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Abstract. A volatility basis set (VBS) approach for the sim-
ulation of secondary organic aerosol (SOA) formation is in-
corporated in the online coupled atmospheric model sys-
tem COSMO-ART and applied over Europe during the EU-
CAARI May 2008 campaign. Organic aerosol performance
is improved when compared to the default SOA module of
COSMO-ART (SORGAM) against high temporal resolution
aerosol mass spectrometer ground measurements. The im-
pact of SOA on the overall radiative budget was investigated.
The mean direct surface radiative cooling averaged over Eu-
rope is−1.2 W m−2, representing approximately 20 % of the
total effect of aerosols on the radiative budget. However, re-
sponses are not spatially correlated with the radiative forcing,
due to the nonlinear interactions among changes in particle
chemical composition, water content, size distribution and
cloud cover. These interactions initiated by the effect of SOA
on radiation are found to result even in a positive forcing in
specific areas. Further model experiments showed that the
availability of nitrogen oxides slightly affects SOA produc-
tion, but that the aging rate constant used in the VBS approx-
imation and boundary concentrations assumed in the model
should be carefully selected. The aging of SOA is found to
reduce hourly nitrate levels by up to 30 %, while the conden-
sation of inorganic species upon pre-existing, SOA-rich par-
ticles results in a monthly average increase of 5 % in sulfate
and ammonium formation in the accumulation mode.

1 Introduction

Organic aerosol (OA) is a significant, if not the most im-
portant, component of submicron particles (PM1) on the
global scale (Zhang et al., 2007). Organic matter can ex-
ist in the particle phase from the moment it is emitted as
primary organic aerosol (POA) and as secondary organic
aerosol (SOA) arising from oxidation of volatile, interme-
diate volatility and semi-volatile organic compounds in the
atmosphere (Robinson et al., 2007). OA measurements are
able to distinguish hydrocarbon-like (HOA) from oxidized
organic aerosol (OOA), and it has been found that there is
a strong correlation between HOA and POA, and between
OOA and SOA. Jimenez et al. (2009) argue that atmospheric
OOA evolves through a dynamic aging process and continu-
ally repartitions between the particle and gas phases (chem-
ical aging), leading to a more oxidized, less volatile and
more hygroscopic aerosol. The deconvolution of OA mea-
surements into HOA and OOA components has shown the
predominance of the latter, accounting for more than 80 and
95 % of the total OA in urban downwind, and remote sites,
respectively (Zhang et al., 2007; Morgan et al., 2012b).

Recent studies have shown that OA concentrations are of-
ten underestimated, when semi-volatile compounds are not
included in global and regional chemical transport models
(Volkamer et al., 2006; Dzepina et al., 2009; O’Donnell et
al., 2011). An efficient way to describe the chemical evo-
lution of the numerous semi-volatile organic compounds in
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models is to treat them as lumped species that span a range
of effective saturation concentrations (Donahue et al., 2006).
Recent model applications using different volatility basis set
(VBS) approaches confirm their ability to provide improved
predictions of OA concentration (Murphy and Pandis., 2009;
Tsimpidi et al., 2010, 2011; Shrivastava et al., 2011; Farina
et al., 2010; Murphy et al., 2011; Fountoukis et al., 2011;
Bergstr̈om et al., 2012).

Oxidised organic aerosol has significant implications for
the radiative budget in a wide range of continental environ-
ments (Kanakidou et al., 2005; Tsigaridis et al., 2005; Chen
et al., 2009). When mixed with inorganic components and
soot, OOA increases aerosol scattering and contributes to its
negative direct radiative forcing (Ming et al., 2005; Forster
et al., 2007; Myhre et al., 2009; O’Donnell et al., 2011). In-
creases in aerosol extinction related to the presence of or-
ganic matter are mostly driven by large amounts of associ-
ated water, and enhanced mass due to condensation (Mor-
gan et al., 2010a). Furthermore, there is an indirect impact of
condensing organic compounds on radiative forcing due to
the efficient growth of freshly nucleated particles into cloud
condensation nuclei (CCN) in pristine areas and CCN de-
creases in polluted areas (Pierce et al., 2012; O’Donnell et
al., 2011).

In cloudy conditions, the direct radiative effects of aerosol
are accompanied by semi-direct effects (Vogel et al., 2009).
For example, dust aerosols absorb solar and infrared radi-
ation, heat and change the stability of the atmosphere, and
thereby influence cloud formation, and hence affect aerosol
radiative forcing (Han et al., 2012). The nonlinearity in-
volved in the feedbacks among such processes is a source
of uncertainty for the magnitude of the impact of OA on cli-
mate (Johnson et al., 2004; Penner et al., 2003). In clear-sky
conditions, particles are exposed to incoming radiation and
their cooling effect is intensified. To the contrary, radiative
forcing in a standard (total-sky) situation is weakened by ex-
tinction over areas covered by clouds (Ming et al., 2005; Han
et al., 2012). In this case, cloud optical depth is higher than
the aerosol optical depth, dominating radiation changes and
is responsible for the absence of correlation between aerosol
concentration and radiation fields (Vogel et al., 2009).

The observed difficulty in accurately modeling semi-
volatile organic compounds is a significant limitation in at-
tempts to constrain the direct radiative forcing by aerosols.
This is due to limited understanding of the principal SOA
formation pathways, the relative contribution of biogenic
and anthropogenic VOCs, and the magnitude of their emis-
sions (Carslaw et al., 2010). The uncertainty in the impact of
aerosols on radiative forcing arising from this lack of knowl-
edge is greatest in areas where OA is a major component
of the aerosol burden and during major pollution episodes
(Morgan et al., 2010a).

In this study, organic aerosol is simulated with the regional
atmospheric model COSMO-ART (Vogel et al., 2009). De-
scriptions of gas-phase chemistry and aerosol processes have

been modified to include a condensed VBS scheme in an
attempt to improve the ability of COSMO-ART to repro-
duce OA observations. The European Aerosol Cloud Cli-
mate and Air Quality Interactions (EUCAARI) measure-
ments of OA during May 2008 are used to evaluate this up-
dated model. Unlike all previous modelling studies over Eu-
rope (e.g. Andersson-Skold and Simpson, 2001; Simpson et
al., 2007; Bessagnet et al., 2008; Fountoukis et al., 2011;
Bergstr̈om et al., 2012), the interactive coupling of meteo-
rology and chemistry present in COSMO-ART, allows for an
assessment of the direct radiative forcing of OA as predicted
by the VBS scheme. In parallel, simulations of selected sce-
narios are used to test the response of OA predictions to var-
ious parameters in this VBS scheme. Inter-comparisons of
COSMO-ART predictions with a conventional SOA scheme
and with a VBS-including air quality model are used to eval-
uate the performance of different modelling approaches. Ad-
ditional model experiments are performed to estimate the rel-
ative contribution of biogenic and anthropogenic sources on
the formation of organic matter in the atmosphere and to ex-
amine whether or not the chemical aging of SOA affects sec-
ondary inorganic aerosol formation.

2 Model description

2.1 COSMO-ART

This study uses the regional atmospheric model COSMO-
ART (Vogel et al., 2009) (ART stands for Aerosols and Reac-
tive Trace gases), in which atmospheric chemistry is online-
coupled to the COSMO regional numerical weather predic-
tion and climate model (Baldauf et al., 2011). The online
coupling is realized in a consistent way using the same spatial
and temporal resolution for all scalars (temperature, radiative
fluxes, gas and aerosol concentrations, etc). For processes af-
fecting all scalars, as for example advection, the same nu-
merical schemes are applied. Detailed model description can
be found in the aforementioned publications as well as in
Stanelle et al. (2010), Bangert et al. (2012) and Knote et
al. (2011).

