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Abstract

The role of isoprene as a precursor to secondary organic aerosol (SOA) over Europe is
studied with the two-way nested global chemistry transport model TM5. The inclusion
of the formation of SOA from isoprene oxidation in our model almost doubles the at-
mospheric burden of SOA over Europe compared to SOA formation from terpenes and5

aromatics. The reference simulation, which considers SOA formation from isoprene,
terpenes and aromatics, predicts a yearly European production rate of 1.0 Tg SOA yr−1

and an annual averaged atmospheric burden of about 50 Gg SOA over Europe. A frac-
tion of 35% of the SOA produced in the boundary layer over Europe is transported to
higher altitudes or to other world regions. Summertime measurements of particulate10

organic matter (POM) during the extensive EMEP OC/EC campaign 2002/2003 are
better reproduced when SOA formation from isoprene is taken into account, reflecting
also the strong seasonality of isoprene and other biogenic volatile organic compounds
(BVOC) emissions from vegetation. However, during winter, our model strongly un-
derestimates POM, likely caused by missing wood burning in the emission inventories.15

Uncertainties in the parameterisation of isoprene SOA formation have been investi-
gated. Maximum SOA production is found for irreversible sticking (non-equilibrium par-
titioning) of condensable vapours on particles, with tropospheric SOA production over
Europe increased by a factor of 4 in summer compared to the reference case. Com-
pletely neglecting SOA formation from isoprene results in the lowest estimate (0.51 Tg20

SOA yr−1). The amount and the nature of the absorbing matter are shown to be another
key uncertainty when predicting SOA levels. Tropospheric isoprene SOA production
over Europe in summer more than doubles when, in addition to pre-existing carbona-
ceous aerosols, condensation of semi volatile vapours on ammonium and sulphate
aerosols is considered. Consequently, smog chamber experiments on SOA formation25

should be performed with different types of seed aerosols and without seed aerosols in
order to derive an improved treatment of the absorption of SOA in the models. Consid-
eration of a number of recent insights in isoprene SOA formation mechanisms reduces
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the tropospheric production of isoprene derived SOA over Europe from 0.4 Tg yr−1 in
our reference simulation to 0.1 Tg yr−1.

1 Introduction

Global isoprene emissions are estimated to amount to approximately 250–
750 Tg C yr−1, thus accounting for the majority of non-methane volatile organic com-5

pounds (NMVOC) emissions (Guenther et al., 1995, 2006). Smog chamber studies at
ambient conditions suggest an important role of isoprene in atmospheric photochem-
istry (e.g. Karl et al., 2004, 2006). Although initial studies suggested that isoprene was
not a significant precursor of SOA (Pandis, 1991), more recent laboratory and smog
chamber studies (Edney et al., 2005; Kroll et al., 2005, 2006; Kleindienst et al., 2006)10

as well as field studies (Claeys et al., 2004a,b; Ion et al., 2005; Kourtchev et al., 2005;
Matsunaga et al., 2005; Böge et al., 2006) clearly showed that isoprene can contribute
significantly to the formation of secondary organic aerosol (SOA). 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 high NOx ([NOx]>75 ppbv)15

conditions (Kroll et al., 2005) and about 3% at low NOx levels ([NOx]<1 ppbv) (Kroll et
al., 2006). Based on measurements of isoprene oxidation products (2-methyltetrols) in
aerosol samples, Claeys et al. (2004a) estimated a 0.4% SOA yield by mass from iso-
prene photo-oxidation. In contrast, Edney et al. (2005) found little evidence of isoprene-
derived SOA formation in high atmospheric NOx conditions. However, when acidifying20

the aerosol seed, a SOA yield of 2.8% was observed, suggesting that acid-catalyzed
reactions on acid aerosols are involved in the enhanced formation of SOA from iso-
prene. The formation of polymers has been invoked as a possible mechanism of SOA
formation, either directly from isoprene (Limbeck et al., 2003) or from isoprene gas-
phase oxidation products (Czoschke et al., 2003). Recent reaction chamber experi-25

ments indeed confirm the formation of polymers in isoprene oxidation experiments on
highly acidic sulphate aerosols (Liggio et al., 2007).
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Recent work also suggests that in-cloud oxidation of water soluble isoprene oxidation
products (in particular methylglyoxal and hydroxyacetaldehyde) can also produce SOA
(Ervens et al., 2004). Lim et al. (2005) conclude that in-cloud oxidation of isoprene can
yield SOA by up to 0.3% by mass. Methylglyoxal is likely to play a key-role in SOA for-
mation. Indeed, model studies suggest that isoprene is the largest source of secondary5

produced glyoxal on the global scale (e.g. from the oxidation of hydroxyacetone) (Saun-
ders, 2003). New model results from Myriokefalitakis et al. (2008) underline the large
global contribution of isoprene and other biogenic hydrocarbons to the water-soluble
oxidation product glyoxal, and confirm overall agreement with satellite observations of
this compound.10

Considering aqueous phase oxidation products from isoprene, Matsunaga et al.
(2005) suggested a global annual production of 10–120 Tg of organic aerosol matter
from isoprene. In contrast, Claeys et al. (2004a) proposed that only a small fraction of
all reacted isoprene is converted into SOA, corresponding to a source of 2 Tg yr−1 SOA.
In perspective, a recent review suggested SOA formation from terpenes and other re-15

active VOC (ORVOC) emitted by the vegetation to range between 12 and 70 Tg yr−1

(Kanakidou et al., 2005).
A global model study by Henze and Seinfeld (2006) evaluated the formation of SOA

from isoprene oxidation based on laboratory chamber data from Kroll et al. (2006), sug-
gesting that photo-oxidation of isoprene and consequent SOA formation may contribute20

6 Tg yr−1, or 47% of their total predicted SOA production, equal to roughly a doubling
of the simulated SOA burden obtained from terpene oxidation alone. Using the same
SOA yields, a regional model study by Liao et al. (2007) suggested that isoprene oxida-
tion contributed 50% to SOA concentrations over the USA and 58% to the global SOA
concentrations for the years 2001–2003. Assuming a fixed 2% SOA mass yield from25

isoprene oxidation, van Donkelaar et al. (2007) was able to improve the comparison
of modelled and measured organic aerosol (OA) surface mass in the USA. According
to present-day model simulations of Tsigaridis and Kanakidou (2007), isoprene oxida-
tion produces 4.6 Tg SOA yr−1 with the two-product approach from Henze and Seinfeld
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on a global scale, which corresponds to 38% of the 12.2 Tg SOA yr−1 formed by the
oxidation of other BVOC and to 27% of the total SOA in their simulations.

Tsigaridis and Kanakidou (2003) have presented a comprehensive sensitivity study
on SOA formation on a global scale using a previous version (TM3) of the model used
in this work. They found that the global annual SOA production from biogenic volatile5

organic compounds (VOC) ranges between 2.5 and 44.5 Tg and from anthropogenic
VOC (aromatics) ranges between 0.05 Tg and 2.62 Tg. The given ranges reflect the
uncertainties in the treatment of SOA formation. However, formation of SOA from
isoprene was not included in that study.

A long array of uncertainties is associated with the formation of secondary organic10

aerosols (Kanakidou et al., 2005), beginning with the emissions of the volatile organic
compounds (VOC) that act as precursors of SOA, followed by the formation processes
of semi volatile organic gases and their condensation on pre-existing aerosols and
finally the effectiveness of removal of SOA from the atmosphere, mainly by wet de-
position. Currently identified major uncertainties that influence the yields of SOA from15

isoprene and monoterpenes are the levels of ambient NOx concentrations or VOC/NOx
ratios (Presto et al., 2005b; Presto and Donahue, 2006; Kroll et al., 2006), the temper-
ature dependence of the partitioning coefficient (Offenberg et al., 2006), relative hu-
midity (Jang and Kamens, 1998), the role of acid-catalyzed heterogeneous reactions
of carbonyl products (Czoschke et al., 2003), the possible formation of high molecular20

weight products (oligomers, humic like substances) (Kalberer et al., 2006), the role of
sulphate aerosol concentration in the condensation process (Kleindienst et al., 2006),
the effect of UV-light (Presto et al., 2005a), and the absorption properties of pre-existing
carbonaceous particulate matter (e.g. Seinfeld and Pankow, 2003).

In this work we use the global atmospheric transport model TM5, with a 1◦×1◦ reso-25

lution over the European domain to study SOA formation over Europe. We build up on
the previous sensitivity analysis on global SOA performed by Tsigaridis and Kanakidou
(2003) and further expand their approach by focusing on the role of isoprene in the
formation of secondary organic aerosol over Europe on a high spatial and temporal
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resolution. This work integrates the most recent insights on isoprene SOA formation in
TM5 and we perform a number of simulations to investigate the sensitivity of our model
results to different European isoprene emissions inventories, different representations
of the isoprene SOA formation route, and assumptions regarding the effectiveness of
wet removal of isoprene oxidation products. To place the previously mentioned simula-5

tions in context of prior studies, we repeat some sensitivity studies already presented in
Tsigaridis and Kanakidou (2003), e.g. the role of condensation of semi-volatile organic
gases to non-carbonaceous aerosols like ammonium sulphate aerosols. Moreover, we
assess to what extend the new results can be reconciled with particulate organic matter
observations from the EMEP OC/EC campaign in 2002–2003 (Yttri et al., 2007).10

2 Model description

2.1 Atmospheric transport model TM5

In this work, the two-way nested atmospheric zoom model TM5 is used. The TM5
model is an off-line global chemistry/transport model (Krol et al., 2005) that uses me-
teorological fields, including large-scale and convective precipitation and cloud data,15

from the European Centre for Medium Range Weather Forecast (ECMWF). The stan-
dard version of TM5 employs 25 vertical layers which are derived from the 60 layers of
the operational ECMWF model. Since the focus is on the troposphere, higher vertical
resolution is maintained in the boundary layer and in the free troposphere. Globally,
a horizontal resolution of 6◦×4◦ (longitude×latitude) is employed. The two-way zoom-20

ing algorithm allows resolving the European domain (18◦ W, 14◦ N to 36◦ E, 64◦ N) with
a finer resolution of 1◦×1◦. To smooth the transition between the global 6◦×4◦ region
and the regional 1◦×1◦ domain, a domain with a 3◦×2◦ area resolution has been added,
stretching from 32◦ W, 4◦ N to 51◦ E, 72◦ N.

The slopes advection scheme (Russel and Lerner, 1981) has been implemented;25

non-resolved transport by deep and shallow cumulus convection is parameterised ac-
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cording to Tiedtke (1989). The vertical diffusion parameterisation of Holtslag and Mo-
eng (1991) is used for near surface mixing. In the free troposphere, the formulation of
Louis (1979) is used. The model transport has been extensively validated using 222Rn
and SF6 (Peters et al., 2004; Krol et al., 2005) and also within the EVERGREEN project
(Bergamaschi et al., 2006).5

2.2 Gas-phase chemistry

The gas phase chemistry is calculated using the CBM-IV chemical mechanism (lumped
structure approach; Gery et al., 1989a,b) as modified by Houweling et al. (1998), solved
by means of the Eulerean backward iterative (EBI) method (Hertel et al., 1993). In this
version of the TM5 model the coupled aerosol module to calculate secondary organic10

aerosols developed by Tsigaridis et al. (2006) is applied and has been appropriately
linked to the gas phase chemical mechanism. To this purpose, CBM-IV was modi-
fied accordingly to include the gas phase precursors of SOA, i.e. α-pinene, β-pinene,
toluene, xylene, β-caryophyllene which have not been considered previously, the reac-
tions and rate constants of these VOCs with atmospheric oxidants are listed in Table 1.15

Biogenic volatile organic compounds (BVOC) that form SOA like monoterpenes and
other reactive volatile organic compounds (ORVOC) are represented by α-pinene and
β-pinene. Toluene and xylene represent the anthropogenically emitted aromatic com-
pounds that form SOA. New in this work compared to Tsigaridis et al. (2006) is the con-
sideration of isoprene and sesquiterpenes, the latter represented by β-caryophyllene,20

as additional biogenic SOA precursors. The standard parameterisation of SOA forma-
tion in TM5 corresponds to the scenario S1.1 given in Tsigaridis and Kanakidou (2003)
(see Sect. 2.5).

2.3 NMVOC emissions

SOA is formed in the gas-phase oxidation of biogenic and anthropogenic NMVOC in25

the atmosphere. The global production is estimated to range from 12–70 Tg yr−1 SOA
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with a central estimate of about 30 Tg yr−1 SOA (PHOENICS Synthesis and Integration
Report, 2005; Kanakidou et al., 2005). The largest fraction of SOA is from biogenic
precursors while the anthropogenic SOA production is roughly a factor of 10 smaller.

Anthropogenic emissions of non-aromatic NMVOC are implemented and distributed
among CBM-IV compounds as described in Houweling et al. (1998). The terrestrial5

biosphere is a major source of BVOC. According to the Global Emission Inventory
Activity (GEIA) database about 503 Tg C of isoprene, 127 Tg C of monoterpenes, and
260 Tg C ORVOC are emitted annually into the atmosphere. Monthly BVOC emissions
calculated in our reference simulation (see description below) correspond to monthly
emission fluxes from the GEIA database (Guenther et al., 1995). BVOC emissions from10

the GEIA inventory are based on the year 1990. We note that there are more recent
estimates for BVOC emissions on the global scale (Lathière et al., 2005; Guenther
et al., 2006) and European scale (Karl et al., 2008). The GEIA emission database
has been chosen to allow for maximum consistency with earlier TM5 versions, while
the more recent emission estimates are used in the present study to estimate the15

sensitivity of SOA formation to emissions.
ORVOC are defined as compounds with a lifetime under typical tropospheric condi-

tions of less than 1 day (Guenther et al., 1995). 32% of the total ORVOC emissions
contribute to SOA formation (Griffin et al., 1999b). Following Griffin et al. (1999b), we
assume that 5% of the emissions of ORVOC are sesquiterpenes, represented by the20

model compound β-caryophyllene. The remaining ORVOC emissions are distributed
equally between the model compounds α-pinene and β-pinene. Emissions of monoter-
penes and ORVOC are assumed to depend only on temperature, while isoprene emis-
sions depend on temperature and light (e.g. Tingey et al., 1991; Guenther et al., 1993).
The equations describing the dependence of isoprene emissions on temperature and25

light (Eq. 1) and the dependence of terpene and ORVOC emissions on temperature
(Eq. 2) given by Guenther (1997) are applied. The emission activity factors γisoprene
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and γterpene are defined as:

γisoprene =
exp[(CT1[T − TS ])/RTST ]

CT3 + exp[(CT2[T − TM ])/RTST ]
·

αCL1L√
1 + α2L2

(1)

γterpene = exp[β(T − TS )] (2)

where T is the leaf temperature (in K), TS is the leaf temperature at standard conditions
(in K), L is photosynthetically active photon flux density (in µmol photons m−2 s−1), and5

R is the universal gas constant (8.314 J K−1 mol−1). CL1, CT1, CT2, CT3, TM , α and β
are empirical constants given by Guenther (1997).

Together with the global fields of emission factors and foliar biomass densities, BVOC
emissions at any location and time during the simulation are calculated on-line. Emis-
sion factors and foliar biomass densities have been compiled as described in Guenther10

et al. (1995) for 72 ecosystem classes defined by Olson (1992). The BVOC emission
module applies the radiation code of Weiss and Norman (1985) to calculate the extinc-
tion of light as a function of the leaf area index (LAI), the distribution of the LAI inside
the canopy (leaf area density), the fraction of leaves and the orientation of these leaves.
Applying this BVOC emission module in TM5 with ECMWF meteorological data results15

in global isoprene emissions of about 500 Tg yr−1.
Apart from BVOC, aromatic compounds have the potential to form secondary organic

aerosols (Odum et al., 1997). The emissions of aromatic hydrocarbons are adopted
from the Emission Database for Global Atmospheric Research (EDGAR) version 2.0
(Olivier et al., 1996) for the year 1990. Unfortunately there is no more recent speciated20

VOC emission database covering our model domain available. These emissions add
up to about 10–15% of all anthropogenic NMVOC emissions. Emissions of aromatics
from biofuel and biomass burning are not considered at the moment as they are highly
uncertain over Europe. In Europe and USA decreasing trends of aromatic hydrocarbon
emissions have been reported in the last 2–3 decades (EMEP, 2008; US EPA, 2008).25

The relatively crude estimate of emissions of aromatic compounds in our model study
can be justified by the small relative contribution of aromatic hydrocarbons to the total
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SOA production.

2.4 Primary and inorganic aerosols

Gas phase chemistry (Sect. 2.2) and secondary aerosol formation are coupled and
computed online together with all other aerosol compounds in this version of TM5.
Sulphate is assumed to be present only in the aerosol phase. It is formed by the5

oxidation of SO2 (and DMS) in the gas phase by OH and in the aqueous phase by
H2O2 and O3. Black carbon (BC) and primary organic carbon (POC) are, as well as
inorganic components, considered externally mixed; they are described only by mass,
and being in the accumulation mode with a mass mean radius of 0.14 µm for wet and
dry removal processes. Sea salt and dust are externally mixed components in the10

model; they are described by lognormal distributions (Aitken, accumulation and coarse
mode for sea salt and accumulation and coarse mode for dust). The equilibrium model
EQSAM2 (Metzger et al., 2002a,b) is used to calculate the partitioning between the
aerosol and gas phases of ammonia, nitric acid, ammonium and nitrate and the water
attached to the particle in equilibrium with the water vapour (Vignati et al., 2005). In-15

cloud as well as below-cloud wet removal are parameterized differently for convective
and stratiform precipitation, building on the work of Guelle et al. (1998) and Jeuken et
al. (2001). Sedimentation is only taken into account for the coarse mode of dust and
sea salt particles.

The global emission inventories of primary carbonaceous particles (black carbon20

and primary organic carbon) used in the present work are from Bond et al. (2004)
for the anthropogenic contributions (fossil and biofuels) and from van der Werf et al.
(2004) for the large scale biomass burning areas. Anthropogenic emissions are given
with an uncertainty factor of two (Bond et al., 2004). We assume that 100% of the
emitted black carbon and 35% of the emitted primary organic carbon are hydrophobic25

(Cooke and Wilson, 1996; Mayol-Bracero et al., 2002). The conversion of BC and
POC from hydrophobic to hydrophilic is assumed to occur by reaction with ozone and
follows the description given in Tsigaridis and Kanakidou (2003). The chemical ageing
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process thus depends on O3 levels and ambient humidity and has a strong effect on the
removal of carbonaceous aerosols, since hydrophilic BC and POC are more efficiently
scavenged in clouds than hydrophobic BC and POC. We note that there are also other
parameterisations of aerosol-ageing; it was beyond the scope of this paper to explore
these.5

Secondary organic aerosol particles are assumed to be hydrophilic. In clouds, 30%
of the mass of hydrophilic BC, hydrophilic POC and SOA remain in the interstitial air
of clouds, while 70% behave as hygroscopic and thus undergo wet deposition by in-
cloud and below-cloud scavenging. Hydrophobic aerosols are not removed by in-cloud
scavenging. Wet removal of SOA is in rough agreement with Chung and Seinfeld10

(2002) who assume 20% of the SOA mass to be hydrophobic. Gases are scavenged
according to their solubility. The dry deposition of gases and aerosols is calculated
using the ECMWF surface characteristics and the resistance method (Ganzeveld and
Lelieveld, 1995).

De Meij et al. (2006) compared European aerosol optical depth (AOD) calculated15

with TM5 using the EMEP emission inventory (containing SO2, NOx, NH3, PM2.5,
PMcoarse) and the AEROCOM inventory (containing SO2, POM, BC; Dentener et al.,
2006) with surface data from AERONET observation sites and with MODIS satellite
data. Calculated AOD with both inventories underestimated the observed AERONET
AOD values by 20–30% but show good spatial agreement with MODIS data. In the20

case of the AEROCOM inventory, a simplified global SOA source yielding 19.1 Tg yr−1

(Europe: 0.41 Tg yr−1) POM had been applied based on the assumption that 15% of
natural terpene emissions form non-volatile SOA instantaneously when emitted.

2.5 Formation of secondary organic aerosols

We parameterize the formation of SOA using a two-product model approximation. Each25

precursor model compound reacts with atmospheric oxidants to form two different
semi-volatile gaseous products that can partition to the aerosol phase. An equilib-
rium partitioning into an absorptive organic matter phase (Black Carbon and Primary
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Organic Carbon) according to the concept proposed originally by Pankow (1994a,b)
and Odum et al. (1996) and further refined by Tsigaridis and Kanakidou (2003) is used
in this work. Heterogeneous and aqueous reactions forming SOA are not included as
the level of understanding is still low.

Monoterpenes, represented by the model compounds α-pinene and β-pinene, are5

known to react rapidly with OH, O3 and NO3. During night time, the reaction of NO3
with monoterpenes is expected to be the predominant gas-phase loss pathway for
monoterpenes. In our SOA representation, only the reactions with OH and O3 are
considered to lead to SOA production. We did not include possible SOA formation
from the reaction of α-pinene and β-pinene with NO3, because recent measurements10

suggest a minor role of this oxidation route for SOA. Though Spittler et al. (2006) found
the SOA yield to be 16% for the reaction of α-pinene with NO3 under dry conditions;
it was only 4% under humid conditions. In atmospheric simulations aerosol formation
from the NO3 reaction with α-pinene is found to be negligible compared to the large
contributions from ozonolysis and from the OH reaction (Griffin et al., 1999a; Capouet15

et al., 2008).
The on-line modelled parameters that determine the formation of SOA are precursor

concentrations, oxidant fields, pre-existing mass of carbonaceous aerosol and tem-
perature. Information on reaction rate constants with ozone and hydroxyl radical,
aerosol yields and partitioning coefficients for α-pinene, β-pinene, toluene and xylene20

are adopted from Tsigaridis and Kanakidou (2003). Isoprene SOA formation is imple-
mented according to the recommendations of Henze and Seinfeld (2006). This is new
compared to the work of Tsigaridis et al. (2006) who applied a fixed molar aerosol yield
from isoprene oxidation of 0.2% based on Claeys et al. (2004a). Recent laboratory
experiments of Kleindienst et al. (2007a) showed that SOA formation from isoprene is25

dominated by the OH-initiated oxidation. In TM5 global scale calculations OH is re-
sponsible for 86% of the oxidation of isoprene, while O3 and NO3 account for only 11%
and 3% of the isoprene oxidation, respectively. Though formation of SOA during the
oxidation of isoprene with O3 or NO3 may also occur, this will be important only during
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night time, when OH is vanished. Due to the light-dependence there are no isoprene
emissions during night and thus other sources of isoprene-derived SOA than the OH
reaction can be neglected. Therefore, in accordance with Henze and Seinfeld (2006),
we assume that the reaction of isoprene with OH is the only pathway for formation of
SOA from isoprene in the atmosphere.5

Sesquiterpenes are treated as separate SOA precursors. Following the formation
mechanism originally proposed by Hoffmann et al. (1997), a 100% yield of semi-volatile
gas phase products is obtained from the oxidation of β-caryophyllene with OH and
O3. From these, the one with the 80% yield (denoted as BCAR2p in Table 2) is as-
sumed to have a higher volatility and further react with OH, O3 and NO3 to produce10

a completely non-volatile SOA compound. BCAR2p is the only SOA compound in the
presented scheme, for which secondary reactions are allowed. BCAR2p contains one
unsaturated carbon bond (C=C). Aerosol yields for isoprene and β-caryophyllene are
provided in Table 2.

3 Description of simulations15

We performed a reference simulation (S1) with the standard setup for the represen-
tation of SOA production from the oxidation of isoprene (described in Sect. 2). This
simulation is most compatible with the base simulation of Tsigaridis and Kanakidou
(2003), but in addition oxidation chemistry of isoprene is included. The simulated pe-
riod is 13 months, from June 2002 to June 2003 (coinciding with the period of field20

observations), with a spin-up time of 5 months. All sensitivity simulations are com-
pared to S1. To investigate the uncertainties of a number of processes relevant for
the formation and removal of SOA from isoprene oxidation over Europe, we carried out
a set of additional sensitivity runs for the 3-months summer period June to August 2002
(JJA 2002) with a spin-up time of one month each. We focussed on the summer pe-25

riod since the highest emission of BVOC from the vegetation in Europe occur between
June and August (Steinbrecher et al., 2009) and therefore production of SOA precur-
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sors from the oxidation of biogenic VOC will be most relevant during that period. We
focus on several key-uncertainties in the model representation of SOA formation from
isoprene in Europe and analyse and present them in a coherent way. The sensitivity
studies were chosen based on the major processes that control the atmospheric fate
of SOA: emissions of isoprene, emissions of primary carbonaceous aerosol, depen-5

dence of SOA formation on temperature and NOx levels, wet removal and the amount
and nature of the absorbing aerosol. A lower limit of SOA formation from TM5 was
defined with a simulation neglecting the SOA production from isoprene oxidation. The
sensitivity runs are summarised in Table 3.

In addition to the reference simulation S1, S2 includes a number of recent insights10

in SOA formation from isoprene oxidation, and was run for 13-months. S2 is intended
to represent our best guess on SOA formation from isoprene with the presented two-
product model approximation, but has certainly a degree of subjectivity as to the exact
choice of parameterisations and parameters. The choices for the updated simulation
S2 are summarised and justified in Sect. 3.6.15

Thus, S1 allows to understand our model results in the context of previous studies,
whereas S2 evaluate the combined impact of recent insights on SOA formation in gen-
eral, and from isoprene in particular. A number of dedicated sensitivity studies help
with understanding which processes contribute to changed results.

3.1 Isoprene emissions: sensitivity studies S1.1a and S1.1b20

An extensive overview of uncertainties in global isoprene emissions is given by Wied-
inmyer et al. (2004). Global isoprene emission estimates have an overall uncertainty
factor of 3 (250–750 Tg C yr−1) and European isoprene emission estimates vary be-
tween 3 and 9 Tg C yr−1 (Simpson et al., 1999; Steinbrecher et al., 2009). Since we
cannot evaluate all individual uncertainties (e.g. emission factors, foliar biomass densi-25

ties, tree phenology) related to isoprene emissions, we use the more recent inventories
by Guenther et al. (2006) and Karl et al. (2008) to evaluate their overall impact.

In case S1.1a isoprene emissions are simulated using the recent global MEGAN
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inventory (Guenther et al., 2006) instead of the global GEIA inventory (Guenther et
al., 1995). This case involves a change of the isoprene emission inventory and tem-
poral emission characteristics, since the MEGAN algorithm for temperature and light
dependence of isoprene emissions is applied instead of the Guenther (1997) parame-
terisation (Eqs. 1 and 2) in simulation S1.5

The new European BVOC emission inventory of Karl et al. (2008) uses detailed land
use information and updated plant-specific standard emission factors for isoprene and
other BVOC. In case S1.1b, isoprene standard emission factors for Europe used in the
reference simulation (described in Sect. 2.3) are replaced by emission factors from the
new BVOC inventory by Karl et al. (2008), while for the rest of the globe the original10

emission factors were kept. Thus except for Europe, isoprene emissions in this case
correspond to the emissions from the GEIA inventory. The dependence on temperature
and light according to Guenther (1997) is applied, as in the reference simulation.

3.2 Parameterisation of isoprene SOA formation: case S1.2 and S1.3

Two determining factors controlling SOA formation from isoprene in the gas-particle15

partitioning model have been selected for further sensitivity analyses: the NOx depen-
dence of yields and the temperature dependence of partitioning coefficients.

As proposed by Presto et al. (2005b) for α-pinene and Song et al. (2005) for xy-
lene, SOA formation yields and products depend on the prevailing VOC/NOx ratio
(ppbvC/ppbv). The inclusion of VOC/NOx ratio dependent SOA formation reduced20

the production of biogenic SOA by about 20% and increased anthropogenic SOA by
20% in their global simulations. SOA formation from isoprene has been found to be
different at low and high VOC/NOx ratios (Kroll et al., 2006). In the work of Henze
and Seinfeld (2006), the parameterisation for the two-product approach for isoprene
was based on low-NOx experiments, while Tsigaridis and Kanakidou (2007) scaled the25

NOx-dependent SOA production from isoprene on that of α-pinene. To study the sen-
sitivity of isoprene derived SOA towards different VOC/NOx regimes, the original yields
and partitioning coefficients from the work of Henze and Seinfeld are scaled with the
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NOx-dependence of SOA formation of α-pinene adopted from the work of Presto et al.
(2005b) in case S1.2. For VOC/NOx<8, high NOx conditions apply and the reaction
of organic peroxy radicals with NO dominates the oxidation of the parent hydrocarbon,
leading to more volatile products as aldehydes, ketones and organic nitrates. As we
focus on the uncertainties of isoprene SOA production, the NOx-dependence for com-5

pounds other than isoprene is not considered in our simulations, but they are expected
to be of importance as well (Tsigaridis et al., 2006).

The partitioning between gas and aerosol phases is calculated with the assumption
of equilibrium using gas-particle partitioning coefficients Ki ,j for the product j from the
oxidation of hydrocarbon i . The influence of temperature on the partitioning coefficient10

of semi-volatile organics is given by:

Ki ,j (T ) = Ki ,j (Tr )
T
Tr

exp

[
∆Hvap,i ,j

R

(
1
T
− 1

Tr

)]
(3)

here, Ki ,j (Tr ) is the partitioning coefficient determined in smog chamber experiments
at a reference temperature Tr , and T is the temperature of interest. The enthalpy of
vaporisation, ∆Hvap,i ,j , has been found to be a key parameter for the correct predic-15

tion of SOA concentrations, especially in the upper troposphere where temperatures
are low (Pun et al., 2003; Tsigaridis and Kanakidou, 2003). In the reference simu-
lation S1 a value of 42 kJ mol−1 is used for isoprene SOA formation, based on the
work of Henze and Seinfeld (2006) and previous model studies (e.g. Chung and Se-
infeld, 2002). To test the uncertainty of the enthalpy of vaporisation, a high value of20

72.7 kJ mol−1 adopted from Pun et al. (2002) is used in case S1.3a. Recent laboratory
measurements have reported values of 11–44 kJ mol−1 at 298–573 K for the enthalpy
of vaporisation (Offenberg et al., 2006), therefore we use a low value of 11 kJ mol−1

in case S1.3b. The enthalpies of vaporisation for all other SOA compounds remain
unchanged in the sensitivity tests.25
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3.3 Wet removal of isoprene gas phase products: case S1.4

Wet scavenging is the most efficient process to remove organic aerosols from the at-
mosphere (Kanakidou et al., 2005). Here we want to study how wet scavenging of
semi-volatile organic vapours from isoprene oxidation affects SOA burden over Eu-
rope, as it has been relatively poorly explored in previous studies. The wet deposition5

of gas phase species depends on their solubility in cloud droplets according to their
Henry law constants. The parent hydrocarbons are only poorly soluble and there-
fore no wet deposition is assumed for these compounds. The semi-volatile oxidation
products are known to be more soluble than the parent hydrocarbons, but the exact
physico-chemical characteristics are important. From the compilation of the Henry’s10

law coefficients by Sander (1999), an average value of 103–104 M atm−1 is given for
monocarboxylic acids and 106–108 M atm−1 for dicarboxylic acids. In the standard SOA
parameterisation of the reference simulation S1 for all gas phase oxidation products of
SOA precursors a Henry coefficient of 103 M atm−1 was used, assuming that the semi-
volatile organic gases from the oxidation of parent hydrocarbons (primary oxidation15

products) are mainly monocarboxylic acids. We note that precipitation scavenging of
gases with a Henry’s law coefficient (H) equal or below to 103 M atm−1 is small or neg-
ligible, unless they dissociate in solution (Crutzen and Lawrence, 2000).

In case S1.4a, the Henry’s law coefficient H=105 M atm−1 is used for the wet removal
of semi-volatile organic gas-phase products from isoprene oxidation. This value has20

been applied by Henze and Seinfeld (2006) as an average value for SOA compounds.
In a further test, S1.4b , the Henry coefficient for gaseous products from isoprene oxida-
tion was increased to 106 M atm−1. For these test cases the temperature dependence
of the Henry coefficient was considered, which can be described by:

d lnH
dT

=
∆HA

RT 2
(4)25

In this equation, ∆HA is the heat of dissolution and equals to −12 K for the semi-volatile
gases (Chung and Seinfeld, 2002).
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3.4 Impact of the absorbing matter, case S1.5 and S1.6

In a further group of sensitivity tests, the impact of amount, distribution and nature of
the absorbing matter over Europe is investigated. Changes of these properties will
directly affect all components of the secondary organic aerosol and are included in
this sensitivity analysis to shed light on the general uncertainties of SOA formation5

associated with the current gas phase/particulate phase partitioning concept.
There are still tremendous uncertainties associated with the emissions of POC/BC.

We explore the impact of these uncertainties by utilizing two markedly different in-
ventories. In our reference simulation S1 we use the Bond et al. (2004) with global
annual fossil fuel and biofuel combustion emissions of 4.7 Tg C BC and 8.8 Tg C POC.10

European emissions are 0.51 Tg C BC and 1.59 Tg C POC yr−1. A recent European
inventory for anthropogenic emitted POC/BC particles, including emissions from fos-
sil fuel and biofuel usage, has been compiled by Guillaume and Liousse (2009). The
European dataset is provided with a resolution of 25 km×25 km for the year 2000 and
makes use of the consumption data from the IIASA database which considers fuel15

technology details. The inventory for Europe was regridded on 1×1 degrees horizontal
resolution and merged with the global inventory from Junker and Liousse (2008) for the
years 2002 and 2003, which is provided with 1×1 degrees horizontal resolution. In this
inventory, emissions for the world are 5.8 Tg C BC and 9.6 Tg C POC and European
emissions are 0.32 Tg C BC and 1.24 Tg C POC, respectively. For Europe, BC and20

POC emissions from fossil fuel and biofuel combustion are thus 26% lower than in the
Bond et al. (2004) inventory. Case S1.5 is intended to demonstrate the uncertainty
of SOA related to the application of different primary BC/POC emission inventories
for Europe due to changes of the magnitude and the distribution of available primary
carbonaceous aerosol for the condensation of SOA.25

Ammonium sulphate aerosol has been used in many smog chamber studies as seed
aerosol for SOA formation from aromatics and biogenic hydrocarbons (Odum et al.,
1997; Hoffmann et al., 1997; Griffin et al., 1999b; Kroll et al., 2007). Interestingly, the
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SOA experiments from Kroll et al. (2005, 2006) on isoprene oxidation have also been
performed with ammonium sulphate aerosols for the initial condensation of condens-
able products. It is therefore very likely that semi-volatile organic gases can condense
on this type of inorganic aerosols in the real atmosphere. In case S1.6, additional
condensation of SOA on ammonium and sulphate aerosol is allowed. This case corre-5

sponds to scenario S3 in the work of Tsigaridis and Kanakidou (2003) which resulted
in a 87% increase of their global SOA production.

3.5 Impact of evaporation, case S1.7

Recent smog chamber experiments of Kroll et al. (2007) found that yields of SOA from
the photo-oxidation of aromatic hydrocarbons are enhanced when ammonium sulphate10

is present compared to non-seeded experiments. They suggest that irreversible pro-
cesses as heterogeneous chemical reactions or loss on the aerosol surface are in-
volved in SOA formation. Irreversible sticking of SOA implies that once semi-volatile
organic gases condense, SOA is formed and the organics remain in the particulate
phase, and are not allowed to evaporate from the particle. As in case S1.6, the ad-15

ditional condensation on ammonium and sulphate aerosol is allowed. This test case,
S1.7, can be seen as the case with maximum possible SOA production from the current
approach with the standard partitioning parameters and corresponds to scenario S4 in
the work of Tsigaridis and Kanakidou (2003) in which a total annual production rate of
about 48 Tg SOA was obtained.20

3.6 The combined impact of the updated parameterisation, S2 and S3

A combination of parameters representing our best guess of SOA formation from the
oxidation of isoprene is assembled for case S2. For the updated simulation (S2) we
use the MEGAN inventory of isoprene emissions, which is increasingly used in global
atmospheric models (e.g. Müller et al., 2008) and is currently extended to other BVOC25

than isoprene (Sakulyanontvittaya et al., 2008). The dependence of isoprene SOA on
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the VOC/NOx ratio (Kroll et al., 2006) is taken into account in S2. We chose the value
∆Hvap=42 kJ mol−1 for the temperature dependence of the partitioning, since it is in
exact agreement with the recent experimentally derived effective enthalpy of vaporiza-
tion of SOA from isoprene oxidation (Kleindienst et al., 2007a). Semi-volatile products
identified in the oxidation of isoprene, in particular tetrols (Claeys et al., 2004b; Ed-5

ney et al., 2005), are much more soluble than monocarboxylic acids. We assume that
H=105 M atm−1 is currently the best guess of the Henry coefficient for isoprene oxida-
tion products. The Bond et al. (2004) inventory of primary carbonaceous emissions
was selected, since calculated spatial distributions of European BC concentrations are
in good agreement with station observations in Europe (E. Vignati, unpublished data,10

2008). Further, we decided to allow for condensation of SOA on ammonium and sul-
phate aerosol in addition to condensation on particulate organic matter. The relevance
of irreversible sticking to particles has not been quantified on atmospheric scales. We
therefore allow for the evaporation of previously condensed vapours from particles. In
summary our best guess parameterisation for the processes related to SOA formation15

from isoprene oxidation in S2 is:

1. MEGAN isoprene emission inventory and emission algorithm;

2. NOx-dependence of semi-volatile oxidation products from isoprene oxidation;

3. Enthalpy of vaporisation ∆Hvap=42 kJ mol−1;

4. Wet scavenging of gaseous isoprene oxidation products with H=105 M atm−1;20

5. Bond et al. (2004) inventory of primary carbonaceous emissions;

6. Additional condensation on ammonium and sulphate;

7. With evaporation.

In a further three month summer period June to August 2002, S2.1, the effect of the
additional condensation on ammonium and sulphate aerosols was tested for the SOA25
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parameterisation of S2. In this simulation the same parameterisation as in S2 is used
but without condensation of semi volatile gases on ammonium and sulphate aerosols.
We included this process sensitivity to obtain a lower limit estimate for the updated
model parameterisation.

In a final case simulation, S3, the effect of omitting SOA formation from isoprene5

is investigated. This simulation is done to provide the lower-limit estimate of SOA
over Europe and to demonstrate the potential importance of isoprene SOA. All other
parameters in S3 were identical to S1. The cases S1, S2, and S3 were run for 13-
months June 2002 to June 2003.

4 Results and discussion10

In Sect. 4.1 we start with presenting sensitivity results. Changes in the European SOA
surface concentrations distribution compared to the reference simulation results are de-
scribed. From the investigated cases, three scenarios have been selected for a more
detailed analysis of the SOA budget (production rates, burden, boundary layer budget,
export) together with a comprehensive comparison of particulate organic matter con-15

centrations with surface station observations (Sect. 4.2). The three scenarios are the
reference simulation S1, the updated simulation S2 (most recent insights included) and
S3 (no formation of isoprene SOA), each covering a simulation period of 13 months.
The relevance of SOA from the oxidation of isoprene in S1 and S2 becomes evident
by comparison of these scenarios to S3. In Sect. 4.3 we compare our SOA budget20

results on the global scale to previous global SOA model studies. This is followed by
a comparison with a recent regional model study on carbonaceous aerosol over Europe
(Sect. 4.4).
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4.1 Uncertainties on European SOA

4.1.1 Sensitivity of summertime SOA surface concentration distributions

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
selected sensitivity studies. Using the MEGAN isoprene emission inventory and emis-5

sion parameterisation (S1.1a) SOA decreases by on average 20% in Europe (Fig. 1a).
MEGAN isoprene emissions are lower by a factor of two compared to the GEIA emis-
sions in S1. This leads to a reduction of the SOA production and burden over Europe
of about 20% and 30%. The reductions are largest over Spain, where SOA concen-
trations decrease by up to 40%, while SOA concentrations remain almost unchanged10

over Croatia and parts of Scandinavia.
Using European isoprene standard emission factors from Karl et al. (2008) (S1.1b)

decreases SOA in most parts of Europe compared to the GEIA inventory based esti-
mate (Fig. 1b). However the reduction is not as strong as with the MEGAN emission
inventory and there are local increases of SOA concentrations over Spain and Turkey15

of up to 10%, due to higher isoprene emission factors in Karl et al. for these countries.
Applying the NOx dependence of isoprene SOA yields (S1.2) leads to a decrease

of SOA by 10–30% over most rural regions of Europe, while SOA concentrations in-
crease by 10–20% over urban regions (Fig. 1c). In Europe, low VOC/NOx (high NOx)
conditions prevail, with VOC/NOx<8, which cause a reduction of SOA surface con-20

centrations. The yield of the more volatile products from isoprene oxidation is roughly
doubled under low VOC/NOx compared to high VOC/NOx. The surface concentration
of semi-volatile gaseous oxidation products over Europe increases on average by 30%
compared to S1. The rather long lifetime of semi-volatile gaseous compounds (≈3 d)
facilitates the transport of these compounds into areas where they condense on pre-25

existing aerosols. The increased concentration of gas phase products may lead to
an increase of the SOA concentration, if sufficient primary carbonaceous particles are
available for condensation. This is the case over urban and industrialised regions, in
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particular if these are downwind of forested areas.
Changing the enthalpy of vaporisation changes the temperature dependence of the

isoprene SOA partitioning coefficient (S1.3a and b). Using ∆Hvap=72.7 kJ mol−1 for
isoprene oxidation products leads to an increase of SOA over cold regions (Alps, UK,
Norway) by up to 8%, while it decreases over hot regions (Sahara desert) by up to5

10% (Fig. 1d). The temperature threshold that turns the SOA behaviour from increase
to decrease when the enthalpy of vaporisation changes is the temperature where the
chamber experiments were performed (295 K in the case of isoprene), as demon-
strated by Tsigaridis and Kanakidou (2003). Using ∆Hvap of 11 kJ mol−1 (Fig. A1a
in the Electronic Supplement http://www.atmos-chem-phys-discuss.net/9/2855/2009/10

acpd-9-2855-2009-supplement.pdf) has the reversed effect, with decreases of SOA by
up to 10% in the cold regions and increases by up to 20% over the Sahara desert.

Wet scavenging of isoprene oxidation products (Fig. A1b, Electronic Supplement)
with a Henry law coefficient H of 105 Matm−1 (S1.4a) causes largest reductions of
SOA surface concentrations over Great Britain and the Alps, where precipitation is15

most frequent. A further decrease of H to 106 M atm−1 (S1.4b) has a negligible effect
on European SOA (not shown) since the oxidation products from isoprene seem to be
effectively soluble beyond H=105 M atm−1, in agreement with the work of Henze and
Seinfeld (2006).

Replacing our standard BC/POC fossil fuel/biofuel emission inventory (Bond et al.,20

2004) with a detailed technology based European inventory (S1.5) (Junker and Li-
ousse, 2008; Guillaume and Liousse, 2009) changes the distribution of pre-existing
carbonaceous aerosols over Europe. It leads to SOA increases of up to 50% over
Poland and Israel but reduces SOA over Great Britain, Northern Africa, Turkey and
Romania by 30–50% (Fig. 1e).25

Consideration of additional condensation of semi volatile organics on ammonium sul-
phate aerosols in S1.6 tends to increase the overall production of SOA compared to S1
(Fig. A1c, Electronic Supplement). Over rural continental regions with high BVOC emis-
sions, SOA surface concentrations increase by up to 80% due to the high availability of
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gaseous semi-volatile species. In rural regions, SOA surface concentrations are very
sensitive to the increased pre-existing aerosol mass. Smallest increases (less than
30%) are found over urban areas (e.g. Paris, Madrid) and over some parts of South-
eastern Europe, where high loads of pre-existing carbonaceous aerosol are present
but precursor emissions are relatively low.5

The consideration of irreversible sticking of semi-volatile organics (S1.7) on carbona-
ceous, ammonium and sulphate aerosols increases the European SOA concentrations
roughly by a factor of 4 compared to S1 (Fig. A1d, Electronic Supplement). This is
the maximum increase that can be achieved with the current parameterisation, without
changing the K values.10

The results obtained for S2 (best guess parameterisation) are more difficult to inter-
pret, since several parameters relevant to SOA formation from isoprene are changed
simultaneously compared to S1. The chosen parameter combination is based on
the current state of knowledge and changes of the SOA production might be due
to changed isoprene emissions, wet deposition of oxidation products, and the NOx15

dependence. In S2 the additional inorganic aerosol mass available for condensa-
tion partly compensates for the reduction caused by the changes in the isoprene
SOA formation. Over Central Europe and Spain the SOA surface concentration
changes are moderate with a rather uniform decrease by up to 10% compared to
S1 (Fig. 1f). In parts of the Mediterranean and in Scandinavia the use of MEGAN20

emissions only slightly reduced SOA concentrations (Fig. 1a). In these regions an
increase by 10 to 30% compared to S1 is found in S2. In S2.1 the same parame-
terisation as in S2 was used but without condensation on ammonium and sulphate.
As a consequence, European SOA surface concentrations decrease uniformly by 10
to 30% (Fig. A1e, Electronic Supplement http://www.atmos-chem-phys-discuss.net/9/25

2855/2009/acpd-9-2855-2009-supplement.pdf).
Without SOA formation from isoprene oxidation (S3), surface concentrations are re-

duced by 30–50% over Europe (Fig. A1f, Electronic Supplement).
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4.1.2 Production rates and burden

In Table 4 the total European and global SOA production rate and burden resulting
from simulations S1, S2 and S3 are summarized. The production in S1 amounts
to 1 Tg yr−1 SOA resulting from terpenes, isoprene and aromatic hydrocarbons and
a mean burden of about 50 Gg SOA (S2: 32 Gg SOA) in the atmosphere over Europe5

(from surface up to 10 hPa) is computed for the period from July 2002 to June 2003.
This is within 20% (S2: 50%) of the European SOA burden estimated using simulation
results from Tsigaridis et al. (2006). The European SOA burden calculated in S1 for
August 2002, 6.4 Gg (S2: 4.4 Gg), is about 50% (S2: 30%) higher than the estimate
given by Marmer and Langmann (2007) using a regional model (REMOTE). Apart10

from the cited numbers, we are not aware of other estimates of the atmospheric SOA
production and burden over Europe.

The SOA production over Europe decreases by roughly 30% in S2 compared to S1.
The burden of SOA from isoprene oxidation (SOA-I) over Europe decreases much more
strongly, from 23 Gg in S1 to about 6 Gg in S2, mainly due to the lower isoprene emis-15

sions and increased wet deposition of the gas-phase products from isoprene oxidation.
In contrast, a slight increase of SOA from oxidation of aromatic hydrocarbons (SOA-A)
is found in S2 (from 2.7 Gg in S1 to 3.8 Gg in S2), due to the additional condensation
of semi volatile oxidation products from aromatic hydrocarbons on ammonium and sul-
phate aerosols. In S3 (no SOA formation from isoprene oxidation), the European SOA20

production and burden are only half of the production and burden in the base simula-
tion S1 (Table 4). This change highlights the importance of secondary organic aerosol
from isoprene oxidation in the atmosphere over Europe.

The budget results of the sensitivity simulations (described in Sects. 3.1 to 3.6) of iso-
prene derived SOA production and burden over the summer (JJA 2002) European PBL25

(up to 850 hPa) and free troposphere (850–1000 hPa) are summarized in Table 5. Wet
scavenging of isoprene oxidation products with a Henry coefficient H of 105 M atm−1

(S1.4a) decreases the tropospheric SOA burden by 15%. Further increasing H to
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106 M atm−1 (S1.4b) has little effect, meaning that the oxidation products are already
effectively scavenged at H=105 M atm−1. A similar decrease of the tropospheric SOA
burden (by 9%) is observed for the new European BC/POC emission inventory (S1.5).
Introducing the NOx dependence for the yields of oxidation products reduces the SOA
production rate by 9% in the PBL and by 7% in the troposphere. The total aerosol5

burden over Europe that can absorb SOA increases by a factor of 4 when ammonium
and sulphate aerosols are included. Consequently, additional condensation of oxida-
tion products on inorganic aerosols (S1.6) increases the tropospheric SOA burden and
production over Europe by 73% and 77% compared to S1. The largest change is found
in S1.7 (irreversible sticking, condensation on inorganic aerosol); the European SOA10

production rate in JJA 2002 increases by almost a factor of 4 compared to S1.
According to the GEIA inventory, 10 Tg of isoprene are emitted in Europe per year.

The total amount of isoprene that is oxidised in simulation S1 is 6.4 Tg yr−1 (the remain-
der is transported out of the domain) leading to the formation of 0.4 Tg yr−1 SOA-I. This
corresponds to an average (mass based) aerosol yield of 6% from isoprene oxidation,15

which is twice higher than the yield derived from low-NOx smog chamber experiments
(≈3%). In contrast to chamber experiments, isoprene is emitted continuously to the
atmosphere leading to increased SOA yields due to the non-linear dependence on the
pre-existing aerosol mass. In particular in Southeastern Europe, high emissions of iso-
prene (from the GEIA inventory) coincide with high POC emissions in this region and20

lead to elevated isoprene SOA concentrations.

4.1.3 Boundary layer budget

In this section we assess the processes that determine the European secondary or-
ganic aerosol budget: dry and wet deposition, vertical and horizontal advection, con-
vection and chemical production. Figure 2 shows for all simulations the mean contribu-25

tion of major processes to total SOA during JJA 2002 in the PBL over Europe. A consid-
erable spread for the average tropospheric SOA production rate in JJA 2002 is found,
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ranging from 1.4 Gg d−1 when excluding SOA formation from isoprene oxidation up to
9.4 Gg d−1, for the case of condensation of SOA on carbonaceous, ammonium and
sulphate aerosols and considering irreversible sticking of semi-volatile organic vapours
(maximum case, S1.7). The assumption of irreversible sticking (S1.7) increased the
net SOA production over Europe by a factor of 2.5 compared to the case with evapo-5

ration (S1.6). Wet scavenging is the most important process to remove SOA from the
atmosphere, while dry deposition of SOA is a minor removal pathway. Convection, hor-
izontal and vertical advection transport SOA out of the PBL into the free troposphere
and/or outside the European model domain.

4.1.4 Aerosol export10

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 Tg yr−1 SOA out the European domain or – to a lesser
extent – transported into higher regions of the atmosphere. Most exported SOA is
advected from Europe to Asia. For comparison, Europe exports about 0.23 Tg yr−1 BC15

and 0.53 Tg yr−1 POC (PHOENICS Synthesis and Integration Report, 2005; Kanakidou
et al., 2005), with the majority of these aerosols being of anthropogenic origin. Thus
the amount of SOA exported out of Europe is comparable to that of Black Carbon.

Over Europe convection is a minor process for transporting SOA out of the PBL to
higher altitudes (Fig. 2). Interestingly, the vertical transport of SOA particles to higher20

altitudes (between 100 and 10 hPa) is only 14% of the amount that is directly produced
in the atmosphere at high altitudes, indicating the importance of SOA condensation of
high volatility products at low temperatures, as was suggested earlier by Tsigaridis et
al. (2006). This implies that large amounts of gaseous semi-volatile oxidation products
are convected. In S1, 0.5 Tg yr−1 gaseous semi-volatile compounds are convected to25

altitudes between 100 and 10 hPa.
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4.2 Comparison with ground based observations

4.2.1 Surface concentrations of isoprene-derived SOA

In July 2002, highest SOA surface concentrations of up to 6.8 µg m−3 are calculated
for South Eastern Europe and Northern Italy for the reference simulation S1 (Fig. 3a).
As we will see later, the concentrations calculated in other sensitivity studies are rather5

similar. The maximum concentration of SOA-I, about 1.8 µg m−3, can be found over
Southeastern Europe (Fig. 3b). In southern Finland, monthly mean modelled SOA-I
concentrations in July 2002 lie between 0.2 and 0.3 µg m−3. Unfortunately, there are
scarce possibilities to compare these calculations with measurements. Measurements
of isoprene oxidation products in a boreal forest at Hyytiälä in southern Finland were10

a factor of 4 lower, with the lumped sum of SOA from isoprene being only 0.05 µg m−3

during summer 2004 (Kourtchev et al., 2005). This corresponded to only 0.8% of the
carbon in Organic Carbon from PM1 aerosol samples. In Hungary, S1 predicts SOA-I
concentrations of about 1 µg m−3 and higher in July 2002. Much lower concentrations
of isoprene oxidation products (0.05 µg m−3) have been measured in aerosol samples15

at K-puzsta, Hungary during summer 2002 (Ion et al., 2005).
One may conclude from this comparison with the few available isoprene SOA mea-

surements in Europe, that SOA-I is over predicted by the parameterisation in S1.
However, the measurements considered only a limited amount of oxidation products,
whereas modelled SOA-I may contain products from the isoprene oxidation that were20

not measured during these field campaigns. This conclusion is supported by Ion et
al. (2005) who state that identified isoprene oxidation products (2-methylglyceric acid
and various tetrols) should rather be viewed as marker compounds for isoprene photo-
oxidation products and not as total SOA-I. They suggest a large contribution of iso-
prene oxidation products to the humic-like substances found in the finer aerosol fraction25

during summer. In south-eastern U.S. ambient SOA-I concentrations, based on mea-
sured marker compounds and laboratory-derived SOA mass fractions, were between
0.3 and 2.1 µg m−3 during summer 2003 (Kleindienst et al., 2007b). In this region we
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compute SOA-I concentrations of 0.8–1.2 µg m−3 (June–August average), although we
must mention that the model was run there at low 6◦×4◦ resolution. The good agree-
ment underlines the important role of SOA-I in regions with high isoprene emissions
from vegetation.

4.2.2 EMEP campaign organic carbon observations during 2002–20035

Model results from S1, S2, and S3 are compared with observations from 13 locations
of the EMEP OC/EC measurement campaign 2002/2003 (Fig. 4). During this cam-
paign, daily samples of EC, OC, and TC were analysed along with inorganic aerosol
components (Yttri et al., 2007). Measured OC concentrations were converted to or-
ganic matter mass (which is output from our model) using the station specific OM/OC10

ratios ranging from 1.4 to 1.8, provided by Yttri et al. (2007). Highest OC concentra-
tions were reported for Central and Southern Europe. Measured annual average OC
concentrations were three times higher for the sites in continental Europe compared to
sites in Scandinavia and at the British Isles. The highest annual mean concentration
(about 13 µg POM m−3) was observed at the rural background site Ispra (IT04) in Italy.15

The predicted spatial distribution of POM is consistent with observations over Eu-
rope. Figure 4 shows a good spatial correlation (r2=0.66–0.70) for all three major
simulations S1–S3 of the yearly averaged POM concentrations for the period of July
2002 to June 2003. However, all simulations underestimate the annual observations
by a factor of two to three. The discrepancy cannot be attributed to a possible poor20

representation of EMEP sites by our model, as the majority is characterised as rural
(only two sites being urban background stations).

To get a better insight into the reasons of discrepancy, we compare in Fig. 5 modelled
monthly averaged POM (separated in SOA and POA) for the 3 simulations at five sta-
tions representative for Central, Northern and Southern Europe. The comparison for25

the remaining 8 EMEP stations is included in the Electronic Supplement. In all 3 sim-
ulations the modelled POA is identical; whereas SOA varies according to simulation.
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Clearly, differences in SOA simulations can only explain minor part of disagreements
(Fig. 5). The predicted contribution of SOA to POM is large during summer: between
54% and 77% at the five stations of Fig. 5.

The best agreement of model and measurements is found for the Austrian station
AT02, Illmitz (Fig. 5a) where observed annual averaged POM concentrations are un-5

derestimated by 40%, while modelled POM concentrations are in good agreement
with the observations from April to October, and strongly underestimate the winter
observations. Clearly a winter source of primary or secondary organic carbon parti-
cles is missing. Similarly in Ispra (IT04, Fig. 5d) summer measurements are relatively
well reproduced, while POM is strongly underestimated in winter. In Portugal (PT01,10

Fig. 5b) POM is underestimated throughout the year, but similarly to Ispra and Austria
the strongest underestimation is in winter (by a factor of 20). PT01 is the station with
the highest model underestimation. The yearly POM average is underestimated by
a factor of 5.

Organic aerosol at Northern European sites is expected to be dominated by bio-15

genic SOA during summertime. A correct prediction of these sites is therefore crucial
for the understanding of biogenic SOA formation. In Finland (FI17, Fig. 5c) and Swe-
den (SE12, Fig. 5e) POM is underestimated in all seasons, but most severely during
summer. This suggests that emissions of biogenic VOC (likely terpenes) are under-
estimated in Northern Europe or that the currently used temperature dependence of20

SOA formation is inadequate. The underestimation of SOA thus may also be caused
by too high wet scavenging of aerosols in TM5, which was previously evaluated to be
relatively efficient compared to other chemistry/transport models (Textor et al., 2006).
Our maximum SOA estimate from simulation S1.7 (irreversible sticking) is in better
agreement with summertime POM observations at the Scandinavian sites (denoted25

with cyan and yellow bars in Fig. 5), but results in an overprediction of measured POM
by almost a factor of 2 in summer months at two Italian sites (IT04, IT08) and in Austria
(AT02). Based on most measurements, irreversible sticking is unlikely to occur. We
therefore assume other reasons for the underprediction of POM at Scandinavian sites
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in summer. As we found earlier in Sect. 4.1.1, our sensitivity analysis showed that using
different isoprene emission inventories or different temperature and NOx dependence
of isoprene-SOA yields could give ca. 10–25% lower/higher SOA concentrations in
Scandinavia. Simulation S1.6 (condensation on inorganic aerosol) results in a ca. 50%
SOA increase over Scandinavia compared to S1 due to the additional condensation of5

SOA-precursors on inorganic aerosols, and would bring model and measurements in
better agreement.

The importance of SOA derived from the oxidation of isoprene can be deduced from
the difference of modelled SOA concentrations between simulation S1 and S3. Sup-
pressing SOA formation from the isoprene oxidation decreases SOA concentrations in10

summer between 28% and 35% at the five stations, leading to even larger deviations
of model and measurements than S1.

The average seasonal pattern of the modelled SOA/POM ratio for the EMEP cam-
paign stations 2002/2003 shows a clear maximum during the summer months JJA
(June to August) of 0.6–0.7, while during the winter months DJF (December to Febru-15

ary) the fraction is lowest, <0.3 (Table A1 in the Electronic Supplement http://www.
atmos-chem-phys-discuss.net/9/2855/2009/acpd-9-2855-2009-supplement.pdf). Re-
sults from simulation S2 (Table A2, Electronic Supplement) are very similar to the S1
results and modelled POM concentrations at EMEP stations are slightly lower (about
10%) compared to S1. Excluding the formation of SOA from isoprene oxidation (S3),20

reduces the modelled SOA/POM ratio in summer from 0.62 to 0.54 (Table A3, Elec-
tronic Supplement) and the average agreement between observed POM and modelled
POM decreases by 20% for the EMEP sites.

In winter our model results indicate very little contribution from biogenic SOA since
precursor emissions of terpenes and isoprene are low. The most likely cause of the25

winter-time discrepancy is emissions from domestic wood combustion, which is not
reported in our emission database. These findings were indeed recently confirmed
within the CARBOSOL project (Gelencsér et al., 2007).
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4.3 Comparison with global model studies

Since a number of studies on SOA formation have been performed on the global rather
than the regional scale, it is useful to compare some characteristic budget numbers
of the present TM5 simulations to previous model studies. Table 6 lists global model
studies that included SOA-I production following the parameterisation of Henze and5

Seinfeld (2006). The total global production was calculated to be 33 Tg SOA yr−1 for the
reference simulation S1 (S2: 21 Tg SOA yr−1, S3: 17 Tg SOA yr−1; see Table 4), and lies
close to the centre of the estimated range given by Kanakidou et al. (2005). Only about
1 Tg yr−1 of SOA-A is produced globally, but as we did not include biomass burning and
biofuel emissions of aromatic hydrocarbons, the actual produced anthropogenic SOA10

may be underestimated by a factor of two or higher (Henze et al., 2008). Our base
result is higher than the global SOA estimate given by Henze and Seinfeld (2006)
of about 16 Tg yr−1, but lower than the estimate of 55 Tg yr−1 from the Oslo CTM2
global model by Hoyle et al. (2007). The discrepancy between TM5 and Oslo CTM2
is surprising, since both models use ECMWF meteorological data and POC emissions15

from Bond et al. (2004). In addition global isoprene emissions used in Oslo CTM2 are
roughly a factor of two lower than in TM5.

The annual mean global SOA burden for the year 2002/2003 was found to be 230 Gg
of biogenic SOA and 5 Gg of anthropogenic SOA, respectively. SOA derived from iso-
prene oxidation has a global annual burden of 120 Gg in our base simulation. This20

number is 50% higher than the global SOA-I burden of 80 Gg in present-day simula-
tions with TM3 (Tsigaridis and Kanakidou, 2007). Our global biogenic SOA burden is
lower than the estimate from Henze and Seinfeld (2006) of about 390 Gg, which can
probably be explained by a more efficient wet scavenging of aerosols in TM5. The
global biogenic SOA burden in our simulation S3 (excluding SOA-I) is 109 Gg and is25

similar to the result from TM3 simulations by Tsigaridis and Kanakidou (2003) (their
simulation S1.1: 116 Gg), which did not consider SOA-I formation.

The global production of SOA-I is 15 Tg yr−1 in the S1 simulation with TM5. Previous
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estimates of the global SOA-I production using the two-product scheme for isoprene
range from roughly 5 to 15 Tg yr−1. Simulations of Tsigaridis and Kanakidou (2007)
with TM3 resulted in a present-day isoprene oxidation production of 4.6 Tg SOA yr−1

which is a factor 3 lower than our S1 result but similar to our S2 result of 3.2 Tg yr−1

SOA-I. The smaller SOA-I production in S2 can be attributed to reduced isoprene5

emissions from the MEGAN inventory, the NOx dependence of the partitioning and wet
deposition of isoprene oxidation products.

Henze and Seinfeld (2006) obtained a global production of 6 Tg yr−1 isoprene SOA
with the GEOS-Chem model. Since isoprene emissions in GEOS-Chem are around
500 Tg yr−1 and thus comparable with our simulation S1, different transport parameter-10

isations of SOA precursors and aerosols or the effect of removal efficiency, pre-existing
aerosol and OH levels may be the cause for this discrepancy. An indication for the
latter is that the global reaction rate of isoprene with OH is around 300 Tg yr−1 in TM5
and only 209 Tg yr−1 in the simulations of Henze and Seinfeld (2006). We note that the
OH fields in this study would give a tropospheric (surface to 100 hPa) methane lifetime15

of 7.3 years. Apart from OH fields, different removal efficiencies and levels of primary
carbonaceous aerosol are a likely cause for the discrepancy.

4.4 Comparison with a regional model study

Significant underestimation of wintertime organic matter is in line with the model study
of Simpson et al. (2007), who used the EMEP MSC-W regional 3-d model to study the20

formation of carbonaceous aerosol over Europe during the EMEP 2002/2003 cam-
paign. In their SOA module (Kam-2), monoterpenes are only represented by α-
pinene, which is the currently best understood single monoterpene, while isoprene
and sesquiterpenes are not considered as SOA precursors in their model. With Kam-2
Simpson et al. (2007) underpredicted the measured total carbon levels in Northern25

Europe by a factor of 2. When using a SOA module with increased SOA partitioning
coefficients (Kam-2X) instead, the agreement at Scandinavian sites was significantly
improved. However, like in this study, their model underpredicted total carbon lev-
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els over Southern Europe especially during winter. They suggested a large impact of
a wood burning source of primary carbonaceous particles at a site in Portugal (Aveiro)
and other sites in Southern and Eastern Europe, using Levoglucosan measurements
as an indicator for wood burning source of organic aerosol. Their model results of total
carbon with an assumed additional wood burning source were closer to the observed5

total carbon levels.
It can be concluded, that the POC emission inventory for fossil fuel and biofuel com-

bustion applied in this study (Bond et al., 2004) severely underestimates wood burning
POC emissions. However, we cannot exclude that secondary SOA formation can ex-
plain the missing winter POM source, but since vegetation emissions are extremely10

low in winter, this source should be of anthropogenic origin. Predicted SOA-A surface
concentrations over Europe with a revised production scheme for aromatics (Henze et
al., 2008) are actually largest during summer (about 0.1 µg m−3) and very low during
winter, rendering the anthropogenic SOA contribution an unlikely explanation for the
winter-time discrepancy.15

Forest and agricultural fires can be important during summer in Southern Europe.
Including open vegetation fire OC emissions could improve the agreement with obser-
vations in particular at sites in Portugal (Simpson et al., 2007).

Lastly, we mention that there is a positive artefact of OC measurements at European
rural and urban background sites that can vary between 6 and 30% (Yttri et al., 2007),20

which would bring model and measurements in slightly better agreement.

5 Conclusions

This model study assessed in a systematic way various uncertainties in the global
modelling of secondary organic aerosol formation with a focus on Europe. Specifically,
we considered uncertainties in isoprene emissions, the NOx dependent chemistry of25

isoprene SOA formation, the wet removal, and the role of absorbing aerosol.
Monthly averaged SOA surface concentrations range from 0.6 to 6.8 µg m−3 over
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continental Europe during summer in our reference simulation. In sensitivity studies
on SOA parameterisations it was found that surface concentrations vary by ±30% for
most cases. The parameterisations are most sensitive for the assumption whether in-
organic aerosol could act as an SOA absorber, and whether or not irreversible sticking
of SOA takes place. Changes in the emissions of isoprene have a limited effect on SOA5

production rates over Europe (20–25%, Table 5). Using the recent MEGAN isoprene
emission inventory and emission parameterisation decreases SOA surface concentra-
tions by on average 20% in Europe. SOA concentrations in summer increased over
urban and industrialised regions by 10–20% when the NOx dependence of the SOA
yield from isoprene oxidation was taken into account. Under low VOC/NOx conditions10

typical for urban regions, a higher yield of relatively volatile gas-phase products are
formed in the isoprene oxidation than under high VOC/NOx conditions. Due to high
load of primary carbonaceous aerosols over cities and industrial areas these more
volatile vapours are absorbed effectively.

We further analysed in depth three simulations: our reference simulation S1, which15

is similar to the study by Tsigaridis and Kanakidou (2003) (their simulation S1.1), S2
which considered several updates in parameterisations and S3 which ignored isoprene
SOA formation.

There are only few field measurements of particle phase isoprene oxidation products
available for Europe. Since isoprene oxidation likely leads to a large fraction of humic-20

like substances, particle phase isoprene oxidation products like 2-methylglyceric acid
and tetrols should be viewed as marker compounds for SOA from isoprene photo-
oxidation and not as total SOA-I. Thus currently, measurements of these marker com-
pounds cannot be used to constrain modelled SOA formation from isoprene.

Comparison of model results from S1, S2, and S3 with EMEP field data obtained in25

2002/2003 showed that general agreement with summer POM was reached, whereas
winter POM was strongly underpredicted. Simulations S1 and S2 are in slightly better
agreement than our simulation S3 that ignored an isoprene-SOA source. The main
fraction of organic aerosol observed at the EMEP sites during summer is predicted to
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be secondary and of biogenic origin. This is the consequence of the high production of
SOA from precursors emitted by the vegetation in summer. Though lower temperatures
favour the formation of SOA in the atmosphere, the decreasing amount of condensable
gases from biogenic origin strongly reduces formation of biogenic SOA in winter. Ac-
cording to the model results (S1–S3), biogenic SOA constitutes only a minor fraction5

of POM during winter (December to February). Focusing on the summer months, one
may conclude that in general SOA produced from biogenic emissions brings observa-
tions and measurements in better agreement.

Underestimation of SOA at Scandinavian EMEP sites during summer in our study
(simulations S1–S3) could be an indication for missing biogenic VOC sources in this10

region, an incorrect implementation of temperature dependence of SOA partitioning,
and/or transformation of condensable products by reaction on particles. There is ex-
perimental evidence for the transformation of condensed vapour (e.g. pinonaldehyde)
into a non-volatile SOA compound by reaction in the particle phase (Kamens and Jaoui,
2001; Kroll et al., 2007), suggesting irreversible sticking on particles. The agreement15

with POM observations at Scandinavian sites in summer indeed largely improves when
condensation on inorganic aerosols and irreversible sticking of SOA-precursors on par-
ticles is taken into account (simulation S1.7). However, the comparison with POM
measurements in Italy and Austria contradicts this hypothesis.

Missing primary, wood-burning, organic particle sources in winter, are the most20

likely explanation for the wintertime discrepancy, whereas missing anthropogenic SOA
sources seem less probable. Uncertainties associated with carbonaceous aerosol
emission inventories prevent a further improvement of SOA predictions in Europe.
Therefore, more work should be devoted to compile accurate European emission in-
ventories of primary carbonaceous particles since their distribution and magnitude is25

of decisive importance for understanding the distribution of SOA over Europe.
Global tropospheric SOA production is calculated to be 33 Tg yr−1 in S1 (reference

simulation), 21 Tg yr−1 in S2 (best guess simulation), and 17 Tg yr−1 in S3, the differ-
ence with S1 is a measure for the amount of SOA produced by isoprene oxidation.
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Ignoring SOA from isoprene, lowers tropospheric SOA production and burden over Eu-
rope in JJA 2002 by 42% and 44% and surface concentrations by 30–50% compared
to S1, respectively. The result from the reference simulation is close to the centre of
the estimated range given by Kanakidou et al. (2005). In the troposphere over Europe
the SOA production is 1.0 Tg yr−1 in S1, 0.7 Tg yr−1 in S2 and 0.5 Tg yr−1 in S3.5

The export of SOA produced in the troposphere over Europe (S1: 0.21 Tg yr−1) con-
stitutes a substantial contribution to the carbonaceous aerosols that are transported
from Europe to other world regions. A fraction of 35% of the SOA produced in the Eu-
ropean PBL is transported to higher altitudes or out of Europe. The vertical transport of
SOA particles to higher altitudes over Europe is only 14% of the amount that is directly10

produced in the atmosphere at high altitudes due to condensation of uplifted gaseous
oxidation products on particles at low temperatures.

The inclusion of SOA formation from isoprene oxidation almost doubles the atmo-
spheric burden of SOA over Europe. However, the relevance of SOA from isoprene
strongly depends on the condensation behaviour. SOA-I production in the troposphere15

over Europe in JJA 2002 more than doubles when additional condensation of oxidation
products on ammonium and sulphate aerosols is enabled (comparison of S1.6 to S1).

Inclusion of the most recent insights in the isoprene SOA formation mechanism in
simulation S2 reduces the tropospheric production of SOA from isoprene oxidation
globally from 15 Tg yr−1 (in S1) to 3.2 Tg yr−1 and over Europe from 0.4 Tg yr−1 (in S1)20

to 0.1 Tg yr−1. At the same time, summertime surface concentrations of total SOA
in Europe decrease by up to 40% compared to our reference simulation. Using this
updated parameterisation without condensation of semi-volatile oxidation products on
ammonium and sulphate aerosols (S2.1) results in a tropospheric production of iso-
prene SOA that is by a factor of ten smaller compared to S1 and the contribution of25

isoprene oxidation to the total SOA production becomes negligible.
Our study provides a systematic benchmark on the impact of various new insights

in the formation of SOA from isoprene, and allows understanding them in the context
of previous studies, and recent organic aerosol measurements. Most urgent work to
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better understand the role of isoprene and other biogenic precursor gases in the for-
mation of SOA includes the improvement of current emission inventories (BVOC and
BC/POC), and experimental studies on condensation behaviour, heterogeneous reac-
tions and oligomerisation.
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Table 1. Reactions of SOA-precursor VOC with atmospheric oxidants included in TM5 (reac-
tions 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 HO2 2.54×10−11 exp(410/T )
ISOP + O3 → 0.90 HCHO + 0.03 MGLY + 0.55 OLE + 0.36 CO + 0.63 PAR + 0.15 C2O3

+ 0.28 OH + 0.30 HO2 12.3×10−15 exp(−2013/T )
ISOP + NO3 → 0.03 HCHO + 0.12 ALD2 + 0.08 MGLY + 0.45 OLE + 0.90 ORGNTR + 0.90 HO2 + 0.10 NO2 7.8×10−13

APIN + OH → 1.22 HCHO + 0.06 MGLY + 1.16 OLE + 1.26 PAR + 1.70 HO2 + 0.70 TERO2 1.21×10−11 exp(444/T )
APIN + O3 → 1.80 HCHO + 0.06 MGLY + 0.72 CO + 1.26 PAR + 0.46 OH + 0.60 HO2 + 1.00 TERO2 1.01×10−15 exp(−732/T )
APIN + NO3 → 0.06 HCHO + 0.24 ALD2 + 0.16 MGLY + 0.90 OLE + 1.80 ORGNTR + 1.80 HO2 + 0.20 NO2 3.15×10−13 exp(841/T )
BPIN + OH → 1.22 HCHO + 0.06 MGLY + 1.16 OLE + 1.26 PAR + 1.70 HO2 + 0.70 TERO2 2.38×10−11 exp(357/T )
BPIN + O3 → 1.80 HCHO + 0.06 MGLY + 0.72 CO + 1.26 PAR + 0.46 OH + 0.60 HO2 + 1.00 TERO2 1.5×10−17

BPIN + NO3 → 0.06 HCHO + 0.24 ALD2 + 0.16 MGLY + 0.90 OLE + 1.80 ORGNTR + 1.00 CO
+ 1.80 HO2 + 0.20 NO2 1.6×10−10 exp(−1248/T )

BCAR + OH → 2.00 HO2 20.0×10−11

BCAR + O3 → 1.60 HCHO + 0.40 ROOH + 0.12 OH 11.6×10−15

BCAR + NO3 → 0.06 HCHO + 0.24 ALD2 + 0.16 MGLY + 0.90 OLE + 1.80 ORGNTR + 1.80 HO2 + 0.20 NO2 1.9×10−11

TOL + OH → 7.00 PAR + 1.00 AROO2 5.96×10−12

TOL + O3 → 8.00 PAR + 1.00 AROO2 2.34×10−12 exp(−6694/T )
TOL + NO3 → 1.00 MGLY 6.8×10−17

XYL + OH → 7.00 PAR + 1.00 AROO2 (1.37×10−11+2.36×10−11+1.43×10−11)/3 a

XYL + O3 → 8.00 PAR + 1.00 AROO2 b

XYL + NO3 → 1.00 MGLY + 1.00 PAR (3.8×10−16+2.33×10−16+4.5×10−16)/3 a

a 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:
(2.4×10−13 exp(−5586/T )+5.37×10−13 exp(−6039/T )+1.91×10−13 exp(−5586/T ))/3.
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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 (α), equilibrium gas-particle par-
titioning coefficient (K ), and enthalpy of vaporisation (∆Hvap).

Parent VOC SOA product αi Ki ∆Hvap,i Reference
(mass-based) (m3 µg−1) (kJ mol−1)

isoprene ISOPp1 0.232 0.00862 42 Henze and Seinfeld (2006)
isoprene ISOPp2 0.0288 1.62 42 Henze and Seinfeld (2006)
β-caryophyllene BCARp1 0.20 0.05 72.7 a Hoffmann et al. (1997)
β-caryophyllene BCARp2 b 0.80 1.0×10−5 72.7 a Hoffmann et al. (1997)

a recommended value from Pun et al. (2003).
b BCARp2 is further oxidised by OH, O3 and NO3 to give a non-volatile SOA compound.
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Table 3. Outline of simulations performed in this work.

Simulation Description

S1 Base simulation (reference): standard setup as described in Sect. 2 (13 months)
S1.1a Isoprene emissions from global MEGAN inventory
S1.1b New European isoprene standard emissions potentials
S1.2 NOx dependence of isoprene SOA yields
S1.3a Temperature dependence of isoprene SOA, ∆Hvap=72.7 kJ mol−1

S1.3b Temperature dependence of isoprene SOA, ∆Hvap=11 kJ mol−1

S1.4a Wet removal of isoprene oxidation products, H=105 M atm−1

S1.4b Wet removal of isoprene oxidation products, H=106 M atm−1

S1.5 New European BC/POC emission inventory
S1.6 Additional condensation on ammonium and sulphate aerosols
S1.7 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
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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 (Tg yr−1) 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 (Tg yr−1) 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
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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 (%)

S1.1a −20 −25 −20 −27
S1.1b −24 −22 −23 −20
S1.2 −9 −11 −6 −4
S1.3a +3 −1 +29 +44
S1.3b −2 +1 −12 −21
S1.4a −15 −12 −18 −19
S1.4b −16 −13 −19 −20
S1.5 −17 −12 −12 −4
S1.6 +71 +68 +80 +79
S1.7 +326 +330 +268 +199
S2 +7 0 +7 −9
S2.1 −38 −42 −39 −45
S3 −41 −44 −42 −44
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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 (Tg yr−1) (Tg yr−1)

Henze and Seinfeld (2006) GEOS-Chem global, 4◦×5◦ 16.4 6.2
Tsigaridis and Kanakidou (2007) a,b TM3 global, 3.75◦×5◦ 18.6 4.6
Hoyle et al. (2007) Oslo CTM2 global, 2.8◦×2.8◦ 55 15
Henze et al. (2008) GEOS-Chem global, 2◦×2.5◦ 30 14.4
This work, S1 TM5 global, 6◦×4◦ 33 15
This work, S2 a TM5 global, 6◦×4◦ 21 3.2

a Dependence of SOA-I production on VOC/NOx ratio is taken into account.
b Present day simulation.
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Fig. 1. Relative differences of surface SOA between sensitivity cases and the reference simu-
lation S1 over Europe for JJA 2002: (a) S1.1a, using MEGAN isoprene emissions; (b) S1.1b,
using European isoprene standard emission factors from Karl et al. (2008); (c) S1.2, applying
the NOx dependence of isoprene SOA; (d) S1.3a, applying ∆Hvap=72.7 kJ mol−1 for the temper-
ature dependence of K for isoprene oxidation products; (e) S1.5, replacing the BC/POC fossil
fuel/biofuel emission inventory with a detailed technology based European inventory; (f) 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 µg m−3. Thus white
colors either indicate low concentrations or small changes.
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 e) f) 

Fig. 1. Continued.
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Fig. 2. Sensitivity of SOA processes in the PBL over Europe towards changes of emissions,
formation routes, wet removal and nature and amount of absorbing matter. Processes are
represented as SOA fluxes (in Gg day−1) from surface up to 850 hPa taken from the 3-monthly
average JJA 2002 of the simulations S1 to S1.7, S2, S2.1 and S3. Processes are: horizontal
and vertical advection, convection, chemical production, wet and dry deposition.
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 a b 

Fig. 3. European distributions of surface concentration of (a) total SOA, and (b) SOA from
isoprene oxidation; for the reference simulation S1, July 2002.
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Fig. 4. Comparison of yearly averaged (July 2002 to June 2002) modelled (S1) and observed
particulate organic matter (POM) for 13 surface stations during the 2002/2003 EMEP campaign
on OC/EC. Measured OC concentrations were converted to POM using the station specific
OM/OC ratios ranging from 1.4 to 1.8, provided by Yttri et al. (2007). Yearly average of modelled
POM is based only on those days when measurements were done at the EMEP stations. Model
results from the base simulation S1 (circle), S2 (triangle) and from the simulation without SOA
formation from isoprene, S3 (square).
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 c d

Fig. 5. Comparison of monthly averaged POM concentrations measured at 5 selected EMEP
sites with modelled POM concentrations. Modelled organic matter is divided into primary or-
ganic 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), S1.7 (cyan and yellow bars). (a) Station AT02, Illmitz, [16◦46′ E, 47◦46′ N] in
Austria; (b) station PT01, Braganca [6◦46′ W, 41◦49′ N] in Portugal. (c) station FI17, Viro-
lathi II [27◦41′ E, 60◦32′ N] in Finland. (d) station IT04, Ispra [8◦38′ E, 45◦48′ N] in Northern
Italy, (e) station SE12, Aspvreten [17◦23′ E, 58◦48′ N] in Sweden. Note the scale of the y-axis
is not constant. S1.7 concentrations in June are from June 2002.
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e

Fig. 5. Continued.
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