation of SOA using a two-productincluding those that contain inorganic species (Pankow and
model approximation. Each precursor VOC reacts with at-Barsanti, 2009). M, is the total mass concentration of the
mospheric oxidants to produce two surrogate compounds (oébsorbing phase (in pgm). MW (g/mol) is the average
different volatility) that can partition to the aerosol phase. molecular weight of the absorbing phase:
An equilibrium partitioning into an absorptive organic matter
phase (Black Carbon and Primary Organic Carbon) accordM W = inMW,- ©
ing to the concept proposed originally by Pankow (1994a,
b) and Odum et al. (1996) and further refined by Tsigaridislt is calculated as a weighted average of the mixture compo-
and Kanakidou (2003) is used in this work. Heterogeneoument molecular weightsy W;, using the aerosol phase mole
and aqueous phase reactions forming SOA are not includeftactionzx;.
in the current model since the level of understanding is still  Monoterpenes, represented by the model compounds
low. In view of the complex nature of SOA formation with pinene ands-pinene, are known to react rapidly with OH,
respect to oxidative and non-oxidative reactions in the par-Os and NG. During night time, the reaction of NOwith
ticulate phase (e.g. Kroll and Seinfeld, 2008 and referencesnonoterpenes is expected to be the predominant gas-phase
therein) and the multigenerational processing of vapours irloss pathway for monoterpenes. In our SOA representation,
both the gas and particle phase during their transport in thenly the reactions with OH and{are considered to lead to
atmosphere (Robinson et al., 2007), the limitations of the tra-SOA production. We did not include possible SOA forma-
ditional two-product model applied in this study are obvious. tion from the reaction of-pinene and8-pinene with NQ,
One possibility to overcome the current limitations could be because recent measurements suggest a minor role of this ox-
an extension of the two product approach to a 4+1P model bydation route for SOA. Though Spittler et al. (2006) found the
including one product that is more volatile and one that is lessSOA vyield to be 16% for the reaction afpinene with NQ
volatile than the two products used in the traditional model,under dry conditions, it was only 4% under humid condi-
and one polymer compound (Pankow and Barsanti, 2009)tions. In atmospheric simulations aerosol formation from the
Donahue et al. (2006) proposed to represent the partitionNOsz reaction withe-pinene is found to be negligible com-
ing of organics by using fixed logarithmically spaced satura-pared to the large contributions from ozonolysis and from
tion concentration bins, the “volatility basis set” (VBS). The the OH reaction (Griffin et al., 1999a; Capouet et al., 2008).

1
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Table 2. Properties of SOA compounds used by the two-product approach that have been introduced in this work: mass based stoichiometric

coefficient ¢), equilibrium gas-particle partitioning coefficient (), and enthalpy of vaporisatiom\(Hyap).

Parent VOC SOA product «; Kpi AHygp,i Reference

(mass-based) (Fug 1) (kImold)
isoprene ISOPp1 0.232 0.00862 42 Henze and Seinfeld (2006)
isoprene ISOPp2 0.0288 1.62 42 Henze and Seinfeld (2006)
B-caryophyllene BCARp1 0.20 0.05 727 Hoffmann et al. (1997)
B-caryophyllene BCARp? 0.80 10x107® 7272 Hoffmann et al. (1997)

arecommended value from Pun et al. (2003).
b BCARp2 is further oxidised by OH, £and NG; to give a non-volatile SOA compound.

The on-line modelled parameters that determine the forthe 80% yield (denoted as BCAR2p in Table 2) is assumed
mation of SOA are precursor concentrations, oxidant fieldsto have a higher volatility and further react with OHz é@nd
pre-existing mass of carbonaceous aerosol and temperaturlO3 to produce a completely non-volatile second-generation
Information on reaction rate constants with ozone and hy-SOA compound (Hoffmann et al., 1997). BCAR2p is the
droxyl radical, aerosol yields and partitioning coefficients only SOA compound in the presented scheme, for which sec-
for a-pinene,-pinene, toluene and xylene are adopted fromondary reactions are allowed. Aerosol yields for isoprene and
Tsigaridis and Kanakidou (2003). Isoprene SOA formation g-caryophyllene are provided in Table 2.
is implemented according to the recommendations of Henze
and Seinfeld (2006). This is new compared to the work of o ] )

Tsigaridis et al. (2006) who applied a fixed molar aerosol3 Description of simulations
yield from isoprene oxidation of 0.2% based on Claeys et al. . . .
(2004a). Recent laboratory experiments of Kleindienst et aI.We performed a reference simulation (S1) with the standard

(2007a) showed that SOA formation from isoprene is dom—.s'eu!IO for the representatiqn of .SOA production_ frof" the ox-
inated by the OH-initiated oxidation. In TM5 global scale idation of isoprene (described in Sect. 2). This simulation

calculations, OH is responsible for 86% of the oxidation of is most compatible with the_ base_ ;imula_tion_ of Tsiga_ridis
isoprene, while @ and NG account for only 11% and 3% and Kanakidou (2003), but in addition oxidation chemistry

of the isoprene oxidation, respectively. Though formation ofOf isoprene is included. The simulated period is 13 months,

: o . : from June 2002 to June 2003 (coinciding with the period of
SOA during the oxidation of isoprene with;@r NO3 may . ) . ) .
also occur, this will be important only during night time, field observations), with a spin-up time of 5 months. All sen-

when OH is vanished. Due to the light-dependence theresitivity simulations are compared to S1. To investigate the

. o . . ncertainti f a number of pr relevant for the for-
are no isoprene emissions during night and thus sources ofhce tainties of a number of processes relevant for the fo

isoprene-derived SOA other than the OH reaction can be nemation and removal of SOA from isoprene oxidation over

glected. Therefore, in accordance with Henze and SeinfeloEurOpe’ we carried out a set of additional sensitivity runs for

(2006), we assume that the reaction of isoprene with OH isthe 3-months summer period June to August 2002 (JJA 2002)

the only pathway for formation of SOA from isoprene in the with a spin-up “T“e Of one mont.h each. We_ focussed on
atmosphere. the summer period since the highest emission of BVOC

from the vegetation in Europe occur between June and Au-

Sesquiterpenes are treated as separate SOA precursors.dast (Steinbrecher et al., 2009) and therefore production of
contrast to the ozonolysis of-pinene which produces only SOA precursors from the oxidation of biogenic VOC will
first-generation products, the ozonolysisetaryophyllene  be most relevant during that period. We focus on several
and other sesquiterpenes leads to a substantial growth of okey-uncertainties in the model representation of SOA forma-
ganic matter, even after the complete consumption of theion from isoprene in Europe and analyse and present them
parent hydrocarbon, indicating that the formation of second-in a coherent way. The sensitivity studies were chosen based
generation products is important in determining the over-on the major processes that control the atmospheric fate of
all aerosol yield (Ng et al., 2006). The possibility to form SOA: emissions of isoprene, emissions of primary carbona-
second-generation products seems to be related to the oxidaeous aerosol, dependence of SOA formation on tempera-
tion of the second carbon double bond of the sesquiterpenture and NQ levels, wet removal and the amount and nature
molecule. Following the formation mechanism originally of the absorbing aerosol. A lower limit of SOA formation
proposed by Hoffmann et al. (1997), a 100% yield of semi-from TM5 was defined with a simulation neglecting the SOA
volatile gas phase products is obtained from the oxidation ofproduction from isoprene oxidation. The sensitivity runs are
B-caryophyllene with OH and © From these, the one with summarised in Table 3.

www.atmos-chem-phys.net/9/7003/2009/ Atmos. Chem. Phys., 9, 7003-7030, 2009



7010 M. Karl et al.: Isoprene secondary organic aerosol

Table 3. Outline of simulations performed in this work.

Simulation  Description

S1 Base simulation (reference): standard setup as described in Sect. 2 (13 months)
Sl.la Isoprene emissions from global MEGAN inventory

S1.1b New European isoprene standard emissions potentials

S1.2 NQ dependence of isoprene SOA yields

S1.3a Temperature dependence of isoprene SQ#Aup="72.7 kJ mot1
S1.3b Temperature dependence of isoprene SO#ap=11kJ mot-1
Sl.4a Wet removal of isoprene oxidation produéis;10° M atm—1

S1.4b Wet removal of isoprene oxidation produéfs;10° M atm—1

S1.5 New European BC/POC emission inventory

S1.6 Irreversible sticking

S2 Best guess (13 months; see Sect. 3.6)

S2.1 S2, without condensation on ammonium and sulphate aerosols
S3 No isoprene-SOA formation(13 months); otherwise as S1

In addition to the reference simulation S1, S2 includes The new European BVOC emission inventory of Karl et al.
a number of recent insights in SOA formation from isoprene (2009) uses detailed land use information and updated plant-
oxidation, and was run for 13-months. S2 is intended to rep-specific standard emission factors for isoprene and other
resent our best guess on SOA formation from isoprene wittBBVOC. In case S1.1b, isoprene standard emission factors
the presented two-product model approximation, but has cerfor Europe used in the reference simulation (described in
tainly a degree of subjectivity as to the exact choice of pa-Sect. 2.3) are replaced by emission factors from the new
rameterisations and parameters. The choices for the updatdaVOC inventory by Karl et al. (2009), while for the rest of
simulation S2 are summarised and justified in Sect. 3.6. the globe the original emission factors were kept. Thus ex-

