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MATCH-SALSA — Multi-scale Atmospheric Transport and
CHemistry model coupled to the SALSA aerosol
microphysics model. Part 1 — model description and
evaluation
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Abstract

We have implemented the sectional aerosol dynammgodel SALSA (Sectional Aerosol
module for Large Scale Applications) in the Eurapestale chemistry-transport model
MATCH (Multi-scale Atmospheric Transport and Chemjis The new model is called
MATCH-SALSA. It includes aerosol microphysics, wilkveral formulations for nucleation,

wet scavenging and condensation.

The model reproduces observed higher particle nunsbacentration (PNC) in central
Europe and lower concentrations in remote regi®dhe. modeled PNC size distribution peak
occurs at the same or smaller particle size a®biserved peak at four measurement sites
spread across Europe. Total PNC is underestimatébbréahern and Central European sites

and accumulation mode PNC is underestimated am\adstigated sites. The low nucleation
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rate coefficient used in this study is an importaatson for the underestimation. On the other
hand the model performs well for particle mass l@iding secondary inorganic aerosol
components), while elemental and organic carboreanations are underestimated at many

of the sites.

Further development is needed, primarily for treathof secondary organic aerosol, in terms
of biogenic emissions and chemical transformatigppdating the biogenic SOA scheme will
likely have a large impact on modeled PMnd also affect the model performance for PNC

through impacts on nucleation and condensation.

1 Introduction

Most aerosol properties relevant to climate arehbsize and chemical composition
dependent. Thus, there is a need to resolve teedg@mributions of particle mass, number and
chemical composition in climate models (e.g. Ched Renner, 2005; Roesler and Penner,
2010). Aerosol particles also have adverse effecttuman health (e.g. Pope and Dockery,
2006), which depend on particle size and chemicaiposition (WHO, 2013). In particular,
ultrafine particles (with diameter less than 100m@y be important for impacts on human
health (e.g. Oberddrster et al., 1995; Peters.etl@87; Knol et al., 2009), but there is still
limited epidemiological evidence on their effects bealth (WHO, 2013). The ultrafine
particles do not contribute significantly to thertpde mass concentration (PM) but they
constitute a large proportion of the particle numhkmncentration (PNC). Aerosol
microphysical processes need to be consideredemter detail in order to describe PNC and
size distributions accurately (e.g. Adams and ®&inf2002). This has led to an increased

need for realistic treatment of aerosols in atmesphmodels.

A number of CTMs, which are used operationally $onulating atmospheric chemistry in

Europe, were recently reviewed by Kukkonen et201@). The aerosol descriptions in such
models can be classified into three main categobekk schemes, modal schemes (Whitby
and McMurry, 1997) and sectional schemes (Gelbtad. €1980). In bulk schemes, typically

the total mass concentration of particles, or ttessnin a certain size interval, is modeled.
LOTUS-EUROS (Schaap et al., 2008), DEHM (e.g. Rrehal., 2002) and the EMEP MSC-

W model (Simpson et al., 2012) are examples of bydk models.
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In modal schemes, the aerosol size distributioresesented by a small number of modes,
typically assuming lognormal size distribution tbe modes. The description of new particle
formation is limited in modal schemes. Modal scherage computationally more expensive
than simple bulk schemes, but less than the sedtiapproach, which is why they are
commonly used in regional and global CTMs and denaodels, e.g. the Regional
Particulate Model (Binkowski and Shankar, 1995), &M(Byun and Schere, 2006), CAM5-
MAMS3 (Liu et al., 2012), TM5 (Aan de Brugh et a2011), GLOMAP-mode (Mann et al.,
2012), EMAC (Pringle et al., 2010), ECHAM5-HAM2 (dhg et al., 2012), GISS-MATRIX
(Bauer et al 2008).

The sectional scheme, in which the size distributi® represented by a large number of
discrete bins, is the most flexible and accurateicgh — but computationally the most
expensive. Many modern CTMs and global climate nod@&CMs) include the sectional
approach, e.g. PM-CAMx (Fountoukis et al., 2011),OGMAP-bin (e.g. Reddington et al.,
2011), ECHAMS5-SALSA (Bergman et al., 2012), and S{BOMAS (Lee and Adams 2010).
PM-CAMx and GLOMAP-bin make the assumption of intdly mixed particles, in
GLOMAP described by 20 size bins, whereas GISS-T@MiAcludes externally mixed
particles described by 30 size bins. Such a higle &in resolution is computationally
demanding. GLOMAP uses prescribed monthly-mean amtidields. Mann et al. (2014)
compared the performance of 12 global aerosol migysics models using modal and

sectional approaches.

The standard version of the MATCH (Multi-scale Atspberic Transport and Chemistry)
model (Robertson et al., 1999; Andersson et aD720ses a simple bulk scheme for treating
aerosols, with four size bins for primary particl@sthout any aerosol dynamics treatment
(except hygroscopic growth in some model versiobsy, with dry and wet deposition of
primary particles being dependent on particle Sihe particle species considered in previous
applications (e.g. Andersson et al., 2007; Anderstal., 2009) were primary anthropogenic
elemental carbon (EC), organic carbon (OC) and cavhenaceous particles, as well as
secondary inorganic aerosol (sulfate, nitrate, amuom) and sea salt particles. Secondary
organic aerosol was not included in the model. Rdt@ation and growth was not described.
MATCH was adapted to assess anthropogenic ultrgfmgcles in an urban environment in a
previous study (Gidhagen et al., 2005); seven migpedse sizes were used and the aersosol
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dynamics considered water uptake, coagulation apdieposition, but without inclusion of

nucleation or condensation processes.