The gaseous chemistry in COSMO-ART is simulated by
a modified version of the Regional Acid Deposition Model,
Version 2 (RADM2) mechanism (Stockwell et al., 1990),
which is extended to describe secondary organic aerosol for-
mation (Schell et al., 2001) and hydroxyl radical recycling
due to isoprene chemistry (Geiger et al, 2003). Aerosol dy-
namics are simulated with the modal aerosol module MADE
(Ackermann et al., 1998), improved by explicit treatment of
soot aging through condensation of inorganic (Riemer et al.,
2003) and organic substances. The five modes that represent
the aerosol population contain: pure soot, secondary mix-
tures of sulfates, nitrates, ammonium, organics and water
(nucleation and accumulation mode), and the internal mix-
tures of all these species in both modes. Aerosol species are
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transferred among these mixtures through condensation and
coagulation. A separate coarse mode contains additional pri-
mary emitted particles. Meteorologically-affected emissions
are also online-coupled to the model system. Sea-salt and
desert dust emission algorithms are described in Vogel et
al. (2006, 2009). The biogenic VOC emissions are calcu-
lated as functions of the land use type based on the Global
Land Cover 2000 dataset (Bartholome and Belward, 2005)
and the modeled temperatures and radiative fluxes (Vogel et
al., 1995). Sedimentation, advection, washout and turbulent
diffusion also modify the aerosol distributions.

The partitioning of the inorganic aerosol components be-
tween the gas and particulate phases is simulated by the
ISORROPIA II module (Fountoukis and Nenes, 2007). Since
organic aerosol is the main focus of this study, the descrip-
tion of the SOA chemistry and of the organic mass transfer
between phases, is separately described in the next section.

COSMO-ART is fully online-coupled, and allows for
feedbacks of aerosols on temperature, radiation and CCN.
Analytical description of the modules incorporated for
this purpose exists in Vogel et al. (2009) and Bangert et
al. (2011). The radiation scheme used within the model to
calculate the vertical profiles of the short- and longwave ra-
diative fluxes is GRAALS (Ritter and Geleyn, 1992). Aerosol
forcing on the radiative budget involves several nonlinear
feedback mechanisms. Radiative fluxes are modified by the
aerosol water content mass and particle size distributions.
This results in changes in the atmospheric temperature, and
subsequently in humidity, cloud distributions, precipitation,
wash out and aerosol mass concentrations. The chemical
composition and mass of particles are also affected by the
photolysis rates, which are a function of radiative fluxes.

The spectral range covered by GRAALS is 0.25 to
104.5 µm, divided in eight bands. The calculation of radiative
fluxes depends on three aerosol optical properties: extinction
coefficients, single scattering albedo and asymmetry param-
eters for each of the five modes mentioned above, in each of
the eight bands. These data have been calculated by apply-
ing the Mie theory through the code by Bohren and Huff-
man (1983). The input data used are the initial modal geo-
metric mean diameters and the complex refractive indices of
each chemical constituent in each mode. The initialization
and calculation of the size distribution of each mode, as well
as refractive indices for ammonium sulfate, nitrate and water
are given in Riemer et al. (2003). Refractive indices for soot
and organics are provided in Baeumer et al. (2007). Specif-
ically for organics, the complex refractive index varies from
1.54 + 0.03i at a wavelength of 250 nm, to 1.50 + 1.1×10−5i

(at 1.4 µm) and to 1.50 + 0.02i (at 4 µm). These data are sim-
ilar to calculated values for SOA coated on soot particles
(Schnaiter et al., 2005). In the long wave range, the refrac-
tive index is set to 2.0 + 0.1i. The Mie code was applied of-
fline because of the computational cost for calculations at
each grid point and time step. The parameters derived from

this procedure and used by GRAALS are given in Vogel et
al. (2009).

2.2 Secondary organic aerosol modules

In the version of COSMO-ART applied for the current study,
there is the option of choosing between two different SOA
modules: The SORGAM which is the default SOA module of
COSMO-ART, analytically described in Schell et al. (2001)
and used in several applications (Grell et al., 2005; Stern
et al., 2008; Elleman and Covert, 2009; Zhao et al., 2012;
Chuang et al., 2011; Herwehe et al., 2011) and the VBS,
which is the newly added SOA module in COSMO-ART,
based on the framework proposed by Donahue et al. (2006)
and employed in other models (Robinson et al., 2007; Lane
et al., 2008; Murphy and Pandis, 2009; Tsimpidi et al., 2010,
2011; Shrivastava et al., 2011).

The SORGAM module incorporates eight SOA precur-
sors: higher alkanes, terminal and internal alkenes, toluene,
xylenes, cresol, a-pinene and limonene. These species are ox-
idized by the hydroxyl radical (OH), ozone (O3) and nitrate
radical (NO3) through seventeen reactions, forming eight
condensable products (four of anthropogenic and four of
biogenic origin), which then partition between the gas and
aerosol phases until thermodynamic equilibrium is reached.
The molecular weights of the condensable species range be-
tween 150 and 200 g mol−1 and their vaporization enthalpy is
assumed to be1Hvap= 156 kJ mol−1. The equilibrium con-
centration of each compound in the gas phase depends on
its mole fraction in the organic particulate phase and on
its saturation vapor pressure. Each added SOA species can
exist in the nucleation and accumulation pure and mixed
aerosol modes, thus the total number of the SOA species in
COSMO-ART when coupled with SORGAM is 32. Further
reactions of SOA species (chemical aging) are not treated by
SORGAM.

The VBS approach applied in COSMO-ART uses the
same precursors as SORGAM, plus isoprene due to re-
cent findings on its role regarding SOA formation (Liao et
al., 2007; Karl et al., 2009; Robinson et al., 2011). The
semi-volatile products of the oxidation reactions of these
VOCs are grouped by their effective saturation concentra-
tion (C∗) into four aerosol species with theC∗ of 1, 10,
100 and 1000 µg m−3 (at 298 K) with a molecular weight of
180 g mol−1 (Table 1). The aerosol yields used for the pro-
duction of the four SOA species were measured during recent
smog chamber experiments and are also given in the Table 1.
This four-product set was suggested by Lane et al. (2008)
as satisfactory for the representation of biogenic and anthro-
pogenic organic matter for urban and regional pollution mod-
eling. However, the number of volatility bins and reactions
used by different VBS implementations may vary from two
(Shrivastava et al., 2011) to nine (Robinson et al., 2007)
depending on the desired chemical resolution. A limitation
of the one-dimensional VBS approach is that species with
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Table 1.Organic aerosol chemistry treated by the VBS version incorporated in the COSMO-ART model. The rates of the oxidation reactions
of SOA precursors are calculated from the Arrhenius equation. SOA1, SOA10, SOA100 and SOA1000 are the four SOA species treated
by VBS. The respective SOA yields are the values of a1, a10, a100 and a1000 (µg m−3/µg m−3), measured during recent smog chamber
experiments.

SOA Precursors Description Oxidation reactions towards SOA1∗, SOA10∗, SOA100∗,
SOA1000∗

SOA yields (µg m−3/µg m−3)

a1 a10 a100 a1000

Anthropogenic

HC8 Higher Alkanes HC8 + HO→ a10· SOA10 + 0.75 XO2 + H2O – 0.3 – –

OLT Terminal Alkenes OLT + HO → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000
OLT + O3 → 0.53 HCHO + 0.50 (a1 · SOA1 + a10 ·

SOA10 + a100 · SOA100 + a1000 · SOA1000) + 0.33
CO + 0.20 ORA1 + 0.20 ORA2 +0.23 HO2 + 0.22
MO2 + 0.10 HO + 0.06 CH4
OLT + NO3 → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000

0.0045 0.009 0.06 0.225

OLI Internal Alkenes OLI + HO → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000
OLI + O3 → 0.18 HCHO + 0.72 (a1 · SOA1 + a10 ·

SOA10 + a100 · SOA100 + a1000 · SOA1000) + 0.10
(a1 · SOA1 + a10 · SOA10 + a100 · SOA100 + a1000·

SOA1000) + 0.23 CO + 0.06 ORA1 + 0.29 ORA2 + 0.09
CH4 + 0.26 HO2 + 0.14 HO + 0.31 MO2
OLI + MO3 → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000

0.0225 0.0435 0.129 0.375

TOL Toluene TOL + HO → 0.75 (a1 · SOA1 + a10 · SOA10 + a100·

SOA100 + a1000· SOA1000) + 0.25 CSL + 0.25 HO2

0.01065 0.2571 0.75 0.96435

XYL Xylene XYL + HO → 0.83 (a1 · SOA1 + a10 · SOA10 + a100·

SOA100 + a1000· SOA1000) + 0.17 CSL + 0.17 HO2

0.075 0.3 0.375 0.525

CSL Cresol CSL + HO→ 0.1 HO2 + 0.9 XO2 + 0.9 TCO3 – 0.9 HO
CSL + MO3 → HMO3 + XNO2 + 0.5 (a1 · SOA1 + a10 ·

SOA10 + a100· SOA100 + a1000· SOA1000)