Thus, S1 allows to understand our model results in thecept for Europe, isoprene emissions in this case correspond
context of previous studies, whereas S2 evaluates the conie the emissions from the GEIA inventory. The dependence
bined impact of recent insights on SOA formation in gen- on temperature and light according to Guenther (1997) is ap-
eral, and from isoprene in particular. A number of dedicatedplied, as in the reference simulation.

sensitivity studies help with understanding which processes
contribute to changed results. 3.2 Parameterisation of isoprene SOA formation:

case S1.2 and S1.3

3.1 Isoprene emissions: sensitivity studies
Si1.1aand S1.1b Two determining factors controlling SOA formation from

isoprene in the gas-particle partitioning model have been se-

An extensive overview of uncertainties in global isoprene lected for further sensitivity analyses: the N@ependence
emissions is given by Wiedinmyer et al. (2004). Global iso- of yields and the temperature dependence of partitioning co-
prene emission estimates have an overall uncertainty factoefficients.
of 3 (250-750 TgCyrl) and European isoprene emission As proposed by Presto et al. (2005b) fewpinene and
estimates vary between 3 and 9 Tg CY(Simpson et al., Song et al. (2005) for xylene, SOA formation yields and
1999; Steinbrecher et al., 2009). Since we cannot evaluate afiroducts depend on the VOC/N@atio (ppbvC/ppbv). The
individual uncertainties (e.g. emission factors, foliar biomassinclusion of VOC/NQ ratio dependent SOA formation re-
densities, tree phenology) related to isoprene emissions, wduced the production of biogenic SOA by about 20% and
use the more recent inventories by Guenther et al. (2006) anthcreased anthropogenic SOA by 20% in their global simu-
Karl et al. (2009) to evaluate their overall impact. lations. SOA formation from isoprene has been found to be

In case Sl.1a isoprene emissions are simulated using thaifferent at low and high VOC/N@ratios (Kroll et al., 2006).
recent global MEGAN inventory (Guenther et al., 2006) in- The observed dependence of the SOA vyield on thg NO
stead of the global GEIA inventory (Guenther et al., 1995).levels is a consequence of the competing organic peroxy
This case involves a change of the isoprene emission in{ROy) radical reaction pathways in the oxidation of the par-
ventory and temporal emission characteristics, since thent VOC. At high NQ, RGO; is efficiently converted into the
MEGAN algorithm for temperature and light dependence of alkoxy radical (RO) via reaction with NO. The further fate of
isoprene emissions is applied instead of the Guenther (1997he RO radical depends on the structure of the parent VOC,
parameterisation in simulation S1. leading mainly to aldehydes, ketones, hydroxycarbonyls, and
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different PAN-like compounds that all have high volatility. 2002). To test the uncertainty of the enthalpy of vaporisation,
An alternative terminating channel of the reaction of RO a high value of 72.7 kJ mol adopted from Pun et al. (2002)
with NO is the production of organic nitrates, which may be is used in case S1.3a. Recent laboratory measurements have
relatively volatile (Presto et al., 2005b). At low NQ@evels, reported values of 11-44 kJ mdlat 298-573 K for the en-
reactions of RQ with HO, and the self- and cross-reactions thalpy of vaporisation (Offenberg et al., 2006), therefore we
of RO, become competitive and are the dominant reactionsuse a low value of 11 kJ mot in case S1.3b. The enthalpies
for NOy-free conditions. The R@reaction with HQ in gen- of vaporisation for all other SOA compounds remain un-
eral leads to the formation of low-volatile hydroperoxides. In changed in the sensitivity tests.

the photo-oxidation of isoprene under low N€onditions,

major SOA products are 2-methyltetrols, C5-alkene triols3.-3 Wet removal of isoprene gas phase products:

and organic peroxide oligomers @Be et al., 2006; Surratt case S1.4

et al., 2006). For high NQ major SOA products are acidic o .

oligoesters with 2-methylglyceric acid as key monomer (Sur-"et scavenging is the most efficient process to remove or-
ratt et al., 2006). ganic aerosols from the atmosphere (Kanakidou et al., 2005).

In the work of Henze and Seinfeld (2006), the two-product Here we want to study_how wet scgverjging of semi-volatile
approach for isoprene was based on lows\Nhamber ex- organic vapours from isoprene oxidation affects SOA bur-

periments performed by Kroll et al. (2006). The ratio of den over Europe, as it has been relatively poorly explored in

VOC/NOy is used in the current implementation to study the Previous studies. The wet deposition of gas phase species

sensitivity of isoprene derived SOA towards different ;NO depends on their solubility in cloud droplets according to
regimes (case S1.2). A fixed VOC/NGatio of 8 is used as their Henry law constants. The parent hydrocarbons are only

a threshold to divide between high and low N@gimes, as poorly soluble and therefore no_wet d_eposi_tion_ is assumed
proposed by Presto et al. (2005b) forpinene. The linear for these compounds. The semi-volatile oxidation products
combination of the virtual SOA compounds produced from &€ known to be more soluble than the parent hydrocarbons,
the two product model represents the sum of the above statet the exact physpo—chemlcal chare}cterlstlcs are .|mportant.
photo-oxidation products. At high NGronditions (i.e. low ~ From the compilation of the Henry's law co_elff_lme_nts by
VOC/NG,) the production of the more volatile product is Sander (1999), an average value O?MMat_T ISgiven
favoured; while at low NG conditions the production of the for monocarboxylic acids and $610°Matm™* for dicar-

less volatile product increases. In the two-product approactp©XVlic acids. In the standard SOA parameterisation of the

for isoprene, the yields from Henze and Seinfeld (2006) ap_reference simulation S1 for all gas phase oxidation products

. . _ 1
ply for high VOC/NQ (i.e. low NO levels). These yields of SOA precursors a Henry c_oefﬂm_ent Ofsm' atm™" was
were scaled with the N@dependence of-pinene, as de- used, assuming that the semi-volatile organic gases from the

scribed by Tsigaridis and Kanakidou (2007), to obtain theOXidation of parent hydrocarbons (primary oxidation prod-
yields for low VOC/NG,.. ucts) are mainly monocarboxylic acids. We note that precipi-

tation scavenging of gases with a Henry’s law coefficiéh (
equal or below to 1M atm~1 is small or negligible, unless
they dissociate in solution (Crutzen and Lawrence, 2000).

As we focus on the uncertainties of isoprene SOA pro-
duction, the NQ-dependence for compounds other than iso-
prene is not considered in our simulations, but they are ex ) e
pected to be of importance as well (Tsigaridis et al., 2006). In case 81'43" the Henry's law coefﬂue_nt

Jf=10Matm ! is used for the wet removal of semi-

The partitioning between gas and aerosol phases is calcu= - ) : -
lated with the assumption of equilibrium using gas-particle volatile organic gas-phase products from isoprene oxidation.

partitioning coefficients ;. ; for the productj from the ox- This value has been applied by Henze and Seinfeld (2006)

idation of hydrocarbon. The influence of temperature on the &S @n average value for SOA compounds. In a further test,

partitioning coefficient of semi-volatile organics is given by: _Sl'4b ' the_He_nry coeff|_C|ent for gasg:ous pr?ducts from
isoprene oxidation was increased to°Matm~. For

T AHyani i (1 1
Kpi(T) = Kp,i,j(Tr)F exp[ vapi, j (_ _ 7)} 3) these test cases the temperature dependence of the Henry
r r

R T coefficient was considered, which can be described by:
here,K, ; j(T,) is the partitioning coefficient determined in dInH _ AHy 4
smog chamber experiments at a reference temperéiure 47 =~ RT?2 (4)

andT is the temperature of interest. The enthalpy of va- |, yhig equationa Hy is the heat of dissolution and equals
porisation, A Hyap,.j, has been found to be a key parameter, _ 15 k for the semi-volatile gases (Chung and Seinfeld,
for the correct prediction of SOA concentrations, espemallyzooz).

in the upper troposphere where temperatures are low (Pun et

al., 2003; Tsigaridis and Kanakidou, 2003). In the reference3 4 Emissions of POC and BC: case S1.5

simulation S1 a value of 42kJmdl is used for isoprene

SOA formation, based on the work of Henze and SeinfeldThere are still tremendous uncertainties associated with the
(2006) and previous model studies (e.g. Chung and Seinfeldemissions of POC and BC. We explore the impact of these
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uncertainties by utilizing two markedly different inventories. the current and the next model time step this physical and/or
In our reference simulation S1 we use the Bond et al. (2004chemical trapping occurs, transforming all SOA present in
with global annual fossil fuel and biofuel combustion emis- the aerosol phase into a non-volatile compound. Thus SOA
sions of 4.7 Tg C BC and 8.8 Tg C POC. European emissionsn the aerosol phase becomes part of the non-volatile OA,
are 0.51 Tg C BC and 1.59 Tg C POCYr A detailed Euro-  similarly to the primary carbonaceous aerosol in the model.
pean inventory for anthropogenic emitted POC/BC particles At the next model time step, the cycle closes with a new equi-
including emissions from fossil fuel and biofuel usage, haslibrium between gas-phase and the newly absorbed aerosol
been compiled by Guillaume and Liousse (2004). The Europhase SOA. Thus the time span between the time steps de-
pean dataset is provided with a resolution of 255 km  fines the time scale on which the trapping/conversion pro-
for the year 2000 and makes use of the consumption dataesses occur. In terms of a vapour loss process this means
from the IIASA database which considers fuel technology that we assign an absolute lifetime (not an e-folding lifetime)
details. The inventory for Europe was regridded otillde-  to the semi-volatile vapour towards trapping/conversion pro-
grees horizontal resolution and merged with the global in-cesses on the aerosol which equals the model’s time step of
ventory from Junker and Liousse (2008) for the years 200211 min (in the 2 x1° zoom region) to 45 min (on the global
and 2003, which is provided withx11 degrees horizontal 6°x4° scale).

