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Abstract. Organic compounds from combustion sources
such as biomass burning and fossil fuel use are major con-
tributors to the global atmospheric load of aerosols. We an-
alyzed the sensitivity of model-predicted global-scale or-
ganic aerosols (OA) to parameters that control primary emis-
sions, photochemical aging, and the scavenging efficiency of
organic vapors. We used a computationally efficient mod-
ule for the description of OA composition and evolution in
the atmosphere (ORACLE) of the global chemistry–climate
model EMAC (ECHAM/MESSy Atmospheric Chemistry).
A global dataset of aerosol mass spectrometer (AMS) mea-
surements was used to evaluate simulated primary (POA) and
secondary (SOA) OA concentrations. Model results are sen-
sitive to the emission rates of intermediate-volatility organic
compounds (IVOCs) and POA. Assuming enhanced reactiv-
ity of semi-volatile organic compounds (SVOCs) and IVOCs
with OH substantially improved the model performance for
SOA. The use of a hybrid approach for the parameterization
of the aging of IVOCs had a small effect on predicted SOA
levels. The model performance improved by assuming that
freshly emitted organic compounds are relatively hydropho-
bic and become increasingly hygroscopic due to oxidation.

1 Introduction

Organic aerosol (OA) is an important constituent of the at-
mosphere, contributing about 50 % of the total submicron dry
aerosol mass (Zhang et al., 2011) with major impacts on hu-
man health and climate (IPCC, 2013; Lelieveld et al., 2015).

OA comprises a large number of compounds with a wide
range in volatility and oxidation states. The material that is in
the particulate phase upon emission is called primary organic
aerosol (POA). The co-emitted organic vapors can undergo
one or more chemical transformations, which can alter their
volatility due to functionalization (reducing their volatility)
or fragmentation (increasing their volatility). The oxidation
products with lower volatility can be transferred to the par-
ticulate phase, forming secondary organic aerosol (SOA).

Several regional-scale modeling studies have accounted
for the semi-volatile nature and chemical aging of organic
compounds by using the volatility basis set (VBS) approach
(Donahue et al., 2006), demonstrating improvements in the
accuracy of the predicted concentrations of organic aerosols
and their chemical properties (Robinson et al., 2007; Shri-
vastava et al., 2008; Murphy and Pandis, 2009; Hodzic et al.,
2010; Tsimpidi et al., 2010, 2011; Fountoukis et al., 2011,
2014; Li et al., 2011; Bergstrom et al., 2012; Athanasopoulou
et al., 2013; Zhang et al., 2013). However, only a few global
modeling studies have adopted the VBS approach (Pye and
Seinfeld, 2010; Jathar et al., 2011; Jo et al., 2013; Tsimpidi
et al., 2014). According to these studies, the modeled global
tropospheric burden of POA is 0.03–0.23 Tg and of SOA
1.61–2.77 Tg, with semi-volatile (SVOCs) and intermediate-
volatility (IVOCs) organic compounds contributing 0.71–
1.57 Tg to the total.

The VBS approach is a flexible framework for simulat-
ing OA formation and removal; however, there are several
uncertainties in the parameters used. The first source of un-
certainty is related to the emissions of organic particles and
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vapors (Kanakidou et al., 2005). The volatility distribution
of the fresh POA is important in the VBS approach as it de-
termines the initial evaporation of POA. Part of the IVOC
emissions is not included in conventional inventories, even
if it is important for the predicted SOA (Shrivastava et al.,
2008; Grieshop et al., 2009; Tsimpidi et al., 2010). Several
studies have assumed a 50 % addition to the traditional emis-
sion inventory (e.g., Shrivastava et al., 2008; Jathar et al.,
2011; Tsimpidi et al., 2014) for IVOC emissions, but en-
hancements up to a factor of 6.5 have been used in the liter-
ature (e.g., Shrivastava et al., 2011). Furthermore, most pre-
vious modeling studies typically assumed the same volatil-
ity distributions of all emissions independent of their source
(e.g., Robinson et al., 2007). However, recent investigations
reported significant differences in the volatility distribution
of particles emitted from biomass burning, diesel, and gaso-
line vehicle exhausts (May et al., 2013a, b, c).

The second source of uncertainty is related to the ox-
idation of the emitted SVOCs and IVOCs. The param-
eters used by the VBS approach to simulate this pro-
cess are the oxidation rate constant, the volatility dis-
tribution of the products, and the oxygen mass added
per generation of oxidation. The VBS volatility resolu-
tion used to represent the SVOC–IVOC volatility range
(3.2× 10−1 µg m−3 < C∗ < 3.2× 106 µg m−3) affects these
parameters as well. A coarse volatility resolution requires
a lower effective oxidation rate constant and a more rapid
addition of oxygen and reduction in volatility than a finer
volatility resolution. A common representation for the ox-
idation of SVOCs and IVOCs, mainly used by regional
models (e.g., Murphy and Pandis, 2009; Tsimpidi et al.,
2010, 2011; Fountoukis et al., 2011, 2014; Bergstrom et al.,
2012; Athanasopoulou et al., 2013), is based on the work
of Robinson et al. (2007) and Shrivastava et al. (2008) and
includes nine volatility bins with saturation concentrations
ranging from 10−2 to 106 µg m−3, an oxidation rate con-
stant of 4× 10−11 cm3 molec−1 s−1 based on Atkinson and
Arey (2003), a reduction in volatility by 1 order of magni-
tude after each reaction, and a 7.5 % net increase in mass
to account for the added oxygen. This formulation is rather
conservative compared to other studies which have assumed
a higher reduction in volatility and/or increase in mass. Shri-
vastava et al. (2011) assumed a 15 % increase in mass due to
the added oxygen, while Grieshop et al. (2009) and Hodzic
et al. (2010) assumed a 40 % increase in mass and a 2 orders
of magnitude reduction in volatility in each reaction step.
Pye and Seinfeld (2010) simulated the POA emissions us-
ing two SVOCs (with C∗ equal to 20 and 1646 µg m−3) and
one IVOC (105 µg m−3) and used an oxidation rate constant
of 2× 10−11 cm3 molec−1 s−1, a 2 orders of magnitude re-
duction in volatility in each reaction, and a 50 % increase
in mass per reaction. Shrivastava et al. (2011) used only two
surrogate species (C∗ equal to 10−2 and 105 µg m−3), an oxi-
dation rate constant of 0.57× 10−11 cm3 molec−1 s−1, a 7 or-
ders of magnitude reduction in volatility, and a 50 % increase

in mass per reaction. Tsimpidi et al. (2014) used a lower res-
olution VBS scheme with four surrogate species (with C∗

10−1, 101, 103, and 105 µg m−3), an oxidation rate constant
of 2× 10−11 cm3 molec−1 s−1, a 2 orders of magnitude re-
duction in volatility, and a 15 % increase in mass per reaction.
All of the above schemes should be viewed as parameteriza-
tions of the complex reactions that actually take place; the
oxidation products can be up to 4 orders of magnitude lower
in volatility than the precursor (Kroll and Seinfeld, 2008).
To address this limitation, Jathar et al. (2012) developed a
hybrid method to represent the formation of SOA from non-
speciated SVOC and IVOC vapors. According to this frame-
work, the first generation of oxidation of SVOCs and IVOCs
is parameterized by fitting to SOA data from smog cham-
ber experiments. Subsequently, the generic multigenerational
oxidation scheme of Robinson et al. (2007) was used for the
subsequent generation steps.