The MATCH model includes photo-chemistry for caftilg oxidant fields that can be used
for online coupling to oxidation of organics andpswr compounds, resulting in a coupled
photo-chemistry and aerosol dynamics descriptiamthér, MATCH contains a number of
advanced features, including data assimilation (ieah 2008) and inverse modeling of
aerosol optics of both surface observations anellsat data (Kahnert 2009). These

assimilation techniques are uncommon in modelsitichide advanced aerosol dynamics.

We have implemented the sectional aerosol dynamgcdel SALSA (Sectional Aerosol

module for Large Scale Applications; Kokkola et, &008) in the European scale CTM
MATCH (Robertson et al., 1999; Andersson et alQ7)0 SALSA was chosen since it was
developed to describe the PNC well; it includesesav nucleation mechanisms and the
sectional approach used in SALSA, to describe #tesml size distribution, is an advantage
for simulating new particle formation (e.g. Korhagtal. 2014). The coupling of SALSA to

MATCH introduces a description of particle microglogs and aging in the model. New
features include particle nucleation, condensatamagulation and activation; leading to a
description of the temporal evolution of the pdetinumber size distribution in a number of
bins, through the sectional approach. The mode disscribes the mixing state of the
particles. The physical treatment of aerosol mibggics and the particle size distribution is
described in Section 2.2; further details aboutgpecific set-up used in this study are given
in Section 3. We discuss the performance of MATEAL-SA in relation to other models in

Section 4.

This paper presents the resulting new aerosol dysauwersion of the MATCH model; the
new model is called MATCH-SALSA. The model was dethin a report from SMHI
(Andersson et al., 2013), which is included as $irppnt to this paper (Supplement A). In
this paper, we highlight the main new features predent the results from evaluation tests. In
a second paper (Andersson et al., 2014) results fvarious sensitivity tests will be
presented. The aim of MATCH-SALSA is to describertiple mass and number
concentrations, and particle size distribution loe European scale. The new model features —
inclusion of sectional descriptions of aerosol mydrysics and particle number size
distributions — are developed with the aim to ceupple MATCH-SALSA model to climate
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models and radiative transfer calculations; the mawdel can also be utilized for the

estimation of human exposure to particles of déftrsizes.

2 Description of MATCH-SALSA

The layout of MATCH-SALSA is illustrated in Fig. After initializations are completed the
model integrates over time. The integrations arsedaon the meteorological time step
(dtmet), starting with reading or interpolationwéather data, reading emissions, and setting
lateral and top boundary concentrations of the eét@nspecies. After this, the emissions are
injected and model transport fluxes are calculatét the internal sub-stepping time steps.
Subsequently, the model gas- and wet-phase chgmastrosol microphysics and cloud
droplet number concentrations are calculated. Metegical data are read at regular
intervals, typically every three or six hours. Bdary conditions may be updated at

compound dependent time intervals.

Natural and anthropogenic emissions are includedhe model. Sea salt and isoprene
emissions are calculated online, whereas anthropogéd other emissions (volcanic sulfur,
marine DMS and biogenic monoterpenes) are givein@g data to the model in the set-up
used in the present study. All primary particle poments are emitted both as mass and
number. Sea salt emissions are modeled as dest@ybedltescu et al. (2005) but modified to
allow arbitrary size bins. For the smallest binsaifieter < 1 um) the description by
Martensson et al. (2003) was used; for larger dizesea salt generation function was taken
from Monahan et al. (1986). Biogenic emissionssaiprene are calculated using the E-94
isoprene emission methodology proposed by Simpsah €1995). Emissions from wildfires

and agricultural burning are not included in thegent version of the model.

The transport model includes advective and turlidtamsport. Particle number and mass are
transported independently in MATCH-SALSA. The tamit scheme is described in detail in
Robertson et al. (1999).

2.1 Chemistry

The original MATCH photochemistry scheme (Langnerle 1998) was, to a large extent,
based on the EMEP MSC-W (European Monitoring andaldation Programme

5
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Meteorological Synthesizing Centre - West) scheBiempson, 1992; Simpson et al., 1993),
but with an alternative treatment of isoprene cls¢yj using an adapted version of the Carter
1-product mechanism (Carter, 1996; Langner etl898). A simplified mixture of a dozen
representative compounds (“lumped molecules”) isdugo model all organic molecules

emitted to the atmosphere (e.g., 0-xylene represghémitted aromatic species).

The gas-phase chemistry scheme in MATCH has remhameestly the same since 1998, but a
number of reaction rates have been updated, takingaccount new recommendations from
IUPAC (Atkinson et al., 2006) and the Master ChexhMechanism, MCM v3 (Jenkin et al.,
1997; Saunders et al., 2003, via website: httprirteeds.ac.uk/MCM); a few new gas phase
components have also been added to the schemereViseon of the MATCH chemistry
scheme was based closely on the updates done iBMiE MSC-W model, during 2008-
2009, as documented by Simpson et al. (2012); guated gas-phase reaction scheme in
MATCH is mostly identical to the EMEP MSC-W EmChe®nScheme of Simpson et al.
(2012), but, for isoprene the scheme from Langreale(1998) is retained (with some
reaction rates updated to new recommended valoes fUPAC (Atkinson et al., 2006), see

Supplement B).