resolution. In this inventory, emissions for the world are  Partitioning models that take acid-catalyzed reactions
5.8Tg C BC and 9.6 Tg C POC and European emissions arand/or oligomerisation reactions into account are under de-
0.32Tg CBC and 1.24Tg C POC, respectively. For Europevelopment (Jang et al., 2006; Pun and Seigneur, 2007) but
BC and POC emissions from fossil fuel and biofuel combus-currently not feasible for implementation in a global chem-
tion are thus 26% lower than in the Bond et al. (2004) inven-istry transport model (CTM). As more data becomes avail-
tory. Case S1.5 is intended to demonstrate the uncertainty adible from chamber experiments on the different chemical and
SOA related to the application of different primary BC/POC physical transformations of SOA in the particle phase, more
emission inventories for Europe due to changes of the magnisuitable parameterizations for use in CTMs may be derived
tude and the distribution of available primary carbonaceoudn the future. Condensation of organics on ammonium and

aerosol for the condensation of SOA. sulphate aerosol is allowed in case S1.6. Test case S1.6 can
be seen as the case with maximum possible SOA produc-
3.5 Impact of irreversible sticking: case S1.6 tion from the current approach with the standard partition-

ing parameters and corresponds to scenario S4 in the work
In case S1.6 the possibility of irreversible (physical and/orof Tsigaridis and Kanakidou (2003) in which a total annual
chemical) transformation of condensed vapours on particleproduction rate of about 48 Tg SOA was obtained.
to increase SOA production is explored. Acid-catalysed het-
erogeneous reactions, e.g. aldol condensation, polymerize3.6 The combined impact of the updated parameterisa-
tion, hemiacetal and acetal formation, on particles were sug- tion, S2 and S3
gested to be involved in the formation of low-volatile organic
products from aldehydes (Jang and Kamens, 2001; Jang & combination of parameters representing our best guess of
al., 2002, 2003). linuma et al. (2004) found that acid cataly-SOA formation from the oxidation of isoprene is assembled
sis increased the yield of particle phase organics by 40% durfor case S2. For the updated simulation (S2) we use the
ing ozonolysis experiments with ammonium sulphate seedMIEGAN inventory of isoprene emissions, which is increas-
particles. Recent smog chamber experiments of Kroll et alingly used in global atmospheric models (e.gllMr et al.,
(2007) found that yields of SOA from the photo-oxidation of 2008) and is currently extended to other BVOC than isoprene
aromatic hydrocarbons are enhanced when ammonium sulSakulyanontvittaya et al., 2008). The dependence of iso-
phate is present compared to non-seeded experiments. Thg@yene SOA on the VOC/Ngratio (Kroll et al., 2006) is taken
suggest that irreversible processes as heterogeneous reagto account in S2. We chose the valiél,z;=42 kJ mot?!
tions or loss on the aerosol surface are involved in SOA for-for the temperature dependence of the partitioning, since it is
mation. Irreversible sticking of SOA implies that once semi in exact agreement with the recent experimentally derived ef-
volatile organic gases condense, SOA is formed and the orfective enthalpy of vaporization of SOA from isoprene oxida-
ganics remain in the particulate phase, and are not allowetion (Kleindienst et al., 2007a). Semi-volatile products iden-
to evaporate from the particle. In this sensitivity case, wetified in the oxidation of isoprene, in particular tetrols (Claeys
assume that a process of physical trapping and/or chemicadt al., 2004b; Edney et al., 2005), are much more soluble than
transformation (ageing reaction) is involved, which leads tomonocarboxylic acids. We assume that=10° M atm™1
the irreversible conversion of particle-phase SOA to a non-is currently the best guess of the Henry coefficient for iso-
volatile compound. The exact nature of the physical trappingprene oxidation products. The Bond et al. (2004) inventory
or aging reaction remains unknown. At every time step, equi-of primary carbonaceous emissions was selected, since cal-
librium partitioning following Eqg. (1) is established between culated spatial distributions of European BC concentrations
the gas-phase and particle-phase SOA compound. Betweeare in good agreement with station observations in Europe
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(E. Vignati, unpublished data, 2008). Further, we decidedand S3 (no formation of isoprene SOA), each covering a sim-
to allow for condensation of SOA on ammonium and sul- ulation period of 13 months. The relevance of SOA from the
phate aerosol in addition to condensation on particulate oroxidation of isoprene in S1 and S2 becomes evident by com-
ganic matter. The relevance of irreversible sticking to par-parison of these scenarios to S3. In Sect. 4.3 we compare our
ticles has not been quantified on atmospheric scales. WS8OA budget results on the global scale to previous global
therefore allow for the evaporation of previously condensedSOA model studies. This is followed by a comparison with
vapours from particles. In summary our best guess parama recent regional model study on carbonaceous aerosol over
eterisation for the processes related to SOA formation fromEurope (Sect. 4.4).
isoprene oxidation in S2 is:
4.1 Uncertainties on European SOA
1. MEGAN isoprene emission inventory and emission al-
gorithm; 4.1.1 Sensitivity of summertime SOA surface
) ) L concentration distributions
2. NOy-dependence of semi-volatile oxidation products
from isoprene oxidation; Distributions of the differences with S1 of European SOA
(from isoprene as well as terpenes) surface concentrations
in JJA (June to August) 2002 are shown in Fig. 1 for se-
4. Wet scavenging of gaseous isoprene oxidation productLe_C'feFj sensitivity stud|e_s. Using the MEG_AI\_I isoprene emis-
with H=10° M atm™1: sion inventory and emission parameterisation (S1.1a) SOA
decreases by on average 20% in Europe (Fig. 1a). MEGAN
5. Bond et al. (2004) inventory of primary carbonaceousisoprene emissions are lower by a factor of two compared
emissions; to the GEIA emissions in S1. This leads to a reduction of
the SOA production and burden over Europe of about 20%
6. Additional condensation on ammonium and sulphate; and 30%. The reductions are largest over Spain, where SOA
) ) concentrations decrease by up to 40%, while SOA concen-
7. With evaporation. trations remain almost unchanged over Croatia and parts of

In a further three month summer period June to August 2002,Scan_d'nav'a' . o
Using European isoprene standard emission factors from

S2.1, the effect of the additional condensation on ammonium ;
and sulphate aerosols was tested for the SOA parameteris&a!! et al. (2009) (S1.1b) decreases SOA in all parts of
tion of S2. In this simulation the same parameterisation as if-UroPe compared to the GEIA inventory based estimate
S2is used but without condensation of semi volatile gases off 19- 10). Similar to case S1.1a, reductions are highest over

ammonium and sulphate aerosols. We included this processPain: where SOA concentrations decrease by up to 50%.

sensitivity to obtain a lower limit estimate for the updated _APPIYing the NG dependence of isoprene SOA yields
model parameterisation. (S1.2) leads to a decrease of SOA by 10-30% over most

In a final case simulation, S3, the effect of omitting SOA fural regions of Europe, while SOA concentrations in-
formation from isoprene is investigated. This simulation is ¢'€ase by 10-20% over urban regions (Fig. 1c). In Eu-
done to provide the lower-limit estimate of SOA over Eu- "0P€, low VOC/NQ (high NOy) conditions prevail, with
rope and to demonstrate the potential importance of isopreny OC/NOx<8, which cause a reduction of SOA surface con-
SOA. All other parameters in S3 were identical to S1. TheCentrations. The yield of the more volatile products from

cases S1, S2, and S3 were run for 13-months June 2002 {§oPrene oxidation is roughly doubled under low VOCINO
June 2003. compared to high VOC/NQ The surface concentration of

semi-volatile gaseous oxidation products over Europe in-

creases on average by 30% compared to S1. The rather long
4 Results and discussion lifetime of semi-volatile gaseous compounds3(d) facili-

tates the transport of these compounds into areas where they
In Sect. 4.1 we start with presenting sensitivity results.condense on pre-existing aerosols. The increased concen-
Changes in the European SOA surface concentrations digration of gas phase products may lead to an increase of the
tribution compared to the reference simulation results are deSOA concentration, if sufficient primary carbonaceous par-
scribed. From the investigated cases, three scenarios havieles are available for condensation. This is the case over
been selected for a more detailed analysis of the SOA budurban and industrialised regions, in particular if these are
get (production rates, burden, boundary layer budget, exportjiownwind of forested areas.
together with a comprehensive comparison of particulate or- We note that in chamber studies, which are often car-
ganic matter concentrations with surface station observationsied out with elevated concentrations of the parent VOC,
(Sect. 4.2). The three scenarios are the reference simulatiothe importance of R@self- and cross-reactions tends to be
S1, the updated simulation S2 (most recent insights includedjnore important than they are in the real atmosphere. Under