The third source of uncertainty is related to the scaveng-
ing efficiency of gas-phase oxidized SVOCs and IVOCs.
The water solubility of these organic vapors is largely un-
known, and in most OA modeling studies a fixed effective
Henry’s law constant (e.g., H = 105 M atm−1) is used for
all organic compounds. However, organic vapors become in-
creasingly more hydrophilic during their atmospheric life-
time. Pye and Seinfeld (2010) treated the freshly emitted gas-
phase SVOCs as relatively hydrophobic (H = 9.5 M atm−1)

and their oxidation products as moderately hydrophilic
(H = 105 M atm−1). Hodzic et al. (2014) argued that Henry’s
law constants have a strong negative correlation with the sat-
uration vapor pressures and depend on the precursor species,
the extent of photochemical processing, and the NOx levels
during the formation.

In this work we use ORACLE, a computationally efficient
module for the description of OA composition and evolution
in the atmosphere (Tsimpidi et al., 2014), to quantify the im-
pact of the main VBS parameters on the model OA predic-
tions. Our main focus is the formation of OA from anthro-
pogenic combustion and open biomass burning sources. We
conducted different tests to study the sensitivity of the model
predictions to emissions, photochemical aging, and scaveng-
ing efficiency of LVOCs (low-volatility organic compounds),
SVOCs, and IVOCs. The results are compared to the refer-
ence simulation and aerosol mass spectrometer (AMS) mea-
surements at multiple locations worldwide following Tsim-
pidi et al. (2016a). Results from these sensitivity tests help
identify the major uncertainties of the VBS formulations and
give rise to suggestions about potential model improvements.

2 Reference model description and application

2.1 EMAC Model

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation sys-
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Figure 1. Schematic of the VBS resolution and the formation of SOA from SVOCs and IVOCs in the (a) reference simulation, (b) alternative
aging scheme, and (c) hybrid aging scheme. SOA from LVOCs (SOA-lv) is only formed in the alternative aging scheme (b). Red indicates
that the organic compound is in the vapor phase and blue in the particulate phase. The circles correspond to primary organics emitted as
gases or particles. Diamonds symbolize the formation of SOA from LVOC emissions by fuel combustion and biomass burning. Triangles
indicate SOA formation from SVOC emissions by fuel combustion and biomass burning, while the squares show SOA from IVOCs by the
same sources. Gas–aerosol partitioning, aging reactions, and names of species are also shown.

tem that includes sub-models describing lower and middle
atmosphere processes and their interaction with oceans, land,
and human influences (Jöckel et al., 2006). EMAC includes
sub-models that describe gas-phase chemistry (MECCA;
Sander et al., 2011), inorganic aerosol microphysics (GMXe;
Pringle et al., 2010), cloud microphysics (CLOUD; Jöckel
et al., 2006), aerosol optical properties (AEROPT; Lauer et
al., 2007), dry deposition and sedimentation (DRYDEP and
SEDI; Kerkweg et al., 2006a), cloud scavenging (SCAV; Tost
et al., 2006), emissions (ONLEM and OFFLEM; Kerkweg et
al., 2006b), and organic aerosol formation and growth (OR-
ACLE; Tsimpidi et al., 2014). The EMAC model has been
extensively described and evaluated against in situ observa-
tions and satellite retrievals (Pozzer et al., 2012; Karydis et
al., 2016, 2017; Tsimpidi et al., 2016b). The spectral resolu-
tion used in this study is T63L31, corresponding to a hori-
zontal grid spacing of 1.875◦× 1.875◦ and 31 vertical layers
extending to 25 km altitude. The thickness of the first vertical
layer is 68 m. The 11-year period between 2000 and 2010 is
simulated, with the 1st year used as spin-up.

2.2 ORACLE module

ORACLE is a computationally efficient sub-model for the
description of OA composition and evolution in the atmo-
sphere (Tsimpidi et al., 2014). ORACLE simulates a wide va-
riety of semi-volatile organic products, separating them into
bins of logarithmically spaced effective saturation concentra-
tions. In this study, primary organic emissions from biomass
burning and fuel combustion sources are taken into account

using separate surrogate species for each source category.
These surrogates are subdivided into three groups of organic
compounds: LVOCs (C∗= 10−2 µg m−3), SVOCs (C*= 100

and 102 µg m−3), and IVOCs (C*= 104 and 106 µg m−3).
These organic compounds are allowed to partition between
the gas and aerosol phases resulting in the formation of POA.
Anthropogenic and biogenic VOCs are simulated separately,
and their oxidation results in products distributed in four
volatility bins with effective saturation concentrations of 100,
101, 102, and 103 µg m−3. Gas-phase photochemical reac-
tions that modify the volatility of the organics are taken into
account, and the oxidation products (SOA-sv, SOA-iv, and
SOA-v) of each group of precursors (SVOCs, IVOCs, and
VOCs) are simulated separately in the module to keep track
of their origin. We have assumed that functionalization and
fragmentation processes result in a net average decrease in
volatility for SOA produced by SVOC–IVOC and anthro-
pogenic VOC, without a net average change of volatility for
SOA produced by biogenic VOCs (Murphy et al., 2012). The
volatilities of SVOCs and IVOCs are reduced by a factor of
102 as a result of the OH reaction with a rate constant of
2× 10−11 cm3 molec−1 s−1 and a 15 % increase in mass to
account for two added oxygen atoms (Tsimpidi et al., 2014).
LVOCs are not allowed to participate in photochemical re-
actions since they are already in the lowest volatility bin. In
total 52 organic compounds are simulated explicitly (26 in
each of the gas and aerosol phases). The model setup and
the different aerosol types and chemical processes that were
simulated by ORACLE in this study are illustrated in Fig. 1a.
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Figure 2. Volatility distribution for fuel combustion (black) and biomass burning OA (red) for the (a) reference, (b) low-volatility, (c) high
IVOCs, and (d) alternative aging scheme simulations. The reference emission factors are from Robinson et al. (2007) for f POA (anthro-
pogenic POA from fossil fuel and biofuel combustion) and May et al. (2013) for bbPOA (natural POA from open biomass burning) emissions.
The emission rates of f POA and bbPOA are also shown on the right axis.

More details about ORACLE can be found in Tsimpidi et
al. (2014).

2.3 Emission inventory

The CMIP5 RCP4.5 emission inventory (Clarke et al., 2007)
is used for the anthropogenic POA emissions from fuel com-
bustion and biomass burning. The open biomass burning
emissions from savanna and forest fires are based on the
Global Fire Emissions Database version 3.1 (GFED v3.1;
van der Werf et al., 2010). In order to convert the emitted
organic carbon (OC) to organic mass (OM), OM/OC fac-
tors of 1.3 and 1.6 have been used for the anthropogenic and
biomass burning emissions, respectively (Aiken et al., 2008;
Canagaratna et al., 2015). Furthermore, emission fractions
are used to distribute the OM to the volatility bins used by
ORACLE. The sum of the emission fractions used for the
volatility bins with C∗ ≤ 104 is unity, since current emission
inventories are based on samples collected at aerosol concen-
trations up to 104 µg m−3 (Shrivastava et al., 2008; Robinson
et al., 2010). Additional emission fractions can be assigned

to the volatility bins with C∗ > 104 based on dilution experi-
ments (Robinson et al., 2007).