In addition to gas-phase chemistry, agueous-phas@atmn of SQ in cloud water (based on
Berge, 1992) and a few heterogeneous reactionsittmgen compounds are included in the
model. For MATCH-SALSA some further modifications relatéal particle formation have
been made and the scheme used in the present wosksts of ca 140 thermal, wet and

photolysis reactions, including ca. 60 differen¢ictical species.

The chemistry code includes a simple scheme fargtry organic aerosol (SOA) formation
from biogenic monoterpene emissionspinene is used as a surrogate for all monoterpenes
In the present study, we assume rapid formationcaridensable SOA after gas-phase
oxidation of a-pinene (by @ OH or NQ; oxidation rates are based on MCM v3.2,
http://mcm.leeds.ac.uk/MCM); we assumed that alflatxon paths fon-pinene produce low-
volatility SOA-forming compounds, with 10% (masssbd) yield. These compounds are
included in the condensation scheme for organicpmamds in SALSA. The SOA-yield used
here for a-pinene is relatively high compared to some regbr&OA-yields for this
monoterpene in smog-chamber experiments (e.g., Mental., 2009, find about 5% yield).
However, recent findings by Ehn et al. (2014), rdogsy formation of extremely low-

volatility organic compounds from ozonolysiswpinene, indicate that SOA-yields from this
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process may be higher than 10% above forest camoyie also note that there are recent
studies that indicate that SOA-yields based on saomagnber studies may be underestimated
by up to a factor of four, due to wall losses of-gphase semi-volatile organic (Kokkola et al.,
2014; Zhang et al., 2014). Note that the simplilB8IOA “scheme” used in the present study
is included to test the organic-aerosol parts of IIAI-SALSA, with minimal changes to the
standard photochemistry scheme; it is not expettethodel BSOA formation in a very
realistic way compared to real-world conditions ,bgiven the high uncertainties in
monoterpene emissions and the neglect of other BB@AIng emissions, it was considered

a reasonable approach for the development phadddCH-SALSA.

The chemical equations are solved prior to SALSWer€ is no internal sub-stepping between
the chemistry and SALSA (cf. Figure 1). For a dethdescription of the MATCH chemistry

scheme, including a full list of the reactions @edction rates, see Supplement B.

2.2 Aerosol microphysics

The SALSA model was designed to obtain a balantedsn computational efficiency and
numerical accuracy. This was reached by keepingntireber of tracer variables low, by
using a relatively coarse particle size resolutiang including only the relevant chemical
compounds in different particle size ranges (sekkkla et al., 2008). The size resolution is
varying across the size spectrum, with higher tgswi for particles that are crucial in cloud

activation and for aerosol radiative properties.

Aerosol number and mass concentrations are deddop¢hree size ranges, divided into size
bins with equidistant distribution of the bins dretlog-normal scale. The number of bins in
each subrange and the size limits of the subraage$lexible. The level of mixing differs

between the subranges:
I. In the smallest subrange, all particles are iriymmixed.

ii. Inthe second subrange, there are two paralleleadtg mixed size bins for each size.
In this subrange, we assume that soluble compo(sudfate, sea salt, and soluble
organics) are emitted to so called soluble binsredee insoluble compounds (black

carbon, mineral dust, and insoluble organics) arited to the insoluble bins.
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iii. In the largest subrange, there are three extermaiked size bins: 1) soluble, into
which the above-mentioned soluble compounds arétemmi2) cloud active insoluble
particles, which are mainly composed of insolubtanpounds, but which have
enough soluble material to activate as cloud dtepknd 3) freshly emitted insoluble

range, into which insoluble compounds are emitted.

In addition, the chemical compounds that are tckateeach size range are chosen depending
on the compounds that are relevant to that sizgdfcles in the atmosphere (for details, see
Kokkola et al., 2008):

i.  The first size range (nucleation and Aitken modeslides sulfate (S§) and OC

i. The second (accumulation mode) size range incl&@&$, EC, OC, sea salt (NaCl)

and mineral dust in two externally-mixed paraligksbins for each size section.

iii.  The third (coarse mode) size range also includeg SEC, OC, sea salt (NaCl) and
mineral dust in three externally-mixed particle égp sea salt, “insoluble dust” and
“soluble dust”; all water soluble compounds, inéhgdSQ? and OC, are combined in
the “soluble dust” type.

Note that EC is not included in the Aitken mode,ickhis a shortcoming of MATCH-
SALSA. The reason for this choice in SALSA wasdduce the CPU burden.

The hygroscopicity of the aerosol is calculatedngsthe Zdanowskii-Stokes-Robinson
method (Jacobson, 2002). At the end of each migpal time step the size distribution is
updated to take into account growth of particles tudynamic and chemical transformation

processes.

Nitrate in coarse mode particles is treated seplgras a simple tracer compound. Other
particulate nitrogen species are described by aldied chemistry scheme (see Supplement
B), currently handled outside SALSA, i.e. ammonigaits (e.g. ammonium nitrate) are not
taken into account in the modeling of the aerosrophysical processes. After the aerosol
microphysical processes have taken place, ammorboomd to sulfate is distributed

according to the size-distribution of particulatdfate and ammonium nitrate is distributed
according to the available aerosol surface areaeder, this condensation of ammonium and
nitrate do not affect the particle radius in thedelo thus they do not influence the shape of
the size distribution. A possible consequence oé #implified treatment can be

underestimation of condensational growth, which mayse overestimation of nucleation,

8
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due to a too small condensational sink for the eatcdn mode particles. The lack of
ammonium nitrate condensation in the aerosol miysigs could cause underestimation of

cloud droplet number concentration (CDNC).