3. Enthalpy of vaporisationh Hyap=42 kJ mot1:
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Fig. 1. Relative differences of surface SOA between sensitivity cases and the reference simulation S1 over Europe for JdpA2003;

using MEGAN isoprene emissiondy) S1.1b, using European isoprene standard emission factors from Karl et al. (@)@);2, applying

the NQ, dependence of isoprene SO@M) S1.3a, applying\ Hyap=72.7 kJ mot 1 for the temperature dependencekgf for isoprene oxida-

tion productsye) S1.5, replacing the BC/POC fossil fuel/biofuel emission inventory with a detailed technology based European inventory;

() S2, using the combination of parameters according to current state of knowledge. Changes are only plotted for areas where SOA surface
concentrations are above 0.25 pign Thus white colors either indicate low concentrations or small changes.
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atmospheric conditions, HQOs often the major or even the is based on the current state of knowledge and changes of
only reaction partner of the organic peroxy radicals underthe SOA production might be due to changed isoprene emis-
low-NOy conditions. Thus the use of the NO/H@atio sions, wet deposition of oxidation products, and thexNO

seems more appropriate for extrapolating results from endependence. In S2 the additional inorganic aerosol mass
vironmental chamber conditions to atmospheric conditionsavailable for condensation partly compensates for the reduc-
(e.g. Henze et al., 2008), and should replace the VOG/NO tion caused by the changes in the isoprene SOA formation.
in future model studies. Over Central Europe and Spain the SOA surface concentra-

Changing the enthalpy of vaporisation changes the temtion changes are moderate with a rather uniform decrease
perature dependence of the isoprene SOA partitioning coefby up to 10% compared to S1 (Fig. 1f). In parts of the
ficient (S1.3a and b). Using Hyap=72.7 kJ mol! for iso- Mediterranean and in Scandinavia the use of MEGAN emis-
prene oxidation products leads to an increase of SOA ovesions only slightly reduced SOA concentrations (Fig. 1a). In
cold regions (Alps, UK, Norway) by up to 8%, while it these regions an increase by 10 to 30% compared to S1 is
decreases over hot regions (Sahara desert) by up to 10%6und in S2. In S2.1 the same parameterisation as in S2
(Fig. 1d). The temperature threshold that turns the SOAwas used but without condensation on ammonium and sul-
behaviour from increase to decrease when the enthalpy gbhate. As a consequence, European SOA surface concentra-
vaporisation changes is the temperature where the chantions decrease uniformly by 10 to 30% (Fig. S1d, Electronic
ber experiments were performed (295K in the case ofSupplement http://www.atmos-chem-phys.net/9/7003/2009/
isoprene), as demonstrated by Tsigaridis and Kanakidowacp-9-7003-2009-supplement.pdf).

(2003). UsingA Hyap of 11 kJmot? (Fig. Sla in the Elec- Without SOA formation from isoprene oxida-
tronic Supplement (see http://www.atmos-chem-phys.net/9tion (S3), surface concentrations are reduced by
7003/2009/acp-9-7003-2009-supplement.pdf). has the re30-50% over Europe (Fig. Sle, Electronic Supple-
versed effect, with decreases of SOA by up to 10% in the coldment http://www.atmos-chem-phys.net/9/7003/2009/
regions and increases by up to 20% over the Sahara desertacp-9-7003-2009-supplement.pdf).

Wet scavenging of isoprene oxidation products (Fig. S1b,

Electronic Supplement http://www.atmos-chem-phys.net/9/4.1.2 Production rates and burden
7003/2009/acp-9-7003-2009-supplement.pdf) with a Henry

law coefficientH of 10° Matm~! (S1.4a) causes largest re- In Table 4 the total European and global SOA produc-
ductions of SOA surface concentrations over Great Britaintion rate and burden resulting from simulations S1, S2 and
and the Alps, where precipitation is most frequent. A fur- S3 are summarized. The production in S1 amounts to
ther decrease off to 1P Matm™! (S1.4b) has a negligi- 1Tgyr ! SOA resulting from terpenes, isoprene and aro-
ble effect on European SOA (not shown) since the oxidationmatic hydrocarbons and a mean burden of about 50 Gg SOA
products from isoprene seem to be effectively soluble beyondS2: 32 Gg SOA) in the atmosphere over Europe (from sur-
H=10°Matm™1, in agreement with the work of Henze and face up to 10 hPa) is computed for the period from July 2002
Seinfeld (2006). to June 2003. This is within 20% (S2: 50%) of the Euro-

Replacing our standard BC/POC fossil fuel/biofuel emis- pean SOA burden estimated using simulation results from
sion inventory (Bond et al., 2004) with a detailed technol- Tsigaridis et al. (2006). The European SOA burden calcu-
ogy based European inventory (S1.5) (Junker and Lioussdated in S1 for August 2002, 6.4 Gg (S2: 4.4 Gg), is about
2008; Guillaume and Liousse, 2004) changes the distribu50% (S2: 30%) higher than the estimate given by Marmer
tion of pre-existing carbonaceous aerosols over Europe. land Langmann (2007) using a regional model (REMOTE).
leads to SOA increases of up to 50% over Poland and Israehpart from the cited numbers, we are not aware of other es-
but reduces SOA over Great Britain, Northern Africa, Turkey timates of the atmospheric SOA production and burden over
and Romania by 30-50% (Fig. 1e). Europe.

The consideration of irreversible sticking (physical trap- The SOA production over Europe decreases by roughly
ping/chemical transformation) of semi-volatile organics 30% in S2 compared to S1. The burden of SOA from iso-
(S1.6) on carbonaceous, ammonium and sulphate aerosofgene oxidation (SOA-I) over Europe decreases much more
increases the European SOA concentrations roughly bytrongly, from 23 Gg in S1 to about 6 Gg in S2, mainly due
a factor of 4 compared to S1 (Fig. Slc, Electronic to the lowerisoprene emissions and increased wet deposition
Supplement http://www.atmos-chem-phys.net/9/7003/2009bf the gas-phase products from isoprene oxidation. In con-
acp-9-7003-2009-supplement.pdf). This is the maximum in-trast, a slight increase of SOA from oxidation of aromatic
crease that can be achieved with the current parameterisatiohydrocarbons (SOA-A) is found in S2 (from 2.7 Gg in S1
without changing the compound’s vapour pressure values. to 3.8 Gg in S2), due to the additional condensation of semi

The results obtained for S2 (best guess parameterisationjolatile oxidation products from aromatic hydrocarbons on
are more difficult to interpret, since several parameters releammonium and sulphate aerosols. In S3 (no SOA formation
vant to SOA formation from isoprene are changed simulta-from isoprene oxidation), the European SOA production and
neously compared to S1. The chosen parameter combinatidourden are only half of the production and burden in the base
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Table 4. Chemical production and burden of total SOA, isoprene derived SOA (SOA-I), SOA from terpenes (SOA-T) and anthropogenic
SOA (SOA-A) in the European atmosphere (upper panel) and global atmosphere (lower panel) from surface up to 10 hPa determined from
the one-year simulations (July 2002 to June 2003).

Case European production (Tgyh) European burden (Gg)

SOA Total SOA-I SOA-T SOA-A SOA Total SOA-I SOA-T SOA-A
S1 0.98 0.40 0.51 0.07 48 23 22 3
S2 0.70 0.10 0.49 0.11 32 6 22 4
S3 0.51 0.00 0.44 0.07 24 0 21 3
Case Global production (Tgyt) Global burden (Gg)

SOA Total SOA-I SOA-T SOA-A SOA Total SOA-I SOA-T SOA-A
S1 32.9 15.2 16.9 0.8 230 119 106 5
S2 20.9 3.2 16.8 0.9 143 30 107 6
S3 16.9 0.0 16.1 0.8 114 0 109 5

simulation S1 (Table 4). This change highlights the impor- 6° x4°).
tance of secondary organic aerosol from isoprene oxidation According to the GEIA inventory, 10 Tg of isoprene are
in the atmosphere over Europe. emitted in Europe per year. The total amount of isoprene

The budget results of the sensitivity simulations (describedt iS oxidised in simulation S1 is 6.4 TGk (the remain-

in Sects. 3.1 to 3.6) of isoprene derived SOA production andder is transported out of the domain) leading to the formation

burden over the summer (JJA 2002) European PBL (up toof0.4Tg yr-1 SOA-I. This corresponds to an average (mass

850 hPa) and free troposphere (850-1000 hPa) are summgﬁse,d) agrosol yield of 6% from ?soprene oxidation, which
fized in Table 5. Wet scavenging of isoprene oxidation prod-'S twice higher than the yield derived from low-NGmog
ucts with a Henry coefficient of 10° M atm1 (S1.4a) de- chamber experimentss3%). In contrast to chamber exper-

creases the tropospheric SOA burden by 15%. Further iniments, isoprene is emitted continuously to the atmosphere
creasingH to 1P Matm1 (S1.4b) has little effect, mean- leading to increased SOA vyields due to the non-linear de-

ing that the oxidation products are already effectively scav-Pendence on the pre-ex!stmg agrqsol mass. In particular in
enged atf=10° M atm*. A similar decrease of the tropo- Southgastern Europe_, high emissions ofl|soprer_1e (from the
spheric SOA burden (by 9%) is observed for the new Eu_GI'EIA inventory) spatially coincide with high emissions of
ropean BC/POC emission inventory (S1.5). Introducing thePfimary carbonaceous aerosol (BC and POC) leading to sig-
NOy dependence for the yields of oxidation products reduceé“f'cantly higher isoprene SOA concentrations in the region.