In this study we assume that anthropogenic fuel (fossil
and biofuel) combustion emissions cover a range of volatili-
ties from 10−2 to 106 µg m−3 and the additional IVOC emis-
sions are 1.5 times the traditional POA emissions (Robin-
son et al., 2007); therefore, the sum of the emission fractions
for the fuel combustion emissions is 2.5 (Fig. 2a). Biomass
burning emissions are assumed to cover a range of volatili-
ties from 10−2 to 104 (May et al., 2013a), and no additional
IVOC emissions are assumed from biomass burning sources.
Therefore, the sum of their emission factors is unity (Fig. 2a).
Overall, the decadal average global emission flux of primary
organic emissions is 44 Tg yr−1 from anthropogenic com-
bustion sources and 28 Tg yr−1 from open biomass burning
sources.

3 Sensitivity simulations

All sensitivity calculations are conducted for the same 11-
year period as the reference simulation, the results of which
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Table 1. Parameters used in the sensitivity simulations.

Simulation Emission Emission Volatility Reduction in Stoichiometric Oxidation rate Henry’s law
name factor rate bins volatility coefficient of constant constant

(Tg yr−1) (µg m−3) aging reactions (cm3 molec−1 s−1) (mol L−1atm−1)

f POA bbPOA f POA bbPOA Freshly Aged
emitted

Reference 2.5 1 44.2 28.4 5 102 1.15 2× 10−11 105 105

Low volatility 1 1 17.7 28.4 5 102 1.15 2× 10−11 105 105

High IVOCs 4 2.5 70.7 71 5 102 1.15 2× 10−11 105 105

Alternative 2.5 1 28.5 37.8 5 102 1.15 2× 10−11 105 105

POA emissions
High reaction 2.5 1 44.2 28.4 5 102 1.15 4× 10−11 105 105

rate constant
Alternative 2.5 1 44.2 28.4 9 10 1.075 4× 10−11 105 105

aging scheme
Hybrid aging 2.5 1 44.2 28.4 5 SVOCs : 102 SVOCs : 1.15 SVOCs : 2× 10−11 105 105

scheme IVOCs : 104–106 IVOCs : 1.115–0.71 IVOCs : 1.2× 10−11

Low solubility 2.5 1 44.2 28.4 5 102 1.15 2× 10−11 103 103

Variable solubility 2.5 1 44.2 28.4 5 102 1.15 2× 10−11 10 105

have been analyzed by Tsimpidi et al. (2016a). Table 1 sum-
marizes the general characteristics of the sensitivity simula-
tions. A detailed description is provided below.

3.1 Sensitivities to emissions

The emissions of LVOCs, SVOCs, and IVOCs are a key in-
put for the accurate description of atmospheric OA. To quan-
tify the sensitivity of the reference case results to the LVOC,
SVOC, and IVOC emissions, three simulation tests have been
designed. Figure 2 summarizes the emission factors used for
the volatility distribution of the emissions, the emission rate
of each volatility bin for the reference simulation, and the
sensitivity tests. These are more specifically described in the
following.

Low volatility: in this sensitivity simulation, we assume
zero emissions of IVOCs to quantify their contribution to the
formation of global SOA. Therefore, the fuel combustion and
biomass burning emissions are distributed only in the LVOC
(10−2 µg m−3) and SVOC (100 and 102 µg m−3) volatility
bins, and the sum of their emission fractions is equal to unity
(Fig. 2b). The decadal average global emission flux of pri-
mary organic emissions in this test is 18 Tg yr−1 from an-
thropogenic combustion sources and 28 Tg yr−1 from open
biomass burning sources (Table 1).

High IVOCs: to estimate an upper limit of the IVOC con-
tribution to the formation of SOA, a sensitivity simulation
is conducted in which the emissions of IVOCs are increased
by 1.5 times the original POA emissions. These emissions
are distributed in the volatility bins with C∗ of 104 and
106 µg m−3 (Fig. 2c) by applying an additional emission fac-
tor of 0.5 and 1, respectively. The LVOC and SVOC emis-
sions are the same as in the reference simulation. Overall,
the total anthropogenic and biomass burning emissions are
4 and 2.5 times higher, respectively, than the original POA
emission inventory. The decadal average global emission

flux of primary organic emissions in this sensitivity test is
71 Tg yr−1 for both anthropogenic and open biomass burn-
ing sources (Table 1).

Alternative POA emissions: to investigate the sensitivity
of the model results to the magnitude of the POA emissions,
we have utilized the AEROCOM database for the POA emis-
sions from anthropogenic combustion sources (Dentener et
al., 2006) and the CMIP5 RCP4.5 emission inventory for the
POA emissions from open biomass burning sources. These
emission inventories include 36 % lower POA emissions
from anthropogenic combustion sources and 33 % higher
POA emissions from open biomass burning sources on av-
erage over the 2000–2010 decade compared to the refer-
ence simulation. The assumed volatility distributions are the
same as in the reference simulation. The decadal average
global emission flux of primary organic emissions in this
case is 29 Tg yr−1 from anthropogenic combustion sources
and 38 Tg yr−1 from open biomass burning sources (Table 1).

3.2 Sensitivity to chemistry

The photooxidation of SVOCs and IVOCs emitted from fuel
combustion and biomass burning sources can lead to the for-
mation of substantial SOA mass on a global scale (Jathar et
al., 2011; Tsimpidi et al., 2014). To evaluate the sensitivity
of the model to the parameters used to describe the aging
process, we have conducted three sensitivity simulations de-
scribed below.

High reaction rate constant: in this simulation we inves-
tigate the sensitivity of the results to the rate constant used
for the gas-phase photooxidation of SVOCs and IVOCs with
OH. We assume that the corresponding oxidation rate con-
stant is twice that of the reference simulation and equal to
4× 10−11 cm3 molec−1 s−1. All other parameters remained
the same as in the reference simulation (Table 1).
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Figure 3. Predicted average surface concentrations (in µg m−3) of (a) total OA (sum of POA, SOA-sv, SOA-iv, and SOA-v), (b) POA and
(c) SOA from the oxidation of SVOCs (SOA-sv), and (d) SOA from the oxidation of IVOCs (SOA-iv) for the reference simulation during
the 2001–2010 period.

Alternative aging scheme: to quantify the sensitivity of
the results to the aging scheme, we designed a sensitivity
case in which the aging scheme of Robinson et al. (2007)
is used (Fig. 1b). Based on this implementation, we are using
nine volatility bins (compared to five in the reference simu-
lation) to distribute the primary emissions into LVOCs (10−2

and 10−1 µg m−3), SVOCs (100, 101, and 102 µg m−3), and
IVOCs (103, 104, 105, and 106 µg m−3). This model set up
is based on the formulation proposed by Shrivastava et al.
(2008). The volatility distribution of anthropogenic combus-
tion and open biomass burning emissions is shown in Fig. 2d.
The sum of these emission factors is the same as in the refer-
ence simulation (2.5 for fuel combustion and 1 for biomass
burning). However, the relative importance of SVOCs and
IVOCs to total OA emissions is changed compared to the
reference simulation. In the sensitivity simulation the frac-
tion of SVOCs to the total emissions is 20 % for f OA (an-
thropogenic OA from fossil fuel and biofuel combustion)
and 60 % for bbOA (natural OA form open biomass burning;
Fig. 2d), compared to 32 and 70 %, respectively, in the ref-
erence simulation (Fig. 2a). Furthermore, the saturation con-

centration of the organic vapors reacting with OH is reduced
by a factor of 10 (instead of 100 in the reference simulation),
with a rate constant of 4× 10−11 cm3 molec−1 (double the
value used in the reference simulation) and a 7.5 % increase
in mass to account for one added oxygen (half the value used
in the reference simulation). The formation of SOA from
LVOCs is possible in this configuration (contrary to the ref-
erence simulation) due to the presence of two species in the
LVOC volatility range (C∗ < 3.2× 10−1 µg m−3). Overall, in
this simulation, 46 surrogate OA species are used to track the
source- and volatility-resolved OA components compared to
26 aerosol species in the reference simulation.