– – – –

Biogenic

ISO∗∗ Isoprene ISO + HO → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000
ISO + O3 → 0.58 HCHO + 0.10 ACO3 + 0.14 CO + 0.28
ORA1 + 0.25 HO2 + 0.08 MO2 + 0.25 HO + 0.09
H2O2 + 0.65 MACR + 0.1 (a1· SOA1 + a10· SOA10 + a100
· SOA100 + a1000· SOA1000)

0.009 0.03 0.015 0

API a-Pinene API + OH → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000
API + O3 → 0.65 ALD + 0.53 KET+0.14 CO+0.20
(a1 · SOA1 + a10 · SOA10 + a100 · SOA100 + a1000·

SOA1000) + 0.42 (a1· SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000)+0.85 HO + 0.10 HO2 + 0.02
H2O2
API + MO3 → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000

0.10725 0.0918 0.3585 0.6075

LIM Limonene LIM + OH → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000
LIM + O3 → 0.04 HCHO + 0.46 OLT + 0.14 CO + 0.16
(a1 · SOA1 + a10 · SOA10 + a100 · SOA100 + a1000·

SOA1000) + 0.42 (a1· SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000) + 0.85 OH + 0.10 HO2 + 0.02
H2O2 + 0.79 MACR + 0.01 ORA1 + 0.07 ORA2
LIM + MO 3 → a1 · SOA1 + a10 · SOA10 + a100 ·

SOA100 + a1000· SOA1000

0.10725 0.0918 0.3585 0.6075

∗ The saturation concentrations (C∗) of these species are 1, 10, 100, 1000 µg m−3, respectively, at 298 K (Lane at al., 2008). Aerosol density is assumed to be 1.4 g cm−3.
∗∗ Isoprene species and reactions are only treated, when COSMO-ART is coupled with the four-product VBS scheme.
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similar volatilities can have different properties and reactiv-
ities (Donahue et al., 2012). To cope with this deficiency, a
two-dimensional VBS scheme is developed, which uses the
degree of oxidation as a second coordinate (Donahue et al.,
2011). However, when tested against measurements in Eu-
rope it was found that the simple one-dimensional scheme
had as good a performance as any of the more complex two
dimensional VBS schemes probably due to uncertainties in
our understanding of SOA evolution in the atmosphere (Mur-
phy et al., 2012).

The four SOA bins of the current VBS approach represent
both anthropogenic and biogenic species, unlike all afore-
mentioned studies. By this approximation, the total num-
ber of SOA species is halved when COSMO-ART is cou-
pled with the VBS, compared to using SORGAM. This is
better suited for computationally expensive models such as
COSMO-ART running with cloud-aerosol-meteorology cou-
pled. The quantification of the contribution of each type of
source requires additional simulations, but is still feasible
and is presented in Sect. 4.4.5.

Both OA modules assume that the semi-volatile organ-
ics in the gas and particulate phases are in thermody-
namic equilibrium. The organic particulate phase is assumed
to be a pseudo-ideal solution. A vaporization enthalpy of
1Hvap= 75 kJ mol−1 is used for all semi-volatile species in
the VBS module.

One of the most important differences between SORGAM
and VBS is the treatment of SOA chemical aging: SORGAM
simulates just the first generation of chemistry, while the
VBS assumes that SOA compounds continue to react in the
gas phase with the OH radical. These chemical reactions can
lead to continued SOA formation even after complete pre-
cursor consumption. This chemical aging process becomes a
major SOA source in most applications of the VBS approach
(Murphy and Pandis, 2010). By these reactions, which use an
aging rate constant ofk = 2.5× 10−12 cm3 mol−1 s−1, mass
from one volatility bin, modestly increased to account for
the added oxygen (7.5 % per reaction), is transferred to a bin
with less volatility (Murphy et al., 2011). The volatility of
those bins differs by one order of magnitude. Such a decrease
in volatility per oxidation is regarded a conservative estimate
(Robinson et al., 2007), because the drop in vapor pressure
is typically much larger for traditional SOA precursors (Lim
and Ziemann, 2005). Hodzic et al. (2010) showed that the
addition of 40 % oxygen in mass and the drop of two or-
ders of magnitude in volatility upon each oxidation step are
found to improve oxygen to carbon atomic ratio predictions,
though lead to unrealistically high SOA production. Never-
theless, a number of complex and more realistic schemes has
been recently tested and showed that a one-volatility bin shift
scheme resulted in the best agreement with the observations
(Murphy et al., 2012).

The overall rate of this aging process, as simulated in the
current implementation of the VBS, is proportional to the
gas-phase concentrations of the SOA compounds. As their

Fig. 1. COSMO-ART application domain and monitoring sites.
Outside ticks at 5 degree intervals in rotated geographical co-
ordinates. Colors correspond to elevation using 100 m in-
tervals (map source:http://www.cosmo-model.org/content/tasks/
operational/dwd/defaulteu.htm.)

volatility is reduced, their partitioning shifts towards the par-
ticulate phase and the aging rate slows down. This process
effectively stops when the SOA compounds are in volatility
bins with effective concentrations much lower than the am-
bient OA concentration.

POA components are treated as non-volatile in the
COSMO-ART VBS approach, unlike other studies (Shrivas-
tava et al., 2008; Tsimpidi et al., 2010; 2011). A potential
shortcoming of this assumption is the under-prediction of
OOA mass downwind urban areas, because semi-volatile or-
ganics associated with combustion emissions, and often mea-
sured as POA, will age and contribute to OOA levels.

3 Application

Simulations are performed over Europe for May 2008, when
continuous and high temporal resolution measurements from
various sites are available. The simulation area (Fig. 1) is
covered by a grid (332× 328 cells) with a horizontal reso-
lution of 14 km. Vertically, there are 40 layers extending to
20 km, with the first layer being approximately 20 m thick.
The meteorological initial and boundary conditions are ob-
tained by the GME global model (Majewski et al., 2002)
with an update frequency of 6 h. Boundary data for gas-phase
species (carbon monoxide: CO, nitric acid: HNO3, ammo-
nia: NH3, nitrogen oxides: NOx = NO + nitrogen dioxide:
NO2, NO3, sulfur dioxide: SO2, ozone: O3, non-methane
volatile organic compounds: NMVOC), are provided through
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Table 2.Description of modeling scenarios performed by COSMO-ART application over Europe during May 2008. All scenarios except for
no 1 and 3 are performed using the VBS approach.

Scenario Simulation dates Scenario’s Description Objective Analysis
(May 2008) Section

Base-case 1 to 31 VBS approach1 OA performance over Europe 4.2
1 1 to 31 SOA chemistry is switched off Direct radiative effects of SOA 4.3
2 1 to 31 zero SOA boundary conditions1 Impact of SOA boundary con-

ditions on OA predictions
4.4.1

3 1 to 10 SORGAM module SOA chemical module inter-
comparison

4.4.2

4 1 to 31 VBS approach2 Sensitivity of SOA formation
on constant parameters

4.4.3

5 16 to 20 High-NOx regime2 Sensitivity of SOA formation
on constant parameters

4.4.3

6 1 to 10 SOA aging is not a sink for OH1 Impact of SOA oxidation on
inorganic aerosol chemistry

4.4.4

7 11 to 15 biogenic VOCs oxidation is not a
source for SOA1

Anthropogenic vs. biogenic
SOA sources

4.4.5

1 Aging constant:k = 2.5× 10−12 cm3 mol−1 s−1, Enthalpy of vaporization:1Hvap= 75 kJ mol−1.
2 Aging constant:k = 1× 10−11 cm3 mol−1 s−1, Enthalpy of vaporization:1Hvap= 30 kJ mol−1.

simulations of the MOZART global model (Emmons et al.,
2010) with an update frequency of 6 h. For aerosol mass,
constant boundary concentrations are used for the secondary
species in the aged modes: 1 µg m−3 for sulfates, 0.1 µg m−3

for nitrates, 0.37 µg m−3 for ammonium and 1 µg m−3 for
SOA in the surface layer (number concentrations are calcu-
lated consistently). The effective saturation concentration of
the latter is assumed as 1 (half of the mass) and 10 µg m−3.
All values are vertically decreased following the air den-
sity profile. Anthropogenic emissions used (CO, NH3, NO2,
NO, sulfuric acid, SO2, NMVOC, elemental and organic car-
bon, primary sulfate) are based on the TNO/MACC inven-
tory (Kuenen et al., 2011; Denier van der Gon et al., 2010).
Hourly emission values for two representative diurnal cycles
(weekday and weekend) are derived from TNO/MACC val-
ues of 2007, scaled to 2008 employing per-species country
totals as reported to EMEP (http://www.emep.int). A detailed
description of the emission treatment for COSMO-ART can
be found in Knote et al. (2011). The one month period is cov-
ered by 5-day successive simulations, in order to reinitialize
meteorological fields with the GME analysis data. The first 2
days of May are used as a spin-up, to minimize the effect of
initial conditions for gases and aerosol on the model predic-
tions.