the SOA production rate by 9% in the PBL and by 7% in the To illustrate this, European surface concentrations of primary
troposphere. carbonaceous aerosol for July 2002 are shown in Fig. S2

(Electronic Supplement http://www.atmos-chem-phys.net/9/

The largest change is found in simulation S1.6 (irre- 7003/2009/acp-9-7003-2009-supplement.pdf).
versible sticking, condensation also on inorganic aerosol);

the European SOA production rate in JJA 2002 increaseg.1.3 Boundary layer budget

by almost a factor of 4 compared to S1. We note that the

implementation of irreversible sticking in case S1.6 implies In this section we assess the processes that determine the Eu-
that all condensed aerosol-phase SOA is converted to a noopean secondary organic aerosol budget: dry and wet de-
volatile compound. In reality only a certain fraction of it position, vertical and horizontal advection, convection and
will be transformed. Thus the case of irreversible sticking chemical production. Figure 2 shows for all simulations the
should serve as the upper limit of SOA formation, while the mean contribution of major processes to total SOA during
(standard) evaporation case represents the lower limit, andJA 2002 in the PBL over Europe. The purpose of present-
the real situation lies between the two. Oligomer formationing the European budget for SOA during summer is to com-
has been found to take place almost instantaneously (Hoffpare the relative contribution of major aerosol fluxes to the
mann et al., 1998) but also on a longer time scale througtconcentration of SOA. Within the budget, each scenario rep-
accretion reactions (Kalberer et al., 2006). Irreversible stick-resents a different equilibrium state of the gas phase/particle
ing applied in S1.6 is a relatively slow process leading topartitioning of SOA. Thus the presented budget contains the
the irreversible transformation of particle-phase SOA into aadditional dimension of different possible equilibrium states.
non-volatile compound within one model time step of 11to A considerable spread for the average tropospheric SOA
45 min, depending on the model scalé x1°, 3°x2°, or production rate in JJA 2002 is found, ranging from
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Table 5. Changes of chemical production and burden of SOA derived from isoprene oxidation in the planetary boundary layer (up to 850 hPa)
and the free troposphere (850 to 100 hPa) over Europe (JJA 2002) determined in the sensitivity cases using S1 as reference simulation.

Test PBL (up to 850 hPa) Free troposphere (850 to 100 hPa)
Case Production Burden Production Burden
Change (%) Change (%) Change (%) Change (%)
Sil.la -20 -25 —-20 —27
S1.1b —-28 -25 -27 —24
S1.2 -9 -11 -6 -4
S1.3a +3 -1 +29 +44
S1.3b -2 +1 -12 =21
Sl.4a -15 -12 -18 -19
S1.4b -16 -13 -19 -20
S1.5 —17 -12 —12 —4
S1.6 +326 +330 4268 +199
S2 +7 0 +7 -9
S2.1 —-38 —42 -39 —45
S3 —-41 —44 —42 —44
1.4Ggd?! when excluding SOA formation from isoprene Mean SOA Fluxes, Europe PBL
oxidation up to 9.4Ggd', for the case of condensation L .
of SOA on carbonaceous, ammonium and sulphate aerosols mSi.lo = S1.5
and considering irreversible sticking of semi-volatile organic - :}:;b - 2;6
vapours (maximum case, S1.6). Convection, horizontal and 2r b
vertical advection will transport SOA out of the PBL into the S1.4a
free troposphere and/or outside the European model domain.%
Wet scavenging is the most important process to remove S Of ' s =g o == ]
SOA from the atmosphere, while dry deposition of SOA is  © I |
a minor removal pathway. Recently, Hallquist et al. (2009)
suggested that dry and wet deposition of organic vapours -2y T
(including VOC, IVOC, and semi-volatile vapours) could
play an important role in the global budget of organic non- .

methane carb_o_n, with an estimated ﬂL_D_( of 800 Tg _Cly"n X H-Advect. V-Advect. Convection Production Wet Dep. Dry Dep.

terms of “traditional” SOA, dry deposition of semi-volatile JJA 2002

vapours is expected to be a minor removal pathway for the

total SOA. In our calculations the contribution of dry depo- Fig. 2. Sensitivity of SOA processes in the PBL over Europe to-
sition of semi-volatile vapours to the removal of SOA is less wards changes of emissions, formation routes, wet removal and na-
than 15%. ture and amount of absorbing matter. Processes are represented as
SOA fluxes (in Ggday?) from surface up to 850 hPa taken from

the 3-monthly average JJA 2002 of the simulations S1 to S1.6, S2,
S2.1 and S3. Processes are: horizontal and vertical advection, con-

. . . . vection, chemical production, wet and dry deposition.
In Fig. 2 we show that in the various scenarios between 7 and

60% of the SOA formed in the European PBL during summer

is exported out of Europe, with 35% for S1. This corresponds

to an export of 0.21 Tgyr' SOA out the European domain Over Europe convection is a minor process for transport-
by advection or —to a lesser extent — by transport into higheing SOA out of the PBL to higher altitudes (Fig. 2). Inter-
regions of the atmosphere. Most exported SOA is advecteastingly, the vertical transport of SOA particles to higher
from Europe to Asia. For comparison, Europe exports aboutltitudes (between 100 and 10hPa) is only 14% of the
0.23Tgyr! BC and 0.53Tgyr! POC (PHOENICS Syn- amount that is directly produced in the atmosphere at high
thesis and Integration Report, 2005; Kanakidou et al., 2005)altitudes, indicating the importance of SOA condensation
with the majority of these aerosols being of anthropogenicof high volatility products at low temperatures, as was sug-
origin. Thus the amount of SOA exported out of Europe is gested earlier by Tsigaridis et al. (2006). This implies that
comparable to that of Black Carbon. large amounts of gaseous semi-volatile oxidation products

4.1.4 Aerosol export
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a Total SOA July 2002, surface b Isoprene—S0A July 2002, surface
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Fig. 3. European distributions of surface concentratiofaftotal SOA, andb) SOA from isoprene oxidation; for the reference simulation
S1, July 2002.

are convected. In S1, 0.5 Tgyrgaseous semi-volatile com- tion products, whereas modelled SOA-I may contain prod-
pounds are convected to altitudes between 100 and 10 hPa.ucts from the isoprene oxidation that were not measured
during these field campaigns. This conclusion is supported
4.2 Comparison with ground based observations by lon et al. (2005) who state that identified isoprene oxi-
dation products (2-methylglyceric acid and various tetrols)
4.2.1 Surface concentrations of isoprene-derived SOA  should rather be viewed as marker compounds for isoprene
photo-oxidation products and not as total SOA-I. They sug-
In July 2002, highest SOA surface concentrations of upgest a large contribution of isoprene oxidation products to
to 6.8 ugnm3 are calculated for South Eastern Europe andthe humic-like substances found in the finer aerosol frac-
Northern Italy for the reference simulation S1 (Fig. 3a). As tion during summer. In south-eastern U.S. ambient SOA-I
we will see later, the concentrations calculated in other sensieoncentrations, based on measured marker compounds and
tivity studies are rather similar. The maximum concentrationlaboratory-derived SOA mass fractions, were between 0.3
of SOA-I, about 1.8 ugm?, can be found over Southeast- and 2.1ugm? during summer 2003 (Kleindienst et al.,
ern Europe (Fig. 3b). In southern Finland, monthly mean2007b). In this region we compute SOA-I concentrations
modelled SOA-I concentrations in July 2002 lie between 0.20f 0.8—1.2 pg m? (June—August average), although we must
and 0.3pgm3. Unfortunately, there are scarce possibili- mention that the model was run there at lo%w@&° resolu-
ties to compare these calculations with measurements. Meaion. The good agreement underlines the important role of
surements of isoprene oxidation products in a boreal foresSOA-I in regions with high isoprene emissions from vegeta-
at Hyytiala in southern Finland were a factor of 4 lower, tion.
with the lumped sum of SOA from isoprene being only
0.05 pg n3 during summer 2004 (Kourtchev et al., 2005). 4.2.2 EMEP campaign organic carbon observations
This corresponded to only 0.8% of the carbon in Organic during 2002—-2003
Carbon from PM1 aerosol samples. In Hungary, S1 pre-
dicts SOA-I concentrations of about 1 ugfand higher in  Model results from S1, S2, and S3 are compared with obser-
July 2002. Much lower concentrations of isoprene oxidationvations from 13 locations of the EMEP OC/EC measurement
products (0.05 pg i) have been measured in aerosol sam-campaign 2002/2003 (Fig. 4). During this campaign, daily
ples at K-puzsta, Hungary during summer 2002 (lon et al.,samples of EC, OC, and TC were analysed along with in-
2005). organic aerosol components (Yitri et al., 2007). Measured
One may conclude from this comparison with the few OC concentrations were converted to organic matter mass
available isoprene SOA measurements in Europe, that SOA-{which is output from our model) using the station specific
is over predicted by the parameterisation in S1. However, theOM/OC ratios ranging from 1.4 to 1.8, provided by Yttri
measurements considered only a limited amount of oxida-€t al. (2007). Highest OC concentrations were reported for
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Central and Southern Europe. Measured annual average OC 15[ 5T o -

concentrations were three times higher for the sites in con- P=069

tinental Europe compared to sites in Scandinavia and at the — a82 ﬁ%%x

British Isles. The highest annual mean concentration (about E qoloS3y0ax 1 ]