Hybrid aging scheme: the reference and alternative aging
scheme simulations assume that the volatility of the organic
vapor precursors is reduced by 2 and 1 orders of magni-
tude, respectively, after each oxidation step. However, pho-
tooxidation reactions of IVOCs can create products with a
volatility 1 to 4 orders of magnitude lower (Kroll and Se-
infeld, 2008). Furthermore, recent experiments indicate that
the reduction in volatility due to oxidation reactions changes
as the organic molecules become more oxygenated and frag-
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mentation becomes important (Chacon-Madrid et al., 2013).
To investigate the effect of these assumptions on the pre-
dicted global SOA burden, we have modified the OA chem-
istry mechanism to include a hybrid method to calculate the
SOA formation from the oxidation of IVOCs based on the ap-
proach of Jathar et al. (2012). The SVOC oxidation scheme
remains the same as in the reference simulation. The hybrid
aging scheme distributes the IVOC first generation oxidation
products over a range of volatilities, with larger reductions
in volatility compared to the reference simulation. The ox-
idation of each IVOC is assumed to result in the formation
of two condensable organic gases with 4 and 6 orders of
magnitude lower volatility and aerosol yields equal to 0.71
and 0.115, respectively (Jathar et al., 2014) (Fig. 1c). Then,
the reference oxidation scheme is used for subsequent oxi-
dation of these products assuming a factor of 100 reduction
in volatility with a 15 % increase in mass. The photooxida-
tion of SVOCs and IVOCs in the hybrid aging scheme is de-
scribed by the following reactions:

SVOCi +OH→ 1.15SOG-svi−1, (R1)
SOG-svi +OH→ 1.15SOG-svi−1, (R2)
SOG-svi ↔ SOA-svi, (R3)
IVOCi +OH→ 0.71SOG-ivi−2+ 0.115SOG-ivi−3, (R4)
SOG-ivi +OH→ 1.15SOG-ivi−1, (R5)
SOG-ivi ↔ SOA-ivi, (R6)

where i is the original volatility bin and i−1, i−2, and i−3,
are the volatility bins with saturation concentrations reduced
by a factor of 102, 104, and 106, respectively. The term SOG
corresponds to secondary organic gas. This representation is
more consistent with SOA formation from VOCs and pro-
vides in principle at least a more realistic representation of
SOA formation from IVOCs.

3.3 Sensitivities to scavenging

The wet and dry removal of the organic vapors from the
atmosphere depends on their ability to partition into water
which is commonly expressed by their Henry’s law constant
(H). Two sensitivity simulations where performed to inves-
tigate the effect of this uncertain parameter.

Low solubility: to test the sensitivity of the results to the
solubility of the SVOC and IVOC vapors, we have con-
ducted a simulation using a Henry’s law constant 2 orders
of magnitude lower than the reference simulation and equal
to 103 M atm−1 for both primary and secondary SVOCs and
IVOCs.

Variable solubility: the photochemical aging of organic va-
pors results on average in less volatile and more hydrophilic
products (Jimenez et al., 2009). To quantify the effect of this
change on the model results, we have conducted a sensi-
tivity simulation in which the fresh SVOCs and IVOCs are
hydrophobic with H = 10 M atm−1 and become more hy-

drophilic after their photochemical oxidation with an H =

105 M atm−1.

4 Reference simulation results and evaluation

The predicted decadal average surface concentrations of total
OA, POA, SOA-sv, and SOA-iv for the reference simulation
are shown in Fig. 3. High POA concentrations are predicted
over regions affected by biomass burning (i.e., the tropical
and boreal forests) as well as over the industrialized regions
of the Northern Hemisphere where strong fossil and biofuel
combustion sources are located (i.e., eastern and southern
Asia, central and eastern Europe, and the western and eastern
US). Further downwind of the sources, the POA concentra-
tion decreases substantially due to dilution and evaporation
(Fig. 3b). On the other hand, the predicted SOA-sv and SOA-
iv concentrations are high over a wide area downwind of the
polluted urban areas and the major rainforests (Fig. 3c, d)
due to the transport of IVOCs and SVOCs and their contin-
ued chemical transformations. Since IVOC emissions from
anthropogenic sources are assumed to be 2 times higher than
SVOC emissions (Fig. 1a), the predicted SOA-iv is higher
than SOA-sv over populated areas (Fig. 3c, d). On the other
hand, over the tropical rainforests, SOA-sv and SOA-iv con-
centrations are similar due to the low fraction of IVOCs as-
sumed for the open biomass burning OA emissions. Overall,
the reference simulation yields a tropospheric OA burden of
1.98 Tg consisting of 12 % POA, 18 % SOA-sv, 32 % SOA-
iv, and 38 % SOA-v. More details about the reference case
results can be found in Tsimpidi et al. (2016).

A comprehensive AMS dataset from field campaigns
performed in the Northern Hemisphere during 2001–2010
(Tsimpidi et al., 2016) has been used to evaluate the model
performance for each simulation. The mean bias (MB), mean
absolute gross error (MAGE), normalized mean bias (NMB),
normalized mean error (NME), and the root mean square er-
ror (RMSE) are used to assess the model performance for
POA (versus AMS hydrocarbon-like aerosol, HOA; Table 2)
and SOA (versus AMS oxygenated organic aerosol, OOA;
Table 3). Tsimpidi et al. (2016) have shown that, as expected,
the model underestimates the concentrations of POA and
SOA over urban locations due to its coarse resolution and
missing sources in the emission database (e.g., cold vehicle
start and wood burning emissions in winter). Therefore, ur-
ban locations are excluded from our analysis in order to avoid
misinterpretation of the sensitivity results and their effects
on OA model performance. A comprehensive analysis of the
model evaluation based on the reference scenario results can
be found in Tsimpidi et al. (2016) and will be used here as a
reference for analyzing the effect of each sensitivity scenario
on the performance of the model. EMAC reproduces POA
levels with very little bias (NMB=−3 %; Table 2). On the
other hand, OOA concentrations are underpredicted (−31 %;
Table 3), indicating that the model may be missing an im-
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Table 2. Statistical evaluation of EMAC POA (sum of f POA and bbPOA) against AMS POA (sum of HOA and bbOA) using 61 datasets in
urban-downwind and rural areas during 2001–2010.

Simulation Mean Mean MAGE MB NME NMB RMSE
name observed predicted

(µg m−3) (µg m−3) (µg m−3) (µg m−3) ( %) ( %) (µg m−3)

Reference 0.53 0.51 0.38 −0.02 71 −3 0.50
Low volatility 0.75 0.46 0.22 88 43 0.64
High IVOCs 0.52 0.38 −0.01 73 0 0.51
Alternative 0.39 0.33 −0.14 63 −25 0.44
POA emissions
High reaction 0.50 0.37 −0.03 70 −5 0.49
rate constant
Alternative aging 0.17 0.42 −0.36 79 −67 0.60
scheme
Hybrid aging 0.50 0.38 −0.03 72 −4 0.50
scheme
Low solubility 0.53 0.38 0 72 1 0.50
Variable solubility 0.54 0.38 0.01 73 4 0.51

Table 3. Statistical evaluation of EMAC SOA against AMS OOA using 61 datasets in downwind urban and rural areas during 2001–2010.