3.1 Model scenarios

May 2008 has been identified as a significant pollution
episode with high secondary aerosol levels in North-Western
Europe, causing a large decrease in the aerosol direct radia-
tive forcing. Thus, this period is an ideal case to test re-
gional and global climate model representations of the Eu-

ropean area (Morgan et al., 2010a). In order to quantify the
direct radiative forcing due to SOA formation in COSMO-
ART, an additional one-month simulation was performed
with SOA chemistry switched off (scenario 1). Deviations
from the baseline predictions for several atmospheric pa-
rameters (cloud cover, radiation, air temperature etc) reflect
changes due to SOA formation over Europe (Sect. 4.3).

In addition to the baseline one-month simulation and sce-
nario 1 (no SOA formation) six additional simulations were
carried out to evaluate the role of SOA boundary conditions
and SOA modeling approach on the COSMO-ART results. A
summary of all simulations can be found in Table 2.

As a result of its long lifetime, SOA from the boundaries of
the domain can significantly affect not only the adjacent ar-
eas, but also central Europe. Model differences between the
baseline simulation and a configuration using zero SOA con-
centration at the boundaries (scenario 2) quantify this effect,
and are discussed in Sect. 4.4.1.

A model inter-comparison is presented in Sect. 4.4.2.,
and is two-fold: a SOA module inter-comparison is per-
formed, in order to quantify and explain the differences in
OA concentration predictions between the SORGAM (sce-
nario 3) and the VBS approach (base-case). Comparisons
are presented for the site of Cabauw (Netherlands). Then,
an OA predictions inter-comparison is presented against re-
sults by the chemical transport model (CTM) PMCAMx dur-
ing the same period. Description of this model can be found
in several publications (Karydis et al., 2010; Fountoukis et
al., 2011), while the PMCAMx treatment of aerosol chem-
istry using the VBS is described by Tsimpidi et al. (2010).
The PMCAMx application for May 2008 covers approxi-
mately the same area as the COSMO-ART application, but
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the horizontal resolution is coarser (36 km) and the verti-
cal extent is shallower (14 vertical layers covering approx-
imately 6 km height). The depth of the surface layer is 55 m.
Meteorological fields are provided by offline WRF simu-
lations, since PMCAMx is a CTM. Anthropogenic, bio-
genic, sea-salt and wildfire emissions are provided by dif-
ferent sources/models than for COSMO-ART, as explained
in Fountoukis et al. (2011). Boundary conditions for gaseous
and aerosol pollutants are constant in space and time and,
in case of secondary species, similar to COSMO-ART pre-
scriptions. The first two days of the simulated period are
again used as the model’s spin up. The main differences
to the COSMO-ART and VBS coupling, is that in PM-
CAMx primary semi-volatile organics and anthropogenic in-
termediate volatility compounds are aged in the gas phase
(k = 4× 10−11 cm3 mol−1 s−1), the rate constant used for an-
thropogenic SOA is higher (k = 1× 10−11 cm3 mol−1 s−1),
and the aging of biogenic SOA is assumed to result in a zero
net change of its average volatility.

Uncertain parameters of the COSMO-ART SOA model in-
clude the aging rate of SOA components along with their va-
porization enthalpy. In order to bound the model predictions
for plausible ranges of these parameters, a sensitivity study
(scenario 4) is conducted using the faster and commonly used
aging rate constant ofk = 1× 10−11 cm3 mol−1 s−1 (Murphy
and Pandis, 2009; 2010; Farina et al., 2010; Fountoukis et al.,
2011). This is coupled to an effective vaporization enthalpy
commonly used in VBS modules (1Hvap= 30 kJ mol−1),
based on fitting of smog chamber results of SOA forma-
tion (Lane et al., 2008). The application of the currently used
aerosol yields is also tested against lower values (scenario 5),
occurring in a high-NOx regime (Murphy and Pandis, 2009).
This configuration is based upon the aforementionedk and
1Hvap values.The corresponding results for OA and their
comparison to the base case are presented in Sect. 4.4.3.

The chemical aging of SOA in the atmosphere can act as a
sink of hydroxyl radicals. Thus, by incorporating this process
into modeling, secondary inorganic aerosol (SIA) production
can be influenced. Changes in sulfate, nitrate and ammonium
aerosol (the main components of SIA) due to SOA oxida-
tion are presented in the Sect. 4.4.4, after applying the model
without aging being a net sink for OH (scenario 6).

Finally, the contribution of biogenic VOC sources on OA
concentrations over Europe is estimated comparing the OA
concentration field in the baseline scenario with that of a
simulation (scenario 7) neglecting biogenic SOA formation
(Sect. 4.4.5). The SOA fraction which corresponds to the or-
ganic mass from outside the domain (SOA boundary con-
centrations) is regarded as non-anthropogenic, thus also ex-
cluded from scenario 7.

3.2 Measurements

During May 2008 an intensive measurement campaign was
performed in Europe as part of the EUCAARI project (Kul-

mala et al., 2011). Model results are compared with hourly
mean values from four measurement ground sites: Cabauw
(The Netherlands), Finokalia (Greece), Mace Head (Ireland)
and Melpitz (Germany). All observation sites are not directly
influenced by local sources, thus are representative of re-
gional pollution (Fig. 1).

The Cabauw site (51.971◦ N, 4.927◦ E) is located in a ru-
ral, agricultural region. The site provided measurements for
total OA, sulfates, nitrate, and ammonium for the period of
3 to 29 May 2008. The instrument used was a HR-ToF-
AMS (Morgan et al., 2010b). The Finokalia sampling sta-
tion (35.33◦ N, 25.67◦ E) is located at a remote, coastal area
in the Eastern Mediterranean. The species measured are the
same as in Cabauw, but the period available is shorter (8 to 29
May 2008). The instrument used was a Q-AMS (Hildebrandt
et al., 2010). Atmospheric temperature, humidity, wind and
radiation are also available for the same period. Mace Head
(53.32◦ N, 9.88◦ W) is a coastal atmospheric research station
suitable for studies of long-range transport. A HR-ToF-AMS
was used to measure mass concentrations of organics during
23 to 29 May 2008. The site in Melpitz (12.93◦ E, 51.54◦ N)
is located in flat, agricultural terrain and can be regarded as
representative of the regional central European aerosol. OA
measurements (from a HR-ToF-AMS) are available during
the period of 23 May to 9 June 2008. Atmospheric tempera-
ture, humidity, wind, radiation, pressure and precipitation are
also available for the same period.

3.3 Description of meteorology

The meteorological regime of May 2008 over Europe has
been analyzed in several publications (Morgan et al., 2010a;
Morgan et al., 2010b; Pikridas et al., 2010; Hamburger et al.,
2011). Hereafter, a general description relevant to the current
study is given.