13 pg OM n13) was observed at the rural background site Is- 2 roee

pra (ITO4) in Italy. In addition, model results from the S1 = .-

simulation were compared to monthly averaged OC measure-  © J 8 .-~ -7

ments from Finokalia [3%20 N, 25°40 E]. OC in the PM 3 'é St ’a 8 ]

aerosol fraction has been measured at Finokalia over a pe- ,,xg"g o

riod of two years from July 2004 to July 2006 (Koulouri et ,g—'EB A g

al., 2008). A OM/OC ratio of 1.8 was used to convert this Olzm . .

data to OM mass. 0 5 10 15
The predicted spatial distribution of OM is consistent with obs. OM (ug m”)

observations over Europe. Figure 4 shows a good spatial cor-

relation ¢>=0.66—-0.70) for all three major simulations S1— Fig- 4. Comparison of yearly averaged (July 2002 to June 2002)

S3 of the yearly averaged OM concentrations for the perioomodelled (S_l) and qbserved particulate organic mattgr (OM) for 13

of July 2002 to June 2003. However, all simulations under-Surface stations during the 2002/2003 EMEP campaign on OC/EC.
estimate the annual observations by a factor of two to threeMeasured OC concentrations were converted to OM using the sta-

. . . tion specific OM/OC ratios ranging from 1.4 to 1.8, provided by
The discrepancy cannot be attributed to a possible poor "Bt et al. (2007). Yearly average of modelled OM is based only

resentation of EMEP sites by our model, as the majority iSqp, those days when measurements were done at the EMEP stations.
characterised as rural (only two sites being urban backgroungjodel results from the base simulation S1 (circle), S2 (triangle)
stations). TM5 generally performs well in predicting surface and from the simulation without SOA formation from isoprene, S3
concentrations of the inorganic aerosol, e.g. sulphate, nitratgsquare).
and ammonium, over Europe (De Meij et al., 2006). How-
ever, depending on which emission inventory is used, dif-
ferences in the spatial distribution are calculated. Observed/editerranean which is influenced both by polluted North-
surface concentrations of sulphate are matched well when usastern air and by dust transport from North Africa, show-
ing both the EMEP and the AEROCOM emission inventory; ing reasonable agreement for the summer months but severe
ammonium and nitrate surface concentrations are in betteunderestimation of observed OM during the winter months
agreement when applying the EMEP emission inventory (De(Fig. 5f). In Portugal (PTO1, Fig. 5b) modelled OM is lower
Meij et al., 2006). than observed OM throughout the year, but similarly to Ispra
To get a better insight into the reasons of discrep-and Austria the strongest underestimation is in winter (by
ancy, we compare in Fig. 5 modelled monthly aver- a factor of 20). PTO1 is the station with the largest discrep-
aged OM (separated in SOA and POA) for the 3 simu-ancy between model and observation. The yearly OM aver-
lations at five stations representative for Central, North-age is underestimated by a factor of 5.
ern and Southern Europe. The comparison for the re- Organic aerosol at Northern European sites is expected to
maining 8 EMEP stations is included in the Electronic be dominated by biogenic SOA during summertime. A cor-
Supplement (Fig. S3 http://www.atmos-chem-phys.net/9/rect prediction of these sites is therefore crucial for the un-
7003/2009/acp-9-7003-2009-supplement.pdf). In all 3 sim-derstanding of biogenic SOA formation. In Finland (FI17,
ulations the modelled POA is identical; whereas SOA variesFig. 5¢) and Sweden (SE12, Fig. 5e) OM is underestimated in
according to simulation. Clearly, differences in SOA simula- all seasons, but most severely during summer. This suggests
tions can only explain minor part of disagreements (Fig. 5).that emissions of biogenic VOC (likely terpenes) are under-
The predicted contribution of SOA to OM is large during estimated in Northern Europe or that the currently used tem-
summer: between 54% and 77% at the five stations of Fig. 5perature dependence of SOA formation is inadequate. Fur-
The best agreement of model and measurements is founther explanations of the discrepancies between the model and
for the Austrian station AT02, Ilimitz (Fig. 5a) where ob- observations include the representation of SOA compounds
served annual averaged OM concentrations are underestin the currently applied two-product model, formulation of
mated by 40%, while modelled OM concentrations are inthe SOA-forming reactions (mechanistic versus empirical
good agreement with the observations from April to October,treatment), gas phase/particle partitioning parameters (e.g.
and strongly underestimate the winter observations. ClearlyPun et al., 2003), or the vapour pressure values (Simpson
a winter source of primary or secondary organic carbon paret al., 2007) that were used to derive the partitioning coef-
ticles is missing. Similarly in Ispra (ITO4, Fig. 5d) summer ficients in this work. The latter possibility is discussed in
measurements are relatively well reproduced, while OM ismore detail in Sect. 4.4. The underestimation of SOA thus
strongly underestimated in winter. The same is found for Fi-may also be caused by too high wet scavenging of aerosols
nokalia, a remote coastal site on Crete Island in the Easterin TM5, which was previously evaluated to be relatively
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Fig. 5. Comparison of monthly averaged OM concentrations measured at 5 selected EMEP sites and at Finokalia with modelled OM
concentrations. Modelled organic matter is divided into primary organic aerosol (POA) and SOA. Displayed are monthly averaged modelled
concentrations from simulation S1 (purple and red bars), S2 (blue and orange bars) and S3 (light blue and light orange bars), S1.6 (cyan
and yellow bars).(a) Station AT02, Ilimitz, [1646 E, 4746 N] in Austria; (b) station PT01, Braganca{86 W, 41°49 N] in Portugal.

(c) station FI17, Virolathi Il [2P41 E, 60°32 N] in Finland. (d) station IT04, Ispra [838 E, 4548 N] in Northern Italy,(e) station SE12,
Aspvreten [1723 E, 5848 N] in Sweden(f) station Finokalia [2540 E, 3520 N] on Crete Island. For Finokalia, error bars denote 1-
standard deviation and measurements are monthly OC concentration averages ¢inavet the period July 2004 to July 2006. Note the

scale of the y-axis is not constant. S1.6 concentrations in June are from June 2002.
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efficient compared to other chemistry/transport models (Tex4.3 Comparison with global model studies
tor et al., 2006). Our maximum SOA estimate from simu-
lation S1.6 (irreversible sticking) is in better agreement with Since a number of studies on SOA formation have been
summertime OM observations at the Scandinavian sites (deperformed on the global rather than the regional scale, it
noted with cyan and yellow bars in Fig. 5), but results in anis useful to compare some characteristic budget numbers
overprediction of measured OM by almost a factor of 2 in of the present TM5 simulations to previous model stud-
summer months at two Italian sites (IT04, IT08) and in Aus- ies. Table 6 lists global model studies that included SOA-
tria (AT02). Based on most measurements, irreversible stick! production following the parameterisation of Henze and
ing is unlikely to occur. We therefore assume other reason$einfeld (2006). The total global production was calcu-
for the underprediction of OM at Scandinavian sites in sum-lated to be 33 Tg SOAyr* for the reference simulation S1
mer. As we found earlier in Sect. 4.1.1, our sensitivity analy-(S2: 21 Tg SOAyr?, S3: 17 Tg SOAyr!; see Table 4), and
sis showed that using different isoprene emission inventorieges close to the centre of the estimated range given by
or different temperature and NQlependence of isoprene- Kanakidou et al. (2005). Only about 1 Tgyrof SOA-A is
SOA vyields could give ca. 10-25% lower/higher SOA con- produced globally, but as we did not include biomass burn-
centrations in Scandinavia. ing and biofuel emissions of aromatic hydrocarbons, the ac-

The importance of SOA derived from the oxidation of iso- tual produced anthropogenic SOA may be underestimated by
prene can be deduced from the difference of modelled SO factor of two or higher (Henze et al., 2008). Our base re-
concentrations between simulation S1 and S3. Suppressingglit is higher than the global SOA estimate given by Henze
SOA formation from the isoprene oxidation decreases SOAand Seinfeld (2006) of about 16 TgVh, but lower than the
concentrations in summer between 28% and 35% at the fivestimate of 55 Tgyr! from the Oslo CTM2 global model
stations, leading to even larger deviations of model and meaby Hoyle et al. (2007). The discrepancy between TM5 and
surements than S1. Oslo CTM2 is surprising, since both models use ECMWF