Simulation Mean Mean MAGE MB NME NMB RMSE
name observed predicted

(µg m−3) (µg m−3) (µg m−3) (µg m−3) (%) (%) (µg m−3)

Reference 2.78 1.91 1.39 −0.87 50 −31 2.02
Low volatility 1.32 1.69 −1.46 61 −52 2.30
High IVOCs 2.50 1.47 −0.28 53 −10 2.05
Alternative 1.66 1.55 −1.12 56 −40 2.15
POA emissions
High reaction 2.16 1.32 -0.62 48 -22 1.97
rate constant
Alternative aging 1.73 1.49 −1.05 53 −38 2.09
scheme
Hybrid aging 1.71 1.46 −1.08 53 −39 2.08
scheme
Low solubility 2.10 1.33 −0.68 48 −25 1.98
Variable solubility 2.14 1.32 −0.64 48 −23 1.97

portant source or formation pathway of SOA especially in
winter (Tsimpidi et al., 2016) or may be removing the cor-
responding pollutants faster. Another possible reason for the
underprediction of OOA is the uncertainty in SOA yields due
to wall losses in laboratory chambers. Zhang et al. (2014)
demonstrated that while the particle losses are routinely ac-
counted for, losses of semi-volatile vapors are not well evalu-
ated and can lead to substantial underestimations of the SOA
formation.

5 Sensitivity to emission factors

5.1 Low volatility

In the first sensitivity test, the IVOC emissions are set to zero
and only semi-volatile organic compounds are emitted. This
is accompanied by an increase in SVOC emissions from an-
thropogenic and open biomass burning sources by 100 and
40 %, respectively. This initial partitioning of the emissions
favors the particulate phase, resulting in an increase in POA
compared to the reference scenario (Fig. 4a). The largest
f POA and bbPOA increases are predicted over eastern China
(4.3 µg m−3) and the Congo Basin (3.9 µg m−3), respectively.
The higher SVOC emissions in the sensitivity simulation re-
sult in an increase in the simulated SOA-sv concentrations as
well (Fig. 5a). However, since a large fraction of the emitted
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SVOCs remains in the particle phase, the SOA-sv concen-
tration increase is smaller than the corresponding changes in
POA. Relatively strong f SOA-sv and bbSOA-sv increases
are found over the Indo-Gangetic Plane (IGP) (0.4 µg m−3)
and the Congo Basin (1.3 µg m−3), respectively. The “low-
volatility” simulation does not predict any SOA-iv as it as-
sumes zero IVOC emissions. Therefore, SOA-iv concentra-
tions are zero around the globe, resulting in substantial de-
creases in areas where the reference simulation predicts high
SOA-iv levels (Figs. 3d, c and 6a).

The significant decrease in organic emissions from anthro-
pogenic sources (Table 1) due to the lack of IVOC emis-
sions results in an overall decrease in total OA concentrations
by up to 5 µg m−3 over anthropogenically polluted regions
(Fig. 7a). On the other hand, organic emissions from open
biomass burning sources remain at the same level as the ref-
erence simulation (Table 1); however, they are assumed to
have lower volatility. This results in an increase in total OA
concentrations in the sensitivity simulation by up to 2 µg m−3

over the tropical and boreal forests. Overall, the calculated
tropospheric burden of POA in the sensitivity simulation in-
creases by around 50 % due to the increase in the SVOC
emissions (Table 2). For the same reason, the tropospheric
f SOA-sv and bbSOA-sv burdens increase by 14 and 39 %,
respectively. Nevertheless, the absence of IVOC emissions,
and thus the significant decrease in anthropogenic organic
compound emissions, results in a decrease in the total OA
tropospheric burden by 23 %. This result emphasizes the im-
portance of the volatility distributions used in the simulation
and the contribution of IVOC emissions to SOA formation
on a global scale.

The simulated POA in the reference model configuration
is very close to the average HOA concentrations derived
from the AMS measurements (Table 3). Therefore, assum-
ing lower volatility of the organic emissions results in over-
prediction (NMB= 43 %). However, the performance of the
model is significantly improved during winter (Fig. 8), since
POA concentrations during that season were underpredicted
(NMB=−37 %; Tsimpidi et al., 2016). On the other hand,
during spring the overestimate of POA increases in the sen-
sitivity simulation (NMB= 86 %) compared to the reference
simulation (NMB= 26 %). For summer and autumn, the per-
formance of the model changes from a slight underestima-
tion of POA in the reference simulation (NMB=−15 %) to
a slight overprediction in the sensitivity test (NMB= 30 %).
The performance of the model in reproducing the OOA con-
centrations worsens in this sensitivity simulation (Table 4).
OOA was underpredicted by the model reference simula-
tion (NMB=−31 %); therefore, neglecting SOA formation
from IVOC emissions in the sensitivity run results in an even
larger OOA underestimation (NMB=−52 %). The perfor-
mance of the model does not change significantly during
winter (Fig. 8) since the simulated SOA formation during this
season is low (Tsimpidi et al., 2016). The highest change in
model performance occurs during spring when SOA is pre-

dicted to reach the annual maximum (Tsimpidi et al., 2016);
the predicted underestimation of OOA increases from 20 %
in the reference simulation to 50 % in the sensitivity simula-
tion. These results indicate that the omission of IVOCs as a
source of SOA in atmospheric models can result in a signifi-
cant underestimation of OA concentrations, especially during
periods where formation of SOA is strong.

5.2 High IVOCs

In the second sensitivity simulation, the increased IVOC
emissions result in an increase in total organics by 60 %
and 150 % from anthropogenic and open biomass burning
sources, respectively (Table 1). These additional organic
emissions are distributed only in the intermediate-volatility
bins; therefore, their impact on the simulated POA and SOA-
sv levels is marginal (Figs. 4b and 5b, respectively). POA in-
creases up to 0.6 µg m−3 over eastern China, while SOA-sv
decreases up to 0.3 µg m−3 over the Congo Basin. This effect
can be explained by the assumption that SOA-sv and SOA-
iv form a pseudo-ideal solution. As a result, the increased
SOA-iv concentrations calculated in the sensitivity simula-
tion favor the partitioning of the fresh SVOCs into the aerosol
phase, forming additional POA. At the same time, SVOCs
decrease in the gas phase and therefore the formation of
SOA-sv is reduced in the sensitivity simulation. As expected,
the largest effect is found for SOA-iv (Fig. 6b). The signif-
icant increase in IVOC emissions results in large changes
of SOA-iv over areas close to anthropogenic sources (up to
5.7 µg m−3 over the IGP) and biomass burning regions (up to
5.3 µg m−3 over the Congo Basin). The increase in SOA-iv
dominates the effect on total OA concentrations that increase
up to 6 µg m−3 (Fig. 7b). Overall, the predicted changes of
the tropospheric burden of POA and SOA-sv are small (Ta-
ble 2). However, the tropospheric burdens of f SOA-iv and
bbSOA-iv increase by 88 and 115 %, respectively, resulting
in an increase in the total OA burden by 38 %.