The first half of May was dominated by an anticyclone
blocking event, centered mainly over the Benelux states, the
northern part of Germany and Denmark. Starting from 12
May, high pressure conditions prevailed over the North East
Atlantic, and Central and Eastern continental Europe. This
regime lasted until 16 May and combined with the passage of
cyclones over Southern Europe resulted in a westward trans-
port of continental air masses towards Northwestern Europe.
During 16 to 18 May, a trough evolved over Central Europe.
Frontal systems associated with the trough changed the flow
regime from westward to eastward air mass transport. Arctic
air masses were advected via the North Sea towards conti-
nental Europe. The flow regime over Central Europe changed
again its direction beginning on 18 May with the onset of
an anticyclonic North-Easterly pattern. Wind directions over
Central Europe turned back to east after 21 May. During 19
to 21 May, a Saharan dust event was observed in Southern
Europe.
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Fig. 2.Spatial distribution of surface organic aerosol (OA) concentrations (µg m−3) over Europe, on May 2008, (date, time in UTC):(a) 11,
02:00,(b) 12, 11:00,(c) 17, 09:00,(d) 20, 01:00,(e) 24, 07:00, and(f) 28, 17:00 The arrows indicate surface hourly wind fields. All fields
are COSMO-ART predictions.

4 Results

The modeling results are presented in four subsections. First,
representative hourly OA concentration fields are presented
and analyzed along with the online wind field predictions
and observational findings from previous studies (Sect. 4.1).
Then, OA predictions are evaluated against ground mea-
surement data (Sect. 4.2). The next section (Sect. 4.3) pro-
vides insights into the direct radiative effects related to SOA
chemistry over Europe for May 2008. In order to investigate
further SOA chemistry, a discussion on model predictions

from the sensitivity studies described in Sect. 3.1 is given
in Sect. 4.4.

4.1 Simulated OA concentrations

High OA concentrations extend over large regions often far
from their emission areas during the whole simulation pe-
riod. This is because SOA formation and aging take place
over hours or days during the advection of air masses away
from their sources. Aircraft measurements of high levels
of oxidized OA and low levels of fresh OA during May
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Fig. 3. Spatial distribution of mean monthly:(a) organic aerosol (OA) concentrations (µg m−3) and(b) total cloud cover (%), as predicted
by COSMO-ART, during May 2008 over Europe.

2008 (Morgan et al., 2010b) are also indicative of the pho-
tochemical processing of the OA over Europe, as predicted
by COSMO-ART.

The anticyclonic conditions over central Europe (Sect. 3.3)
are clearly reproduced by the current simulation and cause
OA accumulation within the anticyclone (Fig. 2a). Pollution
peaks inside the boundaries of the anticyclone are linked to
the absence of clouds and precipitation and the inhibition
of mixing of particles from the boundary layer into the free
troposphere (Hamburger et al., 2011). Maximum hourly OA
values reach 10 µg m−3 during this blocking event. After 12
May, when the anticyclone is formed over North East At-
lantic, European continental air masses are transported west-
erly and lead to a pollution event over the Atlantic Ocean
(Fig. 2b). Hourly OA concentrations over this area are well
above 5 µg m−3.

The change in the wind field during 16 to 18 May
(Sect. 3.3), caused advection of clean air masses (hourly
OA mass values less than 1 µg m−3) via the North Sea to-
wards continental Europe. This flow has been described by
Hamburger et al. (2011) and is successfully represented by
COSMO-ART (Fig. 2c). The northwestern transport of OA
towards the Eastern Mediterranean during the same period
from continental Greece is consistent with calculations with
the particle dispersion model FLEXPART (Pikridas et al.,
2010). According to measurement analysis of Hildebrandt
et al. (2010), OA was diluted and highly aged by the time
air masses reached Finokalia. This explains the elevated OA
predictions over the sea (hourly values more than 5 µg m−3)
when compared to the less processed air masses over conti-
nental Greece (hourly values less than 5 µg m−3).

This event was followed by an Africa air mass intru-
sion (19 to 21 May) (Pikridas et al., 2010). Predictions by
COSMO-ART confirm this flow regime, which is accompa-

nied with low OA values (up to 1 µg m−3), because African
organic aerosol sources are not included in the current appli-
cation (Fig. 2d). A detailed study on this event, as simulated
by COSMO-ART, has been recently published (Bangert et
al., 2012).

The change of wind direction to east after 21 May over
central Europe led to an increase in concentrations over
northwestern Europe (Hamburger et al., 2011). This is re-
produced by the simulation (hourly OA mass values of 5
to 10 µg m−3) (Fig. 2e). From then on, the wind field over
central Europe becomes weaker, and its eastern component
transfers air masses from Poland towards Germany (Fig. 2f).
OA levels within these aerosol masses reach 10 µg m−3. The
strong influence of long-range transport of secondary parti-
cle masses from the east is systematically observed over this
area (Spindler et al., 2010).

The geographical distribution of monthly mean OA pro-
duced by this study (Fig. 3a) is compared to fields presented
in earlier model studies over Europe that applied VBS. For
most parts of the European continent, the calculated total OA
in fine particles both by EMEP (Bergström et al., 2012) and
COSMO-ART (current study) is around 2–3 µg m−3, while
PMCAMx (Fountoukis et al., 2011) predictions are in the
1.5 to 5 µg m−3 range. Another similarity between the cur-
rent study and EMEP outputs is the elevated OA values
over the Mediterranean area. Similar OA peaks are predicted
by PMCAMx and COSMO-ART over the English Channel,
which are not shown in EMEP results. Overall, OA predic-
tions by these studies lie in similar levels. Since the study
by Bergstr̈om et al. (2012) does not include the year 2008,
a direct comparison with the results of the current study is
not possible, but PMCAMx results are discussed further in
Sect. 4.4.2.
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Table 3. Prediction skill metrics of COSMO-ART hourly ground total PM1 OA concentration predictions against measurements from 4
stations (Cabauw, Finokalia, Mace Head, Melpitz) during the EUCAARI campaign in May 2008.

Site Mean predicted Mean observed MFB (%) MFE (%)r∗ No of
(µg m−3) (µg m−3) (Eq. (1)) (Eq. (2)) values

Cabauw (The Netherlands) 3.6 4.2 −12 33 0.66 622
Mace Head (Ireland) 1.3 2.4 −48 51 0.37 336
Finokalia (Greece) 3.1 2.5 14 51 0.36 490
Melpitz (Germany) 4.3 5.1 −30 56 0.1 155

Average −13 45 0.56 1603

∗ r is the correlation coefficient,R =

∑(
Cm−Cm

)(
Co−Co

)√∑(
Cm−Cm

)2∑(
Co−Co

)2 .

Fig. 4. Comparison of COSMO-ART (total shaded area) with hourly measurements (black dots) of total PM1 OA concentrations (µg m−3),
during the EUCAARI campaign, over:(a) Cabauw,(b) Finokalia,(c) Mace Head and(d) Melpitz; the legend applies for all preceding graphs.
The contribution of COSMO-ART predicted POA (in grey) and SOA (in yellow) to the total PM1 OA mass is also shown. Dates at the x axis
are marked at 12:00 UTC.

4.2 OA performance of COSMO-ART

While the previous paragraph largely proves the model’s effi-
ciency to qualitatively reproduce the atmospheric circulation
observed over the whole European area during May 2008,
this section is an attempt to evaluate local OA predictions in
a quantitative manner. Time series of PM1 OA measured in
the four stations and predicted by COSMO-ART during the
EUCAARI May 2008 campaign are presented in Fig. 4 and
monthly mean values together with performance metrics are
given in Table 3.

Average PM1 OA measurements are around 5.1 and
4.2 µg m−3 for the central European sites in Germany and

the Netherlands, respectively, while the peripheral sites of
Finokalia and Mace Head exhibit lower values (3.1 and
1.3 µg m−3, respectively). The corresponding predicted val-
ues are 4.3, 3.6, 2.5 and 2.4 µg m−3, respectively. The pre-
diction skill of COSMO-ART PM1 OA mass is quantified in
terms of the Mean Fractional Bias ( MFB) and Mean Frac-
tional Error (MFE) metrics (Boylan and Russell, 2006):

MFB =
2

N

N∑
i=1

Cm − Co

Cm + Co
MFE =

2

N

N∑
i=1

|Cm − Co|

Cm + Co

whereCm is the modeled andCo is the observed hourly value
for PM1 OA concentration (µg m−3) at the sitei andN the
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number of estimate-observation pairs drawn from all valid
monitoring station data for the comparison time period of
interest.

According to the proposed model performance goal
(MFE≤ 50 % and MFB≤ ± 30 %) and criteria (MFE≤ 75 %
and MFB≤ ± 60 %), the level of accuracy of COSMO-ART
is satisfactory. More specifically, OA predictions for Mace
Head, Finokalia and Melpitz are acceptable (criteria are met)
while the model performs in Cabauw at the best level of ac-
curacy (goal is met).