In this study nucleation is simulated through anivation type nucleation formulation
(Kulmala et al., 2006; Riipinen et al., 2007) ahé formation rate of 3 nm particles (J3) is
calculated according to Lehtinen et al. (2007). INaion is solved concurrently with
condensation, using the methodology of Jacobsor®2)20this takes into account the
competition of nucleation and condensation in thessntransfer of volatile species between
gas and particle phase. The MATCH-SALSA model awtudes other nucleation schemes,
for example binary nucleation (Vehkamaki et al.02)) ternary nucleation (Napari et al.,
2002a, 2002b) and activation of bothSD, and organic vapors (Paasonen et al., 2010;
Supplement C). Tests of these alternative nucleaschemes will be presented in the

companion paper (Andersson et al., 2014).

The scheme used for gas-to-particle transformatisnthe Analytical Predictor of
Condensation scheme, with saturation vapor presseteto zero (Jacobson 1997). The
scheme solves condensation and evaporation of \agatile compounds over a discrete time
step. It is very well suited for large scale atntespc models, such as MATCH, since it
requires no iteration, it is mass conserving, drths been shown to be accurate over time

step length of 7200s when condensation is the actiye process (Jacobson, 2005).

Coagulation is described using a semi-implicit sebe(Jacobson 1994). Similarly to the
condensation scheme, a semi-implicit coagulatidrese does not require iteration and it is
mass conserving. Since coagulation is the (computgty) most time consuming

microphysical process, it is neglected between smérpairs for which the coagulation
efficiency is low. The detailed list of selectedliston pairs accounted for in the coagulation

routine is given in Kokkola et al. (2008).

Further details of the SALSA model is given by Kokk et al. (2008) and Bergman et al.
(2012).
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2.3 Deposition

Dry deposition of trace gases is calculated witsinaple resistance approach (Chamberlain
and Chadwick, 1965), which depends on land use smason. Wet scavenging of most
gaseous species is proportional to the precipitatitensity. For ozone, hydrogen peroxide
and sulfur dioxide, in-cloud scavenging is calcedabssuming Henry’s law equilibrium; sub-
cloud scavenging is neglected for these species.ofone sub-cloud scavenging is likely to
be negligible; @ has a very low solubility in water and wet depositis not an important
sink process for this specie. For Se omission of sub-cloud scavenging is likelydiaeg to

a slight underestimation of the wet-deposition égssbut S@ also has a relatively low
solubility and a modeling study of wet scavengirigsolfur (Berge, 1993) found that sub-
cloud scavenging by precipitation was small (oridpwt 1% of the total S-deposition was due
to sub-cloud scavenging). The absence of sub-cdoadenging for KD, probably leads to a
substantial underestimation of wet deposition fos tompound. In recent MATCH-model
simulations, that included sub-cloud scavengingHaO,, it was found that sub-cloud
scavenging contributed about 20-40% to the total @eposition of HO,. Wet and dry
deposition of gases in the MATCH-model is descrilmedetail by Andersson et al. (2007).

Particle dry deposition (including the effects gfgloscopic growth) is calculated using a
scheme based on Zhang et al. (2001), adapted naoabes set of land use classes (Water,
Forest, Low vegetation and Vegetation-free landagireMore details regarding the dry

deposition of particle species are given in Supplai.

Particles are wet deposited through incloud andlsuld scavenging. The incloud scavenging
depends on the fraction of cloud water (or ice)}t tisaprecipitated in each grid box, the
fraction of the box that is cloudy, the concentmatof particles and the fraction of particles in
each particle size bin that are inside the cloudpléts. MATCH-SALSA includes a

simplified scheme, based on Seinfeld and Pandi87)190 estimate the fraction of particles
that are activated as cloud droplets (and thuslarated inside the droplets) — in-cloud
particles larger than 80nm in diameter are constfleactivated as cloud droplets. This

simplified description is used in the present study

A more advanced (and CPU-time consuming) formutatior cloud activation is also
implemented in MATCH-SALSA. The model can be runugied to an online cloud
activation model that computes CDNC based on tlgmmostic parameterization scheme of
Abdul-Razzak and Ghan (2002). The number of adt/gparticles in each size bin is

10
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determined by the particle size distribution, themmber concentration and chemical
composition, as well as the updraft velocity and thaximum supersaturation of the air
parcel. Running the model with particle activatienoptional. Optionally, the resulting
activated particle fraction in each size bin cambed for calculation of incloud scavenging of
particles. In this formulation the activated fractiof each particle class is calculated in each
time step for each grid point. The online cloudhatton scheme was not used in the present
study, but in Supplement A it is compared to tmepdified scheme used here.

The subcloud scavenging in the model is treated similar way as by Dana and Hales
(1976). In MATCH-SALSA, a simplified approach iseas where a monodisperse washout
coefficient is calculated for each particle bindanstandard rain drop spectruis assumed

for all precipitation. The washout coefficient (j.the fraction of a species that is removed by
precipitation below clouds) depends on precipita@mnount and takes into account particle
collection by Brownian diffusion, inertial impacti@and interception. The total wet deposition

is the sum of the incloud and subcloud scavenging.