The additional IVOC emissions assumed in this sensi-
tivity test do not affect the performance of the model for
POA. On the other hand, these additional emissions bring the
predicted SOA concentrations closer to the measured OOA
levels (Table 4; Fig. 8). The NMB improves from −31 %
in the reference simulation to −10 %. With the exception
of winter, where the model still underpredicts OOA levels
(MB= 2.2 µg m−3, Fig. 8), the performance of the model for
SOA improves, with seasonal NMB ranging from −16 (dur-
ing summer) to 11 % (during spring), compared to −33 and
−20 % for the reference model, respectively. The improved
performance of the model due to the increase in IVOC emis-
sions supports the hypothesis that the IVOC emissions may
have been underestimated in previous modeling studies that
assumed IVOC / POA= 1.5 (Ots et al., 2016).

www.atmos-chem-phys.net/17/7345/2017/ Atmos. Chem. Phys., 17, 7345–7364, 2017



7354 A. P. Tsimpidi et al.: Global-scale combustion sources of organic aerosols

Figure 4. Absolute changes (in µg m−3) of the average surface POA concentrations between the reference and the (a) low-volatility, (b) high
IVOCs, (c) alternative POA emissions, (d) high reaction rate constant, (e) alternative aging scheme, (f) hybrid aging scheme, (g) low-
solubility, and (h) variable solubility simulations during the period 2001–2010. A positive change indicates an increase in the sensitivity
test.
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Figure 5. Absolute changes (in µg m−3) of the average surface SOA concentrations from SVOCs (SOA-sv) between the reference and the
(a) low-volatility, (b) high IVOCs, (c) alternative POA emissions, (d) high reaction rate constant, (e) alternative aging scheme, (f) hybrid
aging scheme, (g) low-solubility, and (h) variable solubility simulations during the period 2001–2010. A positive change indicates an increase
in the sensitivity test.
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Figure 6. Absolute changes (in µg m−3) of the average surface SOA concentrations from IVOCs (SOA-iv) between the reference and the
(a) low-volatility, (b) high IVOCs, (c) alternative POA emissions, (d) high reaction rate constant, (e) alternative aging scheme, (f) hybrid
aging scheme, (g) low-solubility, and (h) variable solubility simulations during the period 2001–2010. A positive change indicates an increase
in the sensitivity test.
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Figure 7. Absolute changes (in µg m−3) of the average surface total OA concentrations between the reference and the (a) low-volatility,
(b) high IVOCs, (c) alternative POA emissions, (d) high reaction rate constant, (e) alternative aging scheme, (f) hybrid aging scheme, (g)
low-solubility, and (h) variable solubility simulations during the period 2001–2010. A positive change indicates an increase in the sensitivity
test.
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Figure 8. Average (a) POA and (b) SOA concentrations (in µg m−3) measured and predicted in the reference and sensitivity simulations
during winter, spring, summer, and autumn in urban-downwind and rural areas of the continental Northern Hemisphere.

5.3 Alternative POA emissions

The final emission sensitivity test is used to estimate the
uncertainty introduced by the choice of emission database.
The inventories used in the sensitivity simulation assume
36 % lower fuel combustion OA emissions and 33 % higher
biomass burning OA emissions compared to the reference
simulation, while the total OA emissions are only reduced by
9 %. Since the volatility distribution of the emissions is iden-
tical to the reference simulation, the fractional changes of the
calculated POA, SOA-sv, and SOA-iv are also similar (Ta-
ble 4). The tropospheric burden of f OA (the sum of f POA,
f SOA-sv, and f SOA-iv) decreases by 34 %. On the other
hand, bbOA (the sum of bbPOA, bbSOA-sv, and bbSOA-iv)
increases by 11 %. Overall, the total tropospheric OA bur-
den increases by only 4 %. The changes in f OA and bbOA
concentrations, however, are not spatially uniform. Over Eu-
rope, f OA decreases everywhere, up to 3.3 µg m−3, except
in Paris where f OA increases by 0.24 µg m−3. Over the US
f OA slightly increases (mostly over the northeast by up to
0.6 µg m−3), while it decreases over Mexico by as much as
1.7 µg m−3. The largest f OA change is predicted over Asia,

where f OA decreases significantly, up to 8.3 µg m−3, mostly
over East Asia and the IGP. Here, bbOA decreases over the
boreal forests (up to 3.6 µg m−3), while it increases signifi-
cantly over the Southeast Asia tropical forests by up to 14 µg
m−3. Over the Amazon and Congo forests, bbOA concentra-
tions change significantly (the bbOA changes vary from−2.4
to 3.3 µg m−3 in the Amazon and from−5.3 to 7.8 µg m−3 in
Congo), but the average bbOA concentration over both re-
gions remains the same. Overall, the f OA and bbOA emis-
sion changes lead to total OA increases over the tropical
and boreal forests and decreases over anthropogenic areas
(Fig. 7c).

The lower OA emissions used in the sensitivity simula-
tion (especially over China and Europe) result in a reduc-
tion of both total POA and SOA concentrations (Tables 2 and
3). Consequently, the model now underestimates POA with
NMB=−25 and SOA with NMB=−40 %. These results
suggest that the use of the CMIP5 RCP4.5 emission inven-
tory in EMAC results in OA concentrations that agree more
closely with the measurements compared to the AEROCOM
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database. It also underscores the large uncertainty associated
with primary OA emissions.

6 Sensitivity to aging reactions

6.1 Higher aging reaction rate

In this sensitivity simulation, the photochemical reaction rate
constant for SVOCs and IVOCs has been doubled compared
to the reference simulation. This results in an increase in
SOA-sv and SOA-iv concentrations worldwide (Figs. 5d and
6d). SOA-sv increases, by up to 0.65 µg m−3, mostly over
the tropics and the polluted regions of eastern China and
the IGP (Fig. 5d). The effect on SOA-iv concentrations is
even more significant, since IVOCs undergo more oxidation
steps before forming SOA than SVOCs. SOA-iv increased
by up to 2.4 µg m−3 mostly over the IGP and eastern China
(Fig. 6d). The SOA-iv increase over the tropics is smaller
(up to 0.8 µg m−3) due to the assumed low fraction of IVOCs
in biomass burning emissions. Overall, the tropospheric bur-
dens of SOA-sv and SOA-iv both increase by 0.04 Tg (or 11
and 7 %, respectively). POA is not expected to be affected di-
rectly by the change of the reaction rate constant. However,
the substantial reduction of gas-phase SVOCs (due to their
increased reactivity) results in the re-evaporation of POA
to achieve equilibrium, reducing its concentration (Fig. 4d)
mainly over the tropics (up to 0.21 µg m−3). This results in
an overall decrease in the tropospheric POA burden by 8 %.
Following the significant increase in both SOA-sv and SOA-
iv, total OA increases worldwide by up to 3 µg m−3 (Fig. 7d).
Overall, the tropospheric burden of total OA increases by
4 %.

The model performance for POA is not affected by
the change of the reaction rate constant (Table 2), since
POA remains largely unchanged over the Northern Hemi-
sphere (Fig. 4d). On the other hand, the performance of
the model regarding SOA is significantly improved (Ta-
ble 3). The underestimation of SOA by the model is re-
duced (NMB=−22 %) compared to the reference simula-
tion (NMB=−31 %). The best performance is found during
spring (NMB=−7 %) when the calculated SOA is almost
unbiased. However, during winter, the model still severely
underestimates SOA (NMB=−77 %), which indicates that
the gas-phase oxidation of SVOCs and IVOCs does not suf-
fice to explain the underprediction of SOA in winter.

6.2 Alternative aging scheme

In this sensitivity simulation we used the chemical aging
scheme of Robinson et al. (2007), which is currently the most
commonly used in VBS models. This aging scheme is ac-
companied by changes in the number of volatility bins used
and the assigned emission factors, the oxidation rate con-
stant, the volatility reductions after each oxidation step, and
the increase in mass due to added oxygen (as discussed in

Sect. 3.2). The changes in the number of volatility bins and
the emission factors used for the SVOCs (Fig. 2d) result in
reduced condensation of SVOCs into the particulate phase
during the initial partitioning and therefore in a significant
decrease in POA (Fig. 4e). The decrease in POA is global
and most prominent over eastern China (up to 9.3 µg m−3).
This reflects a significant change in the tropospheric burdens
of both f POA and bbPOA by 65 and 38 %, respectively.

Furthermore, the reduced fraction of SVOCs to total OA
emissions (see Sect. 3.2) results in a worldwide decrease in
SOA-sv (Fig. 5e) and an increase in SOA-iv (Fig. 6e). SOA-
sv decreases up to 1.8 µg m−3 over the Congo Basin and the
IGP. Similar to POA, the tropospheric burden of f SOA-sv
and bbSOA-sv decreases by 68 and 47 %, respectively. On
the other hand, the increase in SOA-iv, due to the increase
in the IVOC fraction of the emissions, is not as strong as the
decrease in SOA-sv (Table 4). This is due to the slower ag-
ing in the sensitivity simulation (Fig. 1b), compared to the
reference simulation (Fig. 1a), which limits the formation of
SOA from IVOCs. SOA-iv increases up to 0.9 µg m−3 over
the Congo Basin and the IGP, while it locally decreases by
0.1 µg m−3 over Beijing, for example. The tropospheric bur-
den of f SOA-iv and bbSOA-iv increases by 14 and 30 %,
respectively. Overall, the sum of SOA-sv and SOA-iv de-
creases by 7 % due to the slower aging in this sensitivity sim-
ulation. Following the simultaneous decrease in both POA
and SOA, total OA decreases worldwide by up to 11 µg m−3

(Fig. 7e), and its tropospheric burden is reduced by 0.2 Tg (or
10 %).

The reduction of both modeled POA and SOA results in
reduced agreement of the model with AMS measurements.
For POA, especially, the modeled concentrations decrease by
67 % in the sensitivity simulation, resulting in a significant
underprediction of AMS–HOA (NMB=−67 %). Modeled
SOA also decreases (by 10 %) in the sensitivity simulation,
which degrades the model agreement with AMS–OOA mea-
surements (NMB=−38 %). This sensitivity test underscores
the significance of the volatility distribution of the organic
emissions and the associated aging scheme.

6.3 Hybrid aging scheme

The final chemistry sensitivity simulation focuses on the pho-
tochemical aging of IVOCs and assumptions regarding the
first oxidation step. The approach used here is similar to the
oxidation of the traditional VOCs, in contrast with the refer-
ence simulation where the oxidation of IVOCs produces only
one product with a 2 orders of magnitude reduced volatility.
However, the stoichiometric coefficient used in the reference
simulation (equal to 1.15) is higher than the aerosol yields
used in the sensitivity simulation (Sect. 3.2). This results in
a reduction of SOA-iv concentrations by up to 2.2 µg m−3

(Fig. 6f). Since the chemical scheme for SVOCs is identical
in both the reference and the sensitivity simulations, no sig-
nificant change is found in either SOA-sv or POA (Figs. 5f
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Table 4. Percentage change of the tropospheric burden of OA components for each sensitivity simulation relative to the reference simula-
tion during the 2001–2010 decade. Positive change corresponds to an increase. The predicted tropospheric burden in Tg of the reference
simulation is also shown.

f POA bbPOA f SOA-sv bbSOA-sv f SOA-iv bbSOA-iv Total OA
Tropospheric burden 0.06 0.18 0.13 0.21 0.44 0.2 1.98
of reference (Tg)

Percentage change (%) from reference simulation

Simulation name
Low volatility 53 48 14 39 −100 −100 −23
High IVOCs 7 5 −3 −4 88 165 38
Alternative −39 10 −33 11 −34 11 −8
POA emissions
High reaction −10 −7 11 11 8 6 4
rate constant
Alternative aging −65 −38 −68 −47 14 30 −10
scheme
Hybrid aging −2 −1 2 2 −37 −36 −13
scheme
Low solubility 6 1 11 4 21 8 8
Variable solubility 9 2 14 5 22 7 8

and 4f, respectively). The decrease in SOA-iv concentrations
has a marginal effect on the initial partitioning of SVOC
emissions, resulting in slightly less POA and more SOA-sv
(by up to 0.1 µg m−3 in either case). Therefore, total OA con-
centrations are reduced worldwide following the decrease
in SOA-iv. Overall, the tropospheric burden of SOA-iv de-
creases by 37 % in the sensitivity simulation, resulting in a
decrease in total OA by 13 % (Table 4).

The simulated POA concentrations remain almost un-
changed in the sensitivity simulation; therefore, similar to the
reference simulation, the calculated POA is unbiased com-
pared to measurements (Table 2). On the other hand, the
lower SOA-iv concentrations calculated by the model in this
sensitivity test aggravate the underestimation of OOA by the
model (NMB=−39 %). The decrease in modeled SOA-iv
concentrations is larger during spring (13 %), and the calcu-
lated NMB for SOA deteriorates from−20 % in the reference
simulation to −30 % in the sensitivity simulation.

7 Sensitivity to wet and dry removal of organic vapors

7.1 Reduced Henry’s law constant

In this sensitivity test we used a Henry’s law constant that
is 2 orders of magnitude lower than in the reference simu-
lation (see Sect. 3.3) for the gas-phase SVOCs and IVOCs.
This change decreases their removal rate, thus increasing
their lifetime and the concentrations of both POA (due to
the condensation of the fresh SVOCs) and SOA (due to the
condensation of the chemically aged SVOCs and IVOCs).
POA increases up to 0.7 µg m−3 over eastern China (Fig. 4g)
where POA concentrations are relatively high (Fig. 3b); how-

ever, the increase in POA in the rest of the world is less
than 0.2 µg m−3 (Fig. 4g). SOA-sv increases up to 0.2 µg m−3

mostly over the Congo Basin and the IGP (Fig. 5g). The
most significant change is calculated for SOA-iv. SOA-iv
is formed from gases (i.e., IVOCs) that need to go through
more than two oxidation steps to be able to condense to the
aerosol phase (in comparison to only one oxidation step for
SVOCs). Therefore, by lowering the Henry’s law constant
of IVOCs we prolong the lifetime of SOA-iv precursors and
their ability to undergo multiple oxidation steps and pro-
duce aerosols. This results in a significant increase in SOA-iv
by up to 1.2 µg m−3 (Fig. 6g). Total OA increases by up to
2 µg m−3 due to the simultaneous increase in both POA and
SOA (Fig. 7g). Overall, the tropospheric burden of SOA-iv
increases by 17 % and that of total OA by 8 %. It is also worth
noting that the tropospheric burden of f OA (sum of f POA,
f SOA-sv, and f SOA-iv) increases by 18 % compared to an
increase of 5 % of the bbOA (sum of bbPOA, bbSOA-sv, and
bbSOA-iv). The above results emphasize the significance of
the removal of organic vapors for the calculated OA con-
centrations and corroborate the importance of constraining
the Henry’ law constants of SVOCs and more importantly of
IVOCs.

The change in the Henry’s law constant of SVOCs does
not affect the model performance for POA significantly.
POA slightly increases (by 4 %), eliminating the already low
model bias (Table 2). The SOA increase (by 12 %) in the
sensitivity simulation (mainly due to the increased SOA-iv)
results in reduced SOA underestimation (Table 2). In both
POA and SOA cases the effect is more important during
winter, when wet removal is most efficient, and lower dur-
ing summer. POA increases during winter by 10 % while
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during summer it remains unchanged. SOA increases dur-
ing winter by 26 % and during summer by only 3 %, with
spring and autumn in between (∼ 12 %). Despite the winter-
time POA and SOA increase in this sensitivity simulation, the
model still underestimates POA (NMB=−31 %) and SOA
(NMB=−78 %) during this season (Fig. 8).

7.2 Different Henry’s law constant for POA and SOA

In the last sensitivity test we assume that the freshly emit-
ted SVOCs and IVOCs are hydrophobic (with the Henry’s
law constant H being 4 orders of magnitude lower than
the reference), while after photochemical aging H increases
to match the value used in the reference simulation (see
Sect. 3.3). POA increases up to 0.7 µg m−3, mostly over east-
ern China and to a lesser degree over eastern Europe and Rus-
sia (Fig. 4h). SOA-sv increases up to 0.2 µg m−3, mostly over
the tropical forests of Central Africa and southeastern Asia as
well as over eastern China and the IGP (Fig. 5h). SOA-iv also
increases by up to 1 µg m−3 µ(Fig. 6h) because fresh IVOCs
are more hydrophobic in the sensitivity simulation; therefore,
the time available to react with OH is extended, forming ad-
ditional SOA-iv. Total OA concentrations increase by up to
2 µg m−3 over eastern China (Fig. 7h). The tropospheric bur-
den of total OA increases by 8 % in this sensitivity test with
the strongest increase coming from f SOA-iv (21 %).

Both the predicted POA and SOA increase in the sen-
sitivity simulation by 6 and 12 %, respectively. This re-
sults in a small overprediction of POA (NMB= 4 %), com-
pared to a small underprediction in the reference simulation
(NMB=−3 %). For SOA, NMB improves in the sensitiv-
ity simulation (NMB=−23 %) compared to the reference
simulation (−31 %). Similar to the previous sensitivity test
(Sect. 7.1), the effect is more relevant during winter (POA
and SOA increase by 9 and 36 %, respectively), followed by
spring (POA and SOA increase by 8 and 16 %, respectively)
and autumn (POA and SOA increase by 7 and 10 %, respec-
tively), and is small during summer (POA and SOA increase
by 2 and 5 %, respectively; Figs. 8). This results in an im-
proved model performance for both POA and SOA during
all seasons. The highest improvement is found for SOA dur-
ing spring when the NMB is reduced to −6 % from −20 %
in the reference simulation. Despite the significant increase
in SOA concentrations during winter (by 36 %), the model
still strongly underestimates SOA (NMB=−76 %), indicat-
ing that the model underprediction of OOA cannot be at-
tributed solely to errors in the simulation of removal pro-
cesses. Therefore, we expect that the discrepancy in this sea-
son is related to sources that are missing or underestimated
in emission inventories (e.g., residential wood combustion in
winter, Denier van der Gon et al., 2015), to additional oxi-
dation pathways (e.g., aqueous-phase and heterogeneous ox-
idation reactions), and to uncertainties in SOA yields due to
wall losses in laboratory chambers.

8 Summary and conclusions

We investigated the effect of parameters and assumptions that
control the emissions, photochemical aging, and scavenging
efficiency of LVOCs, SVOCs, and IVOCs on the simulated
OA concentrations. We used the organic aerosol module OR-
ACLE, based on the VBS framework, in the EMAC global
chemistry–climate model. A global dataset of AMS measure-
ments has been used to evaluate the predicted POA and SOA
concentrations, based on a number of sensitivity tests.

The results show that total OA concentrations are sensitive
to the emissions of IVOCs. By neglecting these emissions,
the model produces unrealistically low SOA concentrations,
resulting in the poorest model performance (NMB=−52 %)
compared to the other eight simulations conducted (Table 3).
Conversely, increasing the IVOC emissions substantially im-
proved the SOA model results, leading to the best model
performance (NMB=−10 %). These results emphasize the
need to accurately estimate the IVOC emissions indepen-
dently. The use of a more accurate POA emission inventory is
found to be of prime importance for the model performance,
especially to improve simulated POA concentrations in win-
ter. In our tests, using an alternative POA emission inventory
led to an NMB of −25 % compared to a low bias in the per-
formance of the reference model.

Sensitivity tests of the photochemical aging of SVOCs and
IVOCs indicate the importance of the OH-reaction rate. As-
suming an increased reactivity of SVOCs and IVOCs with
OH improves the model results for SOA (NMB=−22 %).
This is even more important for the IVOCs, which partici-
pate in a larger number of photochemical reactions during
atmospheric transport compared to the SVOCs. Another as-
sumption tested is that oxidation reactions of IVOCs are sim-
ilar to many other VOCs and produce partly oxidized com-
pounds with several orders of magnitude lower volatilities.
Despite the strong volatility reduction of the IVOC oxida-
tion products, the performance of the model was similar to
the reference simulation, since the IVOC aerosol yields were
lower compared to the stoichiometric coefficient used in the
reference simulation. The use of an alternative aging scheme
(based on Robinson et al., 2007) resulted in lower SOA con-
centrations, since the photochemical aging of SVOCs and
IVOCs was less effective. This led to a slight reduction in
model performance for SOA (Table 3). In this sensitivity
test the fraction of SVOCs to total OA emissions was lower
compared to the reference simulation, resulting in a sig-
nificant reduction of POA and reduced model performance
(NMB=−67 %). This underscores the significance of the
assumed volatility distribution of OA emissions.

The calculated OA concentrations are highly sensitive
to the scavenging efficiency of the gas-phase SVOCs and
IVOCs, expressed by the Henry’s law constant (H). Reduc-
ing H resulted in an increase in both POA and SOA con-
centrations, especially from the oxidation of IVOCs. This in-
crease yielded improved model performance, particularly for
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SOA (Table 3). Assuming different hygroscopicity for the
freshly emitted and the photochemically processed SVOCs
and IVOCs resulted in a similar improvement of the model
results (Tables 2 and 3). In this sensitivity test, the simulated
POA improved substantially during winter (NMB=−29 %),
during which the model has difficulties reproducing AMS
observations (Tsimpidi et al., 2016). Nevertheless, SOA was
still underpredicted during winter (NMB=−76 %), indicat-
ing that other processes (e.g., seasonally dependent residen-
tial wood combustion emissions, aqueous-phase oxidation
paths, uncertainties in SOA yields due to wall losses in cham-
bers) are a main cause of the inadequate performance.

Our results indicate that IVOCs can be major contribu-
tors to OA formation on a global scale. However, their abun-
dance and physicochemical properties are poorly known, and
more research is needed to determine the parameters that
control their emissions, chemistry, and atmospheric removal.
According to the model results, a combination of increased
IVOC emissions, enhanced photochemical aging of IVOCs,
and decreased hygroscopicity of the freshly emitted IVOCs
can help reduce discrepancies between simulated SOA and
observed OOA concentrations.
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