Overall, both the hourly and the diurnal variation of or-
ganics are well captured by the model at all four aforemen-
tioned sites. Specifically, the observed daily cycle of OA over
Cabauw (Fig. 4a) is successfully reproduced. The OA in-
creases during the afternoon due to the photochemical ag-
ing of aerosol combined to mixing of aged OA from aloft.
The OA is high during nighttime due to lower mixing height
and partitioning of organic vapors from the gas to the parti-
cle phase due to lower temperatures. During the first half of
May and due to the anticyclonic event, polluted air masses
are predicted to be transported towards Cabauw from North
Germany (Fig. 2a), which is consistent with the calculated air
mass trajectories using the ECMWF wind field (Hamburger
et al., 2011). The low OA concentrations observed and pre-
dicted during 16 to 21 May are caused by the transport of
Arctic masses towards Europe (Fig. 2c). Long-range trans-
port of masses from central Europe causes an increase in OA
concentrations after the 21st of May.

A common feature of predictions and observations over Fi-
nokalia is the absence of a clear daily cycle of OA (Fig. 4b).
This is due to the lack of local or nearby sources of OA
and the aged nature of the OA. The highest OA concentra-
tions occur around the middle of the month and originate
from Athens and the rest of continental Greece (Fig. 2c).
During this period, lower wind speeds are predicted and ob-
served (Pikridas et al., 2010). This leads to an increased ac-
cumulation of organics in the atmosphere, which are inten-
sively aged and added to the next day’s SOA formation. This
episode is captured though over-predicted by COSMO-ART.
The Africa air mass intrusion that follows (20 to 21 May)
leads to OA underestimation. According to Hildebrandt et
al. (2010), the air mass transported from the south was pos-
sibly influenced by major cities in Africa. This organic con-
tent of aerosol is not represented by the boundary conditions
applied in the current simulations (Sect. 3.1) and emissions
from African countries are not included in the inventory used
in these simulations.

The diurnal variation of organics is moderately repro-
duced over Mace Head (Fig. 4c). A noticeable underesti-
mation occurs during 16 to 17 May, when air masses arrive
to Mace Head from the northeast (Hamburger et al., 2011).
COSMO-ART shows that northeastern wind directions trans-
fer organic-free air masses from the North Sea and the Scan-
dinavian Peninsula (Fig. 2c). This could be related to a VOC
or OA source not included in the emission inventory used.

Elevated OA masses from 23 until 26 May are shown both
in measurements and model and originate from pollution
sources at the continental Europe (Fig. 2e).

Noticeable discrepancies between hourly OA predictions
and observations occur over Melpitz in the first days of the
period of comparison (Fig. 4d). Although northeastern winds
over central Europe (Hamburger et al., 2011) are found to
cause high levels of OA over Melpitz on 24 May, predic-
tions show that these winds transfer clean air masses towards
Germany, Poland and the Czech republic during the same pe-
riod (Fig. 2e). OA predictions are much lower than measure-
ments during this event, implying again a possible source of
organics missing from the emission database used, in Euro-
pean Russia north of Moscow. OA peaks after 26 May as air
masses transported from Eastern Europe arrive at the site.
OA over this area during this type of transport is usually
underestimated by CTMs (Spindler et al., 2010). Neverthe-
less, COSMO-ART succeeds to reproduce the high OA val-
ues measured, but the strong spatial gradient of the predicted
field (Fig. 2f), makes the point-to-grid comparison challeng-
ing and their temporal correlation weaker.

Oxygenated organic aerosol is predicted to account for 80
to 95 % of the total PM1 organics, which is in line with mea-
surement studies (Zhang et al., 2007; Morgan et al., 2010b;
Hildebrandt et al., 2010). This shows the preponderance
of atmospheric chemical transformations of organic matter
over the freshly emitted organic aerosol. Measurements dur-
ing May 2008 over Europe (Morgan et al., 2010b) indicate
that POA typically contributed 5 to 20 % to the regional
OA burden. According to measurements of Hildebrandt et
al. (2010), HOA at Finokalia was not present in detectable
amounts. Likewise, COSMO-ART calculated the minimum
POA amount of OA (5 %) over this site. However, compar-
isons at or close to urban areas may be less satisfactory, due
to the chemical aging of some VOC components from com-
bustion often counted as POA in emission datasets (Murphy
and Pandis, 2009).

4.3 SOA direct radiative effect

The average changes on aerosol and its feedback, which
are imposed by SOA simulated by the VBS scheme applied
over Europe (base-case scenario) are summarized in Table 4.
SOA is the major component of the additional aerosol mass
(approximately 2 µg m−3) corresponding to more than 55 %
of total PM1 predicted by the baseline simulation. Besides
SOA, increased sulfate and ammonium formation is found
(nitrate mass is found negligible). This surplus to aerosol
originates from the enhanced condensation onto a larger
aerosol surface due to the organic mass, and results in an in-
crease in the mean diameter of aerosol. This results in a 5 %
increase in total PM1. As a consequence, water uptake by
aerosol is also enhanced (5 %). These mass and size changes
in aerosol lead to a 15 % increase of aerosol optical depth.
As the aerosol scattering increases due to organics, sulfates,
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Table 4. Mean monthly differences (base-case – scenario 1) due to SOA chemistry during May 2008 over Europe. The simulations are
performed by COSMO-ART and are described in Table 2.

Parameter Symbol Absolute change Percentage
change

Total PM1 concentration 1PM1 2 µg m−3 51
Non-SOA PM1 1PM1rest 0.2 µg m−3 5
SOA concentrations SOA 1.8 µg m−3 100
Aitken mode mass concentration 1PMaitken 0.0 µg m−3 1
Accumulation mode mass concentration 1PMacc 0.2 µg m−3 5
Aerosol optical depth at 550 nm 1AOD 0.05 13
Total cloud cover 1CC −0.05 % 0
Total surface radiation 1sR −1.2 W m−2

−20∗

Short-wave surface radiation 1sSWR −1.4 W m−2
−20∗

Long-wave surface radiation 1sLWR +0.2 W m−2 +20∗

Temperature (at 2 m a.s.l.) 1T −0.1 59∗

∗ This is the ratio of SOA to total aerosol effect on radiation and temperature.

Fig. 5. Spatial distribution of mean monthly differences (base-case simulation – scenario 1) in:(a) total cloud cover (1CC) (%),(b) short-
wave surface radiation (1sSWR) (W m−2), (c) long-wave surface radiation (1sLWR) (W m−2), and(d) temperature (1T at 2 m altitude)
(K), due to SOA chemistry during May 2008 over Europe. The simulations are performed by COSMO-ART and are described in Table 2.

ammonium and water, the reflection of solar radiation back
to space is also increased. The effect on the long wave ra-
diation back to earth is much weaker, thus the net surface
radiative forcing imposed by organic aerosol chemistry is

negative. The predicted mean direct surface radiative cool-
ing averaged over Europe is−1.2 W m−2. for May 2008 and
contributes approximately 20 % to the total aerosol effect.
Over certain areas (e.g. southeastern Germany, Fig. 5) the
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predicted radiative cooling is an order of magnitude stronger
than the mean value of−1.2 W m−2. The corresponding de-
crease in average temperature (at 2 m altitude) is calculated at
−0.1 K. Maximum values of surface temperature reductions
are around−0.3 K over European Russia.

These values correspond to a polluted period compared to
the rest of 2008 (Morgan et al., 2010b), thus probably rep-
resent an upper limit of the SOA effect. Moreover, they are
the response to the forcing applied within the European area,
but following Shindell and Faluvegi (2009) findings for black
carbon and sulfates, forcing linked to organic aerosol mass
over the tropics and the arctic is also expected to contribute
to the total surface air temperature changes over Europe.

Simulations on the global scale have shown an annual
mean SOA radiative cooling over Europe in the range
of −0.25 to −0.75 W m−2, when organic mass is up to
2 µg m−3, which is much lower than the measured values
(up to 6 µg m−3) (Ming et al., 2005; Myhre et al., 2009;
O’Donnell et al., 2011). To the best of our knowledge there
do not exist any other publications on SOA direct radia-
tive forcing over Europe on the regional scale. Neverthe-
less, the results of the current study are in line with the
yearly averaged anthropogenic aerosol feedback over Europe
(1sR =−1 to −3 W m−2 and1T =−0.1 to−0.2 K), as cal-
culated by a regional model (Zanis et al., 2012).