The average seasonal pattern of the modelled SOA/OMMeteorological data and POC emissions from Bond et al.
ratio for the EMEP campaign stations 2002/2003 shows(2004). In addition global isoprene emissions used in Oslo
a clear maximum during the summer months JJA (June t&TM2 are roughly a factor of two lower than in TM5.
August) of 0.6-0.7, while during the winter months DJF (De- The annual mean global SOA burden for the year
cember to February) the fraction is lowest0.3 (Table S1  2002/2003 was found to be 230 Gg of biogenic SOA and
in the Electronic Supplement http://www.atmos-chem-phys.5 Gg of anthropogenic SOA, respectively. SOA derived from
net/9/7003/2009/acp-9-7003-2009-supplement.pdf).  Reisoprene oxidation has a global annual burden of 120 Gg in
sults from simulation S2 (Table S2, Electronic Sup- our base simulation. This number is 50% higher than the
plement  http://www.atmos-chem-phys.net/9/7003/2009/global SOA-I burden of 80 Gg in present-day simulations
acp-9-7003-2009-supplement.pdf) are very similar to thewith TM3 (Tsigaridis and Kanakidou, 2007). Our global
S1 results and modelled OM concentrations at EMEPbiogenic SOA burden is lower than the estimate from Henze
stations are slightly lower (about 10%) compared to and Seinfeld (2006) of about 390 Gg, which can probably be
S1. Excluding the formation of SOA from isoprene explained by a more efficient wet scavenging of aerosols in
oxidation (S3), reduces the modelled SOA/OM ratio in TM5. The global biogenic SOA burden in our simulation S3
summer from 0.62 to 0.54 (Table S3, Electronic Sup-(excluding SOA-I)is 109 Gg and is similar to the result from
plement http://www.atmos-chem-phys.net/9/7003/2009/TM3 simulations by Tsigaridis and Kanakidou (2003) (their
acp-9-7003-2009-supplement.pdf) and the average agreesimulation S1.1: 116 Gg), which did not consider SOA-| for-
ment between observed OM and modelled OM decreases bgation.
20% for the EMEP sites. The global production of SOA-I is 15Tgyt in the

In winter our model results indicate very little contribu- S1 simulation with TM5.  Previous estimates of the
tion from biogenic SOA since precursor emissions of ter-global SOA-I production using the two-product scheme
penes and isoprene are low. The most likely cause of thdor isoprene range from roughly 5 to 15Tgyr Sim-
winter-time discrepancy is emissions from domestic woodulations of Tsigaridis and Kanakidou (2007) with TM3
combustion, which is not reported in our emission databasetresulted in a present-day isoprene oxidation production of
These findings were indeed recently confirmed within the4.6 Tg SOAyr which is a factor 3 lower than our S1 result
CARBOSOL project (Gelenés et al., 2007). Wintertime but similar to our S2 result of 3.2 Tgyt SOA-l. The
residential wood burning was identified to be a significantsmaller SOA-I production in S2 can be attributed to reduced
contributor at all Carbosol sites. While our results suggestisoprene emissions from the MEGAN inventory, the N{@-
that a wintertime, likely wood burning, source is missing pendence of the partitioning and wet deposition of isoprene
at all EMEP sites in Europe, the European carbonaceousxidation products.
aerosol model study by Simpson et al. (2007) finds no evi- Henze and Seinfeld (2006) obtained a global production of
dence of missing wood burning sources in Nordic areas. 6 Tgyr ! isoprene SOA with the GEOS-Chem model. Since

isoprene emissions in GEOS-Chem are around 500 Ty yr
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Table 6. Comparison of global model studies including SOA formation from isoprene photo-oxidation. In all listed studies, isoprene SOA
parameterisation follows the approach of Henze and Seinfeld (2006).

Reference Model Domain and Prod. SOA  Prod. SOA-I
resolution (Tgyrl)  (Tgyr?d)

Henze and Seinfeld (2006) GEOS-Chem globak&° 16.4 6.2
Tsigaridis and Kanakidou (200#P  TM3 global, 375° x5° 18.6 4.6

Hoyle et al. (2007) Oslo CTM2 global, & x2.8° 55 15

Henze et al. (2008) GEOS-Chem globdlx2.5° 30 14.4

This work, S1 TM5 global, x4° 33 15

This work, S22 TM5 global, & x4° 21 3.2

@ Dependence of SOA-I production on VOC/N@atio is taken into account.
b present day simulation.

and thus comparable with our simulation S1, different trans-POC emissions. The recent European inventory of Kupiainen
port parameterisations of SOA precursors and aerosols or thand Klimont (2007) which considers country-specific emis-
effect of removal efficiency, pre-existing aerosol and OH lev- sion characteristics represents the residential wood combus-
els may be the cause for this discrepancy. An indication fortion by a number of source categories, e.g. fireplaces, stoves,
the latter is that the global reaction rate of isoprene with OHsingle house boilers, and medium size boilers. These au-
is around 300 Tgyr! in TM5 and only 209 Tgyr! in the  thors find that residential wood combustion contributes about
simulations of Henze and Seinfeld (2006). We note that the50% and 65% to the emitted POC in Western and Eastern Eu-
OH fields in this study would give a tropospheric (surface rope, respectively. From 1990 to 2000 the contribution from
to 100 hPa) methane lifetime of 7.3 years. Apart from OH biomass burning to BC and POC emissions continuously in-
fields, different removal efficiencies and levels of primary creased.
carbonaceous aerosol are a likely cause for the discrepancy. However, we cannot exclude that secondary organic
aerosol formation can explain the missing winter source of
4.4 Comparison with a regional model study particulate organic matter, but since vegetation emissions
are extremely low in winter, this source should be of an-
Signiﬁcant underestimation of wintertime OrganiC matter is thropogenic Origin_ Predicted SOA-A surface Concentrations
in line with the model study of Simpson et al. (2007), who gyer Europe with a revised production scheme for aromat-
used the EMEP MSC-W regional 3-d model to study thejcs (Henze et al., 2008) are actually largest during summer
formation of carbonaceous aerosol over Europe during thgahout 0.1 pg m3) and very low during winter, rendering the
EMEP 2002/2003 campaign. In their SOA module (Kam-2), anthropogenic SOA contribution an unlikely explanation for
monoterpenes are only representedobpinene, which is  the winter-time discrepancy.
the currently best understood single monoterpene, while iso- Fgrest and agricultural fires can be important during sum-
prene and sesquiterpenes are not considered as SOA prfrer in Southern Europe. Including open vegetation fire OC
cursors in their model. With Kam-2 Simpson et al. (2007) emissions could improve the agreement with observations in
underpredicted the measured total carbon levels in Northerparticular at sites in Portugal (Simpson et al., 2007).
Europe by a factor of 2. When using a SOA module with in- - sampling and subsequent analysis of the aerosol OC con-
creased SOA partitioning coefficients (Kam-2X) instead, thetent are subject to great uncertainties. This is attributed
agreement at Scandinavian sites was significantly improvedyy adsorption and evaporation of semi volatile organic con-
However, like in this study, their model underpredicted total stituents to the filter during sampling, which can cause severe
carbon levels over Southern Europe especially during winterpositive and negative artefacts on the true particulate OC
They suggested a large impact of a wood burning source OE)ading. Data compiled by Yitri et al. (2007) show that the
primary carbonaceous particles at a site in Portugal (Aveirolyositive sampling artefact of OC can vary between 6 and 30%
and other sites in Southern and Eastern Europe, using Le\or European measurement sites of various site categories,
oglucosan measurements as an indicator for wood burningyhich would bring model and measurements in slightly bet-
source of organic aerosol. Their model results of total car-ter agreement for the current study. On the other hand, the
bon with an assumed additional wood burning source wergnagnitude of the negative artefacts could be equally large,

Closel’ to the Obsel’ved tOtal Carbon IeVeIS. making any SUCh assumption h|gh|y Specu'ative_
It can be concluded, that the POC emission inventory