Further details on the wet scavenging of parti@des given in Supplement A and in the

companion paper Andersson et al. (2014).

3 Model set up

In this section we describe the setup of the sitiarlaused to evaluate MATCH-SALSA in

Section 4.

Meteorological data is input at regular time intdsy here we used three-hourly fields from
the HIRLAM (Hi-Resolution Limited-Area Model; Undéat al., 2002) weather forecast
model. The meteorological data are interpolatechdarly resolution. The model domain
covers Europe with a spatial resolution of ca 44Khe lowest model level is ca. 60m thick,
and, in total, 22 vertical levels are used; the gl is at about 5km height. The vertical
structure of MATCH-SALSA is the same as in the roetgical model; in this case hybrid
(n) coordinates, with shallow terrain following lageriose to the ground and thicker pressure

levels higher up.

‘A representative frontal rain spectrum is used, R,=0.02 cm, 2,=1.86 (Dana and Hales, 1976).

11
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For the aerosol size distribution, the followingtisgs were used (see Fig. 2): The first
subrange covered the diameter interval 3-50nm, thitke log-normally distributed size bins;
the second subrange covered the diameter inte&¢@DBnm, with four bins each for soluble
and insoluble particle types; the third subrangesoed the diameter size range 700nmuh0
with three size bins for each of the following #garticle types: seasalt, soluble particles and

insoluble patrticles.

The top and lateral boundary concentrations of @aseand particle species, including
seasonal variation for some species, were set secrided in Andersson et al. (2007).
However, boundary concentrations of particulateanig matter (OM) on the southern,
western and northern boundary were set based omen@M measurements (O’Dowd et al.
2004).

In the present study, biogenic emissions of mopetaes (MT) were based on monthly
emissions of MT taken from the EMEP MSC-W model r@iom et al., 2012; Simpson et
al., 2012). The BVOC-emissions are highly uncertsiifith four different chemical transport
models Langner et al. (2012) predicted Europeaprésee emissions within about a factor of
five; we do not expect the uncertainty in the menane emissions to be lower than for
isoprene. Considering the large uncertainties, gions tests with varying terpene emissions
were performed; decreased underestimation in Maaod July 2007 for PNC and
accumulation mode PNC, and improved temporal vananh March 2007 was found at the
four measurement sites (see Supplement A) wherg ubiee times larger emissions than
those taken from the EMEP MSC-W model. For thisoeathe MT emissions in the base-
case simulations in the present study were chosembet three times higher than the
corresponding emissions in the EMEP MSC-W model.stvess once more that the biogenic
SOA description in the present MATCH-SALSA modetsp is incomplete and simplified —
the aim is to test the first versions of MATCH-SAA Svithout introducing a complex and
uncertain SOA scheme at the same time as introguib@aerosol dynamics module. The fact
that model performance improved when the MT-emissiovere tripled should not be
interpreted as an indication that the MT-emissiaresunderestimated in the EMEP MSC-W
model. A number of BVOC-emissions are missing ie MMIATCH-SALSA model (e.qg.,
sesquiterpenes and other VOCs emitted by planteduto stress; e.g. Bergstrom et al.,
2014). We also miss some other potentially impdr@@A sources, such as wild fires (and

other open burning), anthropogenic secondary OA ranttigenerational aging of organic

12
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compounds in the atmosphere. The increased BVOGsans in the model may lead to
improved model results by compensating for othessmg sources of OA or for too low SOA
yields from BVOC-oxidation.

The anthropogenic emissions of gases and primapsals are taken from the TNO-MACC
emission inventory (Kuenen et al.,, 2011; Pouliotagt 2012; see also the MACC -

Monitoring the Atmospheric Composition and Climateroject web pagéttp://www.gmes-

atmosphere.e)/ The TNO-MACC emissions are given as annual $ot8keasonal, weekday

and diurnal variations of the emissions are basedesults from the GENEMIS project

(http://genemis.ier.uni-stuttgart.¢l€&riedrich and Reis, 2004).

The particle emissions of EC and Olsre distributed over different particle sizes adiom

to sector resolved mass size distributions destityeVisschedijk et al. (2009). Details about
the size distributions are given in Supplement AK€ 4, page 16). Emissions from most
SNAP sectors are described by uni-modal distrilmstiovhile emission from two sectors

(international shipping and SNAP sector 4: producprocesses) are described by bimodal
distributions.

The emissions of oxidized sulfur (9Qvere split into 99% SOand 1% HSO,. The split is
intended to account for subgrid scale processegasfphase transformation and gas-to-
particle partitioning. The distribution of SGmissions between $S@nd more oxidized
compounds is discussed in Spracklen et al. (2083hg fraction of S@increases with grid
resolution and it is typically set to between 9B%0in European scale models. The assumed
fractions have large uncertainties and it is ne@aclfrom the literature how to optimally
partition SOx emissions between £6), H,SO4(g) and particulate sulfate in modeling
studies. The best distribution depends on modelugsn (Spracklen et al., 2005b). Lee et al.
(2013) have shown that the uncertainties in thegsith production of sulfate particles in
plumes are more important for CCN uncertainty thhe uncertainties in the total
anthropogenic S emissions. Since we expect that the choice ofribligion of SOx
emissions has a large impact on the model resuétspvestigate this further in a companion
paper (Andersson et al., 2014). The size distouaf the emitted sulfate is the same as for
OM. NOx and NMVOC emissions were handled in the esamay as in Andersson et al.
(2007).