The SOA-imposed direct radiative forcing is affected not
only by aerosol scattering radiation, but also partially by the
semi-direct effect of cloud cover, which was abundant in
the simulation period (Fig. 3b). The formation of convective
clouds within each computational cell is highly sensitive to
local air temperature, which is directly affected by the SOA
mass, as shown above, and in turn affects aerosol radiative
forcing. This nonlinear interaction among processes, results
in a noisy spatial pattern of cloud cover (Fig. 5a). Contrary
to the average regime described in the previous paragraph, in
areas where the decrease of cloud cover reaches up to 5 %,
short and long wave radiative forcings reach their highest
(+ 13 W m−2) and lowest values (−4 W m−2), respectively
(Fig. 5b and c). These areas cover approximately 30 % of the
European domain, where a monthly average temperature in-
crease of 0.2 K (at 2 m altitude) is predicted (Fig. 5d).This is
already found in a previous study with COSMO-ART, where
total-sky situations did not result in a homogeneously neg-
ative radiative forcing of aerosols, as during a cloud-free
episode, but in smaller, even positive temperature changes,
spotty and spatially uncorrelated to the forcing (Vogel et al.,
2009).

The high spatial sensitivity of the cloud formation mech-
anism introduces some uncertainty in the spatially-resolved
forcing, but it does not seem to affect the average regional
radiation and temperature changes. Indeed, the sum of cloud
cover changes over Europe due to SOA chemistry during
May 2008 is found negligible (Table 4).

4.4 Sensitivity analysis

The results and analysis that follow are based on the scenar-
ios 2 to 7 presented in Table 2 and described in Sect. 3.1.

4.4.1 Impact of boundary conditions

The OA that is transported into the European area from the
boundaries of the modeling domain is shown in Fig. 6 for
the four selected sites (grey dashed line). Their average con-
centration is around 1 µg m−3, which is the value set at the
boundaries of the domain. This value represents an impor-
tant fraction of total OA, thus influences OA predictions.

25 % of the total OA over the central European sites
(Cabauw and Melpitz) is attributed to the effect of the bound-
ary conditions. During the northern wind conditions (16 to
21 May), which transfer clean air masses towards central Eu-
rope and disperse local pollution, the role of boundary condi-
tions is maximized over Cabauw. Mace Head is the site that
is influenced the most by the boundary OA concentrations
(66 %), due to its proximity to the western edge of the do-
main. During the last days of the month, there seems to be
an equal contribution of European pollution and background
OA in Mace Head.

Although Finokalia is also relatively close to the borders
of the domain, the calculated effect of the boundaries on OA
is half than that over Mace Head (33 %). This is attributed to
the high photochemical activity in southern Europe, which
strengthens the role of chemical oxidation and regional SOA
formation and to a much stronger predominance of westerly
flow patterns in Mace Head. Nevertheless, pollution transport
from major cities in Africa, especially during south winds (19
to 21 May) is not represented by the current application. This
potentially contributes to an underestimation of long range
transport of pollution over Finokalia.

4.4.2 Model inter-comparison

The OA predictions from scenario 3 (SORGAM approach)
are compared against the base-case COSMO-ART sim-
ulation (VBS approach) and the observations (Fig. 6).
SORGAM reproduces the daily cycle in Cabauw (orange
line in Fig. 6). Nevertheless, significant deviations from
the baseline scenario and measurements occur around noon
and midnight hours, when SORGAM predicts unrealisti-
cally low values. During daytime, this deficit reflects the
inability of SORGAM to treat the photochemical aging of
SOA. Subsequently, the background aged SOA concentra-
tions during nighttime are also low in scenario 3 predic-
tions. Average measured OA during 3–10 May is 4 µg m−3

over Cabauw, while COSMO-ART predicts low values with
SORGAM (2.7 µg m−3), in contrast to the more realistic re-
sults of the VBS (4.1 µg m−3). The OA underestimation by
SORGAM is 35 % but reaches around 75 % during certain
hours. SORGAM and VBS predictions for Mace Head and
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Fig. 6. COSMO-ART results for total PM1 OA hourly concentrations (µg m−3) from the base-case simulation and scenarios, during May
2008 over:(a) Cabauw; the legend applies for all succeeding graphs,(b) Finokalia,(c) Mace Head and(d) Melpitz. Scenarios description is
given in Table 2. PMCAMx hourly predictions (blue line) and measurements (black dots) of total PM1 OA concentrations (µg m−3) during
the EUCAARI campaign are also shown. Dates at the x axis are marked at 12:00 UTC.

Melpitz are 1.5 (scenario 3), 2.4 (base-case) and 2.2 (scenario
3), 2.8 µg m−3 (base-case), respectively. The biggest differ-
ences between the two approaches are evident in Finokalia,
due to the increased photochemical activity and SOA aging,
which is not simulated by scenario 3 (0.8 µg m−3) in contrast
to the base-case simulation (2.2 µg m−3). These deviations
from OA observations exist also when WRF-CHEM using
the SORGAM module was applied over the eastern United
States (Ahmadov et al., 2012).

The comparison of COSMO-ART to PMCAMx OA pre-
dictions (green and blue lines in Fig. 6) reveals neither
large nor systematic differences. Sources of discrepancies
are differences in the spatial resolution of models, emis-
sion databases applied, meteorology (online-calculated and
hourly inputs from the meteorological model WRF, respec-
tively) and differences in the chemical aging of organic mat-
ter. The latter is related to the lower aging constant rates used
by COSMO-ART, and the absence of aging of the biogenic
VOCs and POA in PMCAMx and COSMO-ART, respec-
tively.

These differences cancel each other to a large extent and
are most probably the reason for the non-systematic behavior
of OA results. Nevertheless, common model behavior sup-
ports some aforementioned arguments (Sect. 4.2). In specific,
northeastern winds towards Mace Head (16 to 17 May) and
Melpitz (24 May) contribute to low PMCAMx OA predic-
tions, similarly to COSMO-ART, and strengthen the argu-

ment of poor emission representation over North Sea, Scan-
dinavian Peninsula and at European Russia north of Moscow.
In addition, the underestimation of OA levels over Finokalia
during the Africa event (20 to 21 May) shows that in certain
conditions African cities can be an important source of OA
mass over Europe.

4.4.3 SOA formation and constant parameters

Figure 6 shows OA predictions by two additional simulations
(scenarios 4 and 5), after modifying the aging constants as
described in Sect. 3.1. OA predictions by scenario 4 (red line
in Fig. 6) are in general a lot higher than observations and
baseline results, because of the higher aging constant applied.
The changes that correspond to the reduction of1H were
small to moderate (5–20 % of total OA). These differences
are maximized upon OA peaks (e.g high values during 5 to
15 May over Cabauw) and are minimized when OA values
are low and close to background levels. The most unrealistic
OA peaks predicted by this scenario occur over Finokalia and
Melpitz. This is because, as aforementioned, both sites are
situated within a greater area of high-OA, resulting from the
increased photochemical activity and from eastern transport,
respectively. Under these conditions total OA concentrations
are controlled by the assumed oxidation rates of SOA.

The above shows that this configuration is not as appro-
priate for Europe as the base-case one. Mace Head repre-
sents an exception: the monthly average increase from this
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Fig. 7.Mean differences in gaseous and aerosol species ground con-
centrations (OH in molecules cm−3, all other species in µg m−3),
due to SOA chemical aging over Europe during a 8-day period of
May 2008. The simulations are performed by COSMO-ART and
are described in Table 2. H2SO4 stands for sulfuric acid.

scenario is small (0.5 µg m−3), but results in MFE = + 38 %
and MFB =−30 %, thus to improvement of model predic-
tions.

In order to investigate whether the unrealistic peaks stem
from overestimated aerosol yields applied for VOCs, this
scenario is compared to scenario 5 (yellow line in Fig. 6). As
expected, SOA values are decreased in comparison to sce-
nario 4, but not more than 10 %. Thus, the dependence of
aerosol yields on the NOx regime does not influence signifi-
cantly OA predictions in this case. These findings strengthen
the arguments for the importance of the chemical aging in
comparison to the initial formation/stage of SOA in the at-
mosphere.