for fossil fuel and biofuel combustion applied in this study
(Bond et al., 2004) severely underestimates wood burning
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5 Conclusions strongly reduces formation of biogenic SOA in winter. Ac-
cording to the model results (S1-S3), biogenic SOA consti-
This model study assessed in a systematic way various uncetates only a minor fraction of OM during winter (December
tainties in the global modelling of secondary organic aerosolto February). Focusing on the summer months, one may con-
formation with a focus on Europe. Specifically, we consid- clude that in general SOA produced from biogenic emissions
ered uncertainties in isoprene emissions, the N€pendent  prings observations and measurements in better agreement.
chemistry of isoprene SOA formation, the wet removal, and  Underestimation of SOA at Scandinavian EMEP sites dur-
the role of absorbing aerosol. ing summer in our study (simulations S1-S3) could be an in-
Monthly averaged SOA surface concentrations range fromdication for missing biogenic VOC sources in this region, an
0.6 to 6.8 ug m* over continental Europe during summer in incorrect implementation of temperature dependence of SOA
our reference simulation. In sensitivity studies on SOA pa-partitioning, and/or transformation of condensable products
rameterisations it was found that surface concentrations varyy reaction on particles. There is experimental evidence for
by +30% for most cases. The parameterisations are mosthe transformation of condensed vapour (e.g. pinonaldehyde)
sensitive for the assumption whether inorganic aerosol couldnto a non-volatile SOA compound by reaction in the particle
act as an SOA absorber, and whether or not irreversible stickphase (Kamens and Jaoui, 2001; linuma et al., 2004; Kroll et
ing of SOA takes place. Changes in the emissions of iso-al., 2007), suggesting irreversible sticking on particles. The
prene have a limited effect on SOA production rates overagreement with OM observations at Scandinavian sites in
Europe (20-30%, Table 5). Using the recent MEGAN iso- summer indeed largely improves when condensation on in-
prene emission inventory and emission parameterisation desrganic aerosols and irreversible sticking of SOA-precursors
creases SOA surface concentrations by on average 20% ion particles is taken into account (simulation S1.6). How-
Europe. SOA concentrations in summer increased over urever, the comparison with OM measurements in Italy and
ban and industrialised regions by 10-20% when the, NO Austria contradicts this hypothesis. The exact mechanisms of
dependence of the SOA vyield from isoprene oxidation wasthe oligomer and/or polymer formation and their significance
taken into account. Under low VOC/N@onditions typical  for the chemical formation and properties of SOA remain
for urban regions, a higher yield of relatively volatile gas- highly uncertain. Oligomerisation can be separated into fast
phase products are formed in the isoprene oxidation than urand slow processes. While the fast oligomerisation is proba-
der high VOC/NQ conditions. Due to high load of primary bly implicitly included in the two product parameterisation,
carbonaceous aerosols over cities and industrial areas thesgw oligomerization occurs on a time scale relevant to at-
more volatile vapours are absorbed effectively. mospheric transport and is difficult to represent in models.
We further analysed in depth three simulations: our ref-Slow oligomerization may occur through several particle-
erence simulation S1, which is similar to the study by Tsi- phase processes like acid-catalyzed heterogeneous reactions,
garidis and Kanakidou (2003) (their simulation S1.1), S2oxidative processes and accretion reactions (Kroll and Sein-
which considered several updates in parameterisations anigld, 2008) making any generalized representation in models
S3 which ignored isoprene SOA formation. highly uncertain. Our sensitivity case S1.6 can provide an
There are only few field measurements of particle phaseupper limit for estimating the effect of irreversible chemical
isoprene oxidation products available for Europe. Since isotransformation, e.g. through oligomerisation, and/or physical
prene oxidation likely leads to a large fraction of humic- trapping of condensing vapours.
like substances, particle phase isoprene oxidation products Missing primary, wood-burning, organic particle sources
like 2-methylglyceric acid and tetrols should be viewed asin winter, are the most likely explanation for the wintertime
marker compounds for SOA from isoprene photo-oxidationdiscrepancy, whereas missing anthropogenic SOA sources
and not as total SOA-l. Thus currently, measurements ofseem less probable. Uncertainties associated with carbona-
these marker compounds cannot be used to constrain moadeous aerosol emission inventories prevent a further im-
elled SOA formation from isoprene. provement of SOA predictions in Europe. Therefore, more
Comparison of model results from S1, S2, and S3 withwork should be devoted to compile accurate European emis-
EMEP field data obtained in 2002/2003 showed that generasion inventories of primary carbonaceous particles since their
agreement with summer OM was reached, whereas wintedistribution and magnitude is of decisive importance for un-
OM was strongly underpredicted. Simulations S1 and S2 arelerstanding the distribution of SOA over Europe.
in slightly better agreement than our simulation S3 that ig- Global tropospheric SOA production is calculated to be
nored an isoprene-SOA source. The main fraction of organi@3Tgyr ! in S1 (reference simulation), 21 TgVr in S2
aerosol observed at the EMEP sites during summer is pre(best guess simulation), and 17 Tg¥in S3, the difference
dicted to be secondary and of biogenic origin. This is thewith S1 is a measure for the amount of SOA produced by
consequence of the high production of SOA from precursorgsoprene oxidation. The result from the reference simula-
emitted by the vegetation in summer. Though lower temperation is close to the centre of the estimated range given by
tures favour the formation of SOA in the atmosphere, the deKanakidou et al. (2005). Ignoring SOA from isoprene, low-
creasing amount of condensable gases from biogenic origiers tropospheric SOA production and burden over Europe in
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JJA 2002 by 42% and 44% and surface concentrations by 30threshold for self-nucleation of the organic to avoid new par-
50% compared to S1, respectively. In the troposphere oveticle formation. A series of experiments should be performed
Europe the SOA production is 1.0 Tgyrin S1, 0.7 Tgyr? at comparable initial concentrations of reactants in a dry
in S2 and 0.5 Tgyr! in S3. chamber with 1) no seed initially present, 2) inorganic seed
The export of SOA produced in the troposphere over Eu-(with varying acidity), and 3) mixed inorganic/organic seed
rope (S1: 0.21 Tgyr!) constitutes a substantial contribution (with varying proportions). The first experiment series tar-
to the carbonaceous aerosols that are transported from Ewets at finding the adequate precursor concentration, at which
rope to other world regions. A fraction of 35% of the SOA self-nucleation is disabled, for all the following experiments.
produced in the European PBL is transported to higher altilt is expected that no SOA can form in this experiment. The
tudes or out of Europe. The vertical transport of SOA par-second experiment series aims at investigating the effect of
ticles to higher altitudes over Europe is only 14% of the the presence inorganic particle and particle acidity on SOA
amount that is directly produced in the atmosphere at highpartitioning. Finding substantial SOA yields in these exper-
altitudes due to condensation of uplifted gaseous oxidatioriments would confirm the atmospheric relevance of the ab-
products on particles at low temperatures. sorption into inorganic particles. The third experiment series
Model studies demonstrate the large potential impact ofis done to quantify the compositional effect on SOA parti-
the partitioning of SOA to inorganic aerosols on global SOA tioning.
production (Tsigaridis and Kanakidou, 2003; Hoyle et al., Our study provides a systematic benchmark on the im-
2007). For example, Tsigaridis and Kanakidou (2003) foundpact of various new insights in the formation of SOA from
a 87% increase of the global SOA production by allowing isoprene, and allows understanding them in the context of
semi-volatile species to partition to sulphuric and ammo-previous studies, and recent organic aerosol measurements.
nium aerosols in addition to their partitioning to carbona- Most urgent work to better understand the role of isoprene
ceous aerosols. It can however be argued that in the real and other biogenic precursor gases in the formation of SOA
mosphere, inorganic aerosol will in many cases be deliquesincludes the improvement of current emission inventories
cent, with water attached to the particles. Consequently, in{BVOC and BC/POC), and experimental studies on conden-
organic and organic compounds will be partly or completely sation behaviour, heterogeneous reactions and oligomerisa-
dissolved and dissociated in the water phase. In atmospheriton.
models this is often handled by phase separation into a hy- _ _
drophilic phase containing the inorganic salt in aqueous sof\cknowledgementsiie would like to thank Arjo Segers and
lution and into a hydrophobic phase comprising the organic[’.Iaarten ;(rol for _sd‘?ppor; W'tEh TMS, B”érg G(;'"a”me anl\(/jl Cathy
components (e.g. Pun et al., 2002; Griffin et al., 2003; Cleg lousse for providing the European @dnventory, Maria

L 2008). H . incipl I d b anakidou and Nikos Mihalopoulos for the Finokalia OC data, and
etal, ). However, in principle all compounds may € L aurens Ganzeveld for the radiation code. Kostas Tsigaridis was

present to some degree in both phases. Treatment of SO4,pnorted by an appointment to the NASA Postdoctoral Program
partitioning to inorganic aerosols in models is still limited by 4t the Goddard Institute for Space Studies, administered by Oak
the paucity of thermodynamic data on mixtures of organicRidge Associated Universities through a contract with NASA.
and inorganic species of atmospheric interest. In this study,
liquid water has been assumed not to affect the partitioningedited by: S. Pandis
of semi-volatile organic compounds.

Inclusion of the most recent insights in the isoprene SOA
formation mechanism in simulation S2 reduces the tropo-
spheric production of SOA from isoprene oxidation globally Altieri, K. E., Carlton, A. G., Turpin, B. J., and Seitzinger, S.:

1 1
from 15Tgyr - (in S1) to 3.2 Tgyr - and over Europe from Formation of oligomers in cloud-processing: Reactions of iso-

0.4Tgyr? (in S1) to 0.1 Tgyr. At the same time, sum- prene oxidation products, Environ. Sci. Technol., 40, 49564960,
mertime surface concentrations of total SOA in Europe de- 2006.
crease by up to 40% compared to our reference simulationAltieri, K. E., Seitzinger, S. P., Carlton, A. G., Turpin, B. J.,
Using this updated parameterisation without condensation of Klein, G. C., and Marshall, A. G.: Oligomers formed through
semi-volatile oxidation products on ammonium and sulphate in-cloud methylglyoxal reactions: chemical composition, prop-
aerosols (S2.1) results in a tropospheric production of iso- erties, and mechanisms investigated by ultra-high resolution
prene SOA that is by a factor of ten smaller compared to S1 FT/ICR mass spectrometry, Atmos. Environ., 42, 1476-1490,
and the contribution of isoprene oxidation to the total SOA d0|:1410.1_016/1.atmosenv.zo_(ﬂ.1411.101_5, 2008. .

. o Bergamaschi, P., Meirink, J. F.,(Mer, J. F., Korner, S., Heimann,
production becomes negligible.

lucid h fthe ab . f . M., Bousquet, P., Dlugokencky, E. J., Kaminski, U., Vecchi, R.,
To elucidate the nature of the absorption process of organiC \jarcazzan, G., Meinhardt, F., Ramonet, M., Sartorius, H., and

vapours into inorganic aerosols or mixed inorganic/organic - zahorowski, W.: Model Inter-comparison on Transport and
aerosols we propose to perform chamber experiments at Iow, chemistry — report on model inter-comparison performed within
i.e. close to atmospheric, concentrations of the precursor European Commission FP5 project EVERGREEN (Global satel-
VOC. The precursor’'s concentration should be below the lite observation of greenhouse gas emissions) EUR 22241 EN-
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