> OM emissions are assumed to be distributed over different particle sizes in the same way as OC.
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4  Evaluation of MATCH-SALSA

In this section we compare our model results toenkadions at a number of measurement
sites throughout Europe. The evaluated model esult extracted from the lowest model
level. The statistical measures used are defin@upplement A. We evaluate the PNC, both
in terms of total number concentration, accumutatmode number concentration, and
temporal and spatial distribution. We also evalubgeparticle mass, including speciation of

secondary inorganic aerosol, EC and OC.

4.1 Measurement data

Most measurement data were extracted from EBASD:(/ebas.nilu.np Details of the

stations used in the evaluation of particle nungiee distribution, PM PM,s EC and OC
are given in Supplement A (Table 5). The secondaoyganic aerosol (SIA) components
(nitrate, sulfate and ammonium) were evaluatedragavailable measurements in the EMEP

network for 2007 (http://www.emep.int).

For evaluation of PNC, four stations from EBAS wel®sen to represent different parts of
Europe; all classified as rural background siteso ©f the measurement sites: Melpitz (in
eastern Germany) and K-Puszta (in central Hungarg)relatively close to regions with large
emissions. Hyytidla (in the inland of southern &imd) and Aspvreten (ca 70 km south west of
Stockholm, in south eastern Sweden) were chosenreg®onal background stations
occasionally impacted by aged particles due tospart from large emission sources in

Europe.

4.2 Model evaluation of PNC

Fig. 3 shows the modeled annual mean PNC in Eutoqté; total PNC (Fig. 3a) and the PNC
in the different model size bins up to 700nm arewsh (Fig 3b-g). Corresponding measured
annual mean PNC at the four measurement sitedsareliaplayed in circles, for particle sizes

where measurements are available.

The largest modeled total PNC (Fig. 3a) are foundreas with high SOx emissions (e.g.,

areas around large point sources in Spain, Pokndh-eastern Europe, the Ukraine, Russia
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and the area around Etna; as well as along shippimgs around the Iberian Peninsula and
the Gibraltar strait). These results are in linthwather model studies (e.g. Yu and Luo, 2009;
Spracklen et al., 2010; Ahim et al., 2013).

Most of the total PNC in the model resides in thtkén mode bins (particle diameters 7-
20nm and 20-50nm; Figs. 3c and 3d). The highest £hCthe smallest bin (Fig. 3b),

indicating recent nucleation, are found in in Rasand Ukraine Increased values in this bin
are also seen along the shipping lanes; the modhdgdnucleation in marine areas is not in
agreement with observations (Heintzenberg et @042 Metzger et al. (2010) found similar
nucleation over oceanic regions with large sulfnissions when traditional activation type
nucleation mechanisms were used; their results witew organic activation mechanism
captured the observed lack of nucleation in maareas, indicating that organic molecules

may have a critical role in the nucleation.

The Aitken mode PNC pattern (Figs. 3c and 3d)nslar to the total PNC distribution (Fig.
3a). The highest concentrations are found in aneaSpain, Turkey, Former Yugoslavia,
Bulgaria, and north-eastern Russia, and around/dleano Etna. The highest accumulation
mode (50-700nm) PNCs (Figs. 3e-h) are found intsouat Europe. This is partly due to
relatively large emissions of primary fine partglend gaseous SOx, and partly due to less
precipitation in southern Europe, compared to tbeghnand west, allowing accumulation
mode particles to reside longer in the atmosphere.

We evaluate the model performance (see Figs. 4n ®ms of total and accumulation mode
particle number concentration (PNC and RN@spectively) against observations at the four
European surface sites. Due to seasonal diffeseincemissions and atmospheric processes,
we separate performance during summer half-yegosl{8eptember) from winter (October-
March). For example, residential biomass burningssions are much higher during winter
than during summer, while biogenic VOC emissiors largest during summer. Both these
sources are associated with large uncertaintieardew the emissions and modeling. It
should be noted that the size ranges for PNC ard, Rhry between the stations depending

on the measurement interval.
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4.2.1 Spatial distribution

Modeled total PNC shows moderate to poor agreeméhtthe observations (Fig. 4a). At

most sites the deviation between observed and mddakan is large both in summer and
winter, and the correlation coefficients for daityean PNC are low (r range from 0.05 to
0.66).

The model captures the general observed featurdesvef total and accumulation mode PNC
in the northern and north-western parts of Eurdpg. (3). Aspvreten and Hyytidla have the
lowest modeled and observed PNCs (Fig. 4a). Howéa@king in more detail at the stations
(Fig. 4) there are some discrepancies. Melpitzrigyidaas the highesbbserved total PNC
(during both winter and summer; Fig 4a); the mosielerely underestimates the PNC at
Melpitz and predicts much higher total PNC at K-Rasthan at Melpitz. The highest
observed accumulation mode PNCs are found at K-Puszta and Melpitz (the PNC argnatiar
levels for both seasons and both sites; Fig. 4is};gs for total PNC, the model predicts much
higher accumulation mode PNC at K-Puszta than dpikte

Thus, the spatial distribution of PNC in the moigehot in agreement with the observations.
There may be many reasons for this. One importagan for the high modeled total PNC at
K-Puszta is a high rate of nucleation (Fig. 5c¢)johhs caused by the large emissions of SOx
in the area. For the other three northern and aeatiropean sites, there is an underestimation
in all size ranges. This may be due to too wealkeation rate, too efficient wet scavenging
or a combination of various problems. For the Aitleend accumulation modes, the problem
can also be due to underestimated primary emissidmes underestimation in the nucleation
mode implies either a low-biased nucleation medrana too efficient removal (deposition)
or underestimated precursor emissions. Furtherise®t included in the Aitken mode in the
model. This leads to underestimated total particimber concentration (in the Aitken mode

and subsequently in larger sizes as well).