4.4.4 SOA aging and inorganic chemistry

The main effect of OH consumption during SOA oxidation
is the decreased production of nitric and sulfuric acid from
NO2 and SO2 oxidation, respectively. The decreased avail-
ability of acids in the atmosphere, leads to decreased levels
of sulfate, nitrate and ammonium and leaves more NH3 in the
gas phase. These effects are quantified by calculating the dif-
ferences of the concentrations of the aforementioned species
as predicted by the base-case simulation and by scenario 6.
Although values are small when averaged for an 8-day pe-
riod over Europe (Fig. 7), they reach as much as−0.5, −3
and−1 µg m−3 on an hourly basis for sulfate, nitrate and am-
monium, respectively, in a high-NOx regime. This decrease
due to SOA formation corresponds to 5–30 % of hourly SIA
base-case concentrations.

SIA performance of COSMO-ART after incorporating
SOA aging through the VBS scheme is encouraging. In spe-
cific, mean monthly SIA measurements and predictions over
Cabauw are 5 and 5.2 µg m−3, respectively, while for Fi-
nokalia both values are 4 µg m−3. Since the number of val-

ues compared here is relatively small (117 and 55, respec-
tively), this evaluation is only indicative and not representa-
tive of the general secondary inorganic aerosol performance
of COSMO-ART. Nevertheless, a detailed study towards this
direction (Knote et al., 2011) showed nitrate overestimation,
which is the species found here mostly decreased due to SOA
aging. This indicates that the current version of COSMO-
ART has improved performance not only in organic, but also
in inorganic aerosol.

4.4.5 Anthropogenic and biogenic SOA sources

Figure 8 shows the average PM1 SOA concentration, bio-
genic fraction and average concentrations of anthropogenic
and biogenic VOCs (precursor species are shown in Table 1).
Over a large part of the simulation domain, biogenic SOA
is the dominant OA component. This fraction reflects non-
anthropogenic sources not explicitly included in the model.

Peak SOA concentrations over the latitudinal zone of con-
tinental Europe from 40 to 55◦ N (Fig. 8a) originate mainly
from biogenic VOCs, although not above 60 % (Fig. 8b).
The chemical analysis of aircraft measurements during May
2008 (Morgan et al., 2010b) is also suggestive of the an-
thropogenic influence on oxygenated organic aerosol over
Europe. However, that study lacks suitable information re-
garding gas-phase organic precursors, which is attempted
here (Fig. 8c and d). COSMO-ART results show that the
sum of the anthropogenic SOA precursors significantly out-
weighs biogenic VOCs concentrations. This is mainly re-
flected over the Mediterranean Sea, where the former is sig-
nificantly greater than the latter. The maximum influence
of anthropogenic VOCs over the Mediterranean Sea is also
shown from predictions by Bergström et al. (2012) over Eu-
rope.

5 Conclusions

Use of the volatility basis set approach (VBS) to simulate
secondary organic aerosol (SOA) formation over Europe led
to improved organic aerosol predictions by the regional at-
mospheric model COSMO-ART and allowed investigation
of their impact upon the radiative budget during May 2008.

Atmospheric circulation and air pollution transport as pre-
dicted by COSMO-ART are consistent with observations
(Pikridas et al., 2010; Hildebrandt et al., 2010; Hamburger
et al., 2011), which further allows for the estimation of accu-
racy of organic aerosol treatment and representation within
the model.

The organic aerosol field has a strong regional charac-
ter with high levels often far from major pollution sources
reflecting their transport and chemical oxidation towards
highly condensable species. This is in line with the high
secondary to total organics ratio (80 to 95 %) all over the
European area for the May period. These physicochemical
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Fig. 8. Spatial distribution over Europe during a 5-day period of May 2008, of surface:(a) SOA concentrations (µg m−3) in PM1 mass,(b)
biogenic SOA fraction (%) (bSOA fr.),(c) anthropogenic SOA gaseous precursor (aromatics, higher alkanes, higher alkenes) (aSOA prec.)
concentrations (µg m−3), and(d) biogenic SOA gaseous precursor (isoprene and terpenes) (bSOA prec.) concentrations (µg m−3). All values
are COSMO-ART predictions.

processes shape the monthly mean surface organic aerosol
concentrations from 2.5 to 4.5 µg m−3 over most European
areas. Higher SOA values are predicted to originate mainly
from biogenic precursors, though anthropogenic influence is
important (around 40 %), as previously suggested by aircraft
measurements (Morgan et al., 2010b).

Comparison of hourly predictions with point measure-
ments in the framework of the EUCAARI campaign shows
that COSMO-ART meets the performance goals for total
organic aerosol mass, as defined by Boylan and Russell
(2006). This indicates that the significant reduction of sur-
rogate species applied in the current version of VBS scheme
provides COSMO-ART with both speed and accuracy.

Interactive coupling performed by COSMO-ART allows
the estimation of SOA interaction with radiation on a re-
gional scale. Results in this study show a mean monthly-
average direct radiative forcing of around−1.2 W m−2, im-
posed by SOA chemistry at the surface over Europe during
May 2008, which is followed by a small decrease in temper-
ature (−0.1 K). Responses are not spatially correlated with
the forcing, due to the nonlinearity involved in the feedbacks
among major processes. Cloud cover modifications, due to

changes in particle chemical composition, water content and
size distribution, result even in a positive radiative forcing,
though over a limited area. This semi-direct phenomenon is
also responsible for the greater global and local sensitivities
to forcing (Shindell and Faluvegi, 2009). Therefore, the sur-
face air temperature changes calculated in the current study
correspond to the regional contribution of forcing imposed
by SOA concentrations.

Results from the sensitivity simulations related to the sec-
ondary organic chemistry modules revealed important infor-
mation related to their treatment within atmospheric mod-
els. The inability of SORGAM to treat the chemical oxida-
tion of organic matter leads to an underestimation of 35 %
of average OA values against VBS predictions and measure-
ments and up to 75 % when comparing hourly values. Sensi-
tivity tests on the parameters used within the VBS approxi-
mation showed that NOx availability causes small differences
in SOA production, but the aging rate constant is very impor-
tant for the predicted SOA levels.

By combining measurements with COSMO-ART predic-
tions, the origin of organic aerosol peaks is identified. El-
evated hourly organic aerosol values (4 to 10 µg m−3) over
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Cabauw, Mace Head and Melpitz occur when air masses are
transported from the east towards these areas, while north-
eastern wind directions cause high values over Finokalia.
Total organic aerosol concentration predictions are signifi-
cantly affected by the boundary concentrations assumed in
the model. 25 % of total OA predictions in the central Euro-
pean area correspond to background concentrations.

The inter-comparison of COSMO-ART and PMCAMx
against measurements can help towards identifying possible
sources for model discrepancies. Organic aerosol underesti-
mations commonly found by both models during northeast-
ern winds over Mace Head and Melpitz are possibly caused
by unidentified sources of organic precursors at the Scandi-
navian Peninsula and in Northern European Russia.

The effort to improve COSMO-ART organic aerosol pre-
dictions, which was addressed by Knote et al. (2011), is
proven to be critical not only for organics, but also for the
overall COSMO-ART aerosol performance. In specific, SOA
aging is found to reduce nitrate production up to 30 % on
an hourly basis, while the condensation of inorganic sub-
stances upon pre-existing and SOA-rich particles, results
in a monthly average increase of 5 % in sulfate and am-
monium formation in the accumulation mode. Thus, nitrate
overestimation and sulfate underestimation found by Knote
et al. (2011) are reduced after the current modifications in
COSMO-ART chemistry. The consistency of secondary inor-
ganic aerosol predictions with observations in the framework
of this study is a first indication towards this conclusion.

Future research is focused on a cloud-free case of an OA
episode towards the identification of a clear correlation be-
tween aerosol concentration and radiative fluxes. The indi-
rect impact of condensing organics is included in further
model development. Improvements in the SOA module will
also be considered, such as a functional approach of the en-
thalpy of vaporization (Epstein et al., 2010), which has not
yet been incorporated in organic aerosol simulations.
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