Spracklen et al. (2010) investigated the impadlifferent nucleation mechanisms, including
the impact of using different nucleation rate cwéhts in the activation mechanism. They
chose to investigate three rate coefficients, A€Pxg*, 2x10° s* and 2x10 s™ for which

they evaluated the bias to global observationshm free troposphere, and marine and
continental boundary layers. In the continentalrdutauy layer the two lowest nucleation rate
coefficients resulted in mean underestimations48¢6 and -29% respectively, whereas the

highest rate resulted in a slight overestimationtlom average (12%). The nucleation rate
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coefficient used in MATCH-SALSA in the present sgud near the lower end of the interval
(A=7.3x10" s1), which may explain our underestimation of nudteatat the central and
northern sites. In fact, the nucleation rate cogffit in the activation scheme should be site
and time dependent in the European boundary laygr Sihto et al., 2006; Riipinen et al.,
2007): observations of this coefficient vary by 54erders of magnitude for different
European measurement sites, ranging from 3:3x903.5x10" s (Riipinen et al., 2007).
Thus, a more advanced description of the nucleatg. time and space-varying rate
coefficients, should be included in MATCH-SALSA.

Organic nucleation is not included as a nucleatiwacess in the evaluated base case
simulation, resulting in possible underestimatidnnacleation in areas with high BVOC-
concentrations and possibly overestimated nucleatiaegions with low concentrations of
organic aerosol precursors (similar to the overestiéd nucleation in the model in oceanic
high-SOx regions, discussed above). This may aésarbexplanation for the overestimated
nucleation at K-Puszta. Sensitivity tests includanganic nucleation will be discussed in the
companion paper (Andersson et al.,, 2014); a lotthef material is also available in

Supplement A.

4.2.2 Size distribution

The modeled and observed size distributions afoall stations are shown in Fig. 5. A
common feature for the PNC size distribution ig ®8C are underestimated, or on the same
level as the measurements, except at K-Puszta,ewther PNC of the smallest particles is
overestimated both during winter and summer (F@j. Bt K-Puszta the mean total PNC is
overestimated but the PNC in the accumulation migdanderestimated (Fig. 4). At all
stations, the shape of the size distribution idw&g relatively well, but during winter at K-
Puszta (Fig. 5¢) and during summer at Aspvreteg. @a) and Hyytiala (Fig. 5b) the modeled
size distribution peaks at smaller sizes than enabservations. The reason for the maximum
occurring at too small sizes, in combination witidarestimated accumulation mode PNC,
may be too weak condensation onto nucleating pestio the model. Bergman et al. (2012)
also evaluated the modeled particle number sizeldiion at measurement sites, including
Aspvreten, Melpitz and Hyytidla, and found that thedel ECHAM5-HAM underestimated
the number concentrations at all three measuresitrd for sizes larger than about 20nm,
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both when using the aerosol dynamics modules oMY SALSA. SALSA performed better
than M7 for PNC above 100nm at the dirtier measerdrsites (e.g. Aspvreten and Melpitz)
while M7 performed better at cleaner sites (e.gyttyd), but the differences between the two
models were not large. Bergman et al. (2012) cateduhat the growth in SALSA probably

was too slow.

4.2.3 Temporal evolution

Fig. 6 shows the modeled and observed temporakti@mi of the daily mean PNC at the four
sites. New particle formation in the model is saethe form of peak concentrations of the
smallest particles sizes. These peaks coincidethtlobserved maximum total PNC on some
occasions; sometimes there is a time shift of adays between the modeled and observed
peaks. Many of the observed nucleation peaks ati&#§y(Fig. 6a), Aspvreten (Fig. 6b) and
Melpitz (Fig. 6d) are not seen in the model resisddington et al (2011) simulated hourly
PNC with diameters larger than 15nm using the GL®MAodel and evaluated these against
measurements from one month (May 2008). Dependmthe nucleation parameterization,
the correlations (B between model and measured PNC were less th&nab.@spvreten,
Hyytiald and Melpitz, and less than 0.10 at K-Pas#or PNC with larger sizes (>100nm),
the correlations were less than 0.01 at K-Puszth tagher at the other sites (<0.13 at
Aspvreten, <0.20 at Melpitz and <0.45 at HyytiaBpracklen et al. (2006) on the other hand
captured the nucleation at Hyytiala very well wishOMAP, however, they only studied a
short period (22 days) in May with clear sky coiwatis. With MATCH-SALSA the hourly
correlations (R), for single months of 2007, for PNC with a diaardarger than 50nm range
from 0 to 0.17 for Hyytiala (for May: 0), <0 - 0.26r Aspvreten (May: <0), <0 - 0.20 for K-
Puszta (May: 0.01) and <0 - 0.41 for Melpitz (M@y41). These low correlations illustrate
that nucleation events are difficult to capturenbgdels when running over long time periods
for a large region. One reason for this is the spacale of the model — each grid cell is
representative of a large area (for MATCH-SALSAAdax 44km? and for GLOMAP 2.8° x
2.8°). Another reason is that the simple activatype nucleation scheme needs a site and
time varying nucleation parameter to work well (f®ien et al., 2007). Furthermore, the
wintertime nucleation peaks in the observationg dra absent in the model may also be
explained by a temperature dependence in the rimiedhat is not accounted for in the
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model (Dal Maso et al., 2005), or the observed pe&akild be of local origin that can not be

captured by a regional scale CTM.

The best correlation between modeled and obserady thean PNC is found at Melpitz
(r=0.70; Fig. 6d) but the model underestimates Rh&3t of the time; the observed PNC is
almost always high at this site. The model grossigrestimates the total PNC at K-Puszta
(Fig. 6¢) during summer, but the temporal variatfon particles sizes >20nm follows the
measurements fairly well (r=0.32); during wintee ttnodel PNC is in better agreement with
the observations. At Hyytiala (Fig. 6a) a lot ofcleation is observed; this is not captured by
the model, possibly due to the lack of organic eatbn in this simulation; this will be

discussed in detail in the companion paper (Anderss al., 2014).

Spracklen et al. (2010) calculated the correlati@®f$ between monthly mean modeled and
observed PNC for sites where the monthly meangd&dy more than a factor of two during
the year 2000 (Aspvreten was excluded due to toallswariation). K-Puszta was not

included in the assessment. Their results wereDR9 and 0.28 for the sites Hyytidla and
Melpitz, respectively. With MATCH-SALSA we get’R0.67 and 0.08, respectively, for the
same sites (for PNC with diameter >50nm). Usingttnucleation description Spracklen et
al. (2010) achieved higher monthly correlationstkath activation type nucleation at most

evaluated sites, including Hyytiala and Melpitz.

4.3 Model evaluation of particle mass and compositi on

Simulated annual average total RMand the chemical components that constitute,Pdte
displayed in Fig. 7. The largest concentrationstatl PMy (Fig. 7a) are found at
anthropogenic emission hotspots (e.g., northety, IMoscow and the eastern Ukraine) and
over the Atlantic Ocean and parts of the Meditegean Sea. The highest modeled
concentrations over land are due to large anthremiogemissions of primary anthropogenic
inorganic aerosol (Fig. 7d), except in northeriyltavhere there is a large contribution from
ammonium nitrate (Figs. 7f-g), and in southeastBurope, and some sulfur emission
hotspots, where sulfate (Fig. 7e) dominates;PMver the oceans (and in large parts of
western and northern Europe), the largest contabub PMy is from sea salt particles (Fig.
7h); important sulfate contributions are also sexspecially around Etna and the eastern
Mediterranean Sea. OM (Fig. 7c) gives the largesieted non-sea salt contributions to 8M
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in northern Europe and also in some parts of soutivestern Europe. In the following

subsections we present evaluation statistics ®difierent particle components.

4.3.1 Secondary inorganic aerosol (SIA)

Statistics from the evaluation for SIA componergar{iculate sulfate, SO; nitrate, NQ’;
and ammonium, N}i) are shown in Table 1 and in Supplement A (TaBlE5-A19 and Figs.
A32-A36). In order to avoid biases due to possiblmorrect separation of gas and particle
phase nitrogen in the measurements, we also inohwdduation results for total nitrate
(TNO3: HNGs(g) + NGs'(p)) and total reduced nitrogen (TNHx: B) + NH; (p)).

Sulfate has a low mean bias (4%) whereas the r@a@nnsquare error normalized to the
observed mean (CV(RMSE)) is around 50%. The ave(Bgarson) correlation coefficient
(average r at the different sites, based on dadams) is 0.52 and the spatial correlation
coefficient (“spatial” r for the annual mean conitation at all the stations) is 0.57. The
model performance for the nitrogen compounds {NEGNOs+NOsz, NH; " and NHx) at
individual stations is of similar quality as that sulfate. The model underestimates the
concentration of the nitrogen components by abOu0%, while the CV(RMSE)s are a bit
lower than for sulfate (range from 36 to 49% fag thur N-components). The average r at the
measurement sites vary between 0.44 and 0.59 &Nttomponents, whereas the spatial

correlation coefficients are higher (between 0.7@ @.87).

4.3.2 Elemental and organic carbon

The organic aerosol measurements used for modklaghamn in this study are organic carbon
(OC) measurements. The model describes organien(&M). In the evaluation we assume
an OM:OC ratio of 1.4. The actual ratio varies witbation and season (e.g., Simon et al.,
2011) and is usually between 1.25 and 2.5, witheatgr ratio for more aged OM (Turpin et
al., 2000; Kupiainen and Klimont, 2007; Aiken et, &008). The choice of a fixed OM:OC
ratio for the evaluation will lead to model undex overestimation, depending on the
measurement site and time of year. Fig. 8 and%ghow the annual observed and modeled

mean concentrations of EC (Figs. 8a-b) and OC (Rig®) at individual measurement sites,
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as well as the associated correlation coefficiebésed on daily data; detailed results are

given in Table 2.

Both EC and OC are underestimated at many of tes.sI'he underestimation is especially
large at the Italian sites and Payerne (Switzejlaling winter, for both EC (Fig. 8b) and
OC (Fig. 9b), and for EC at Melpitz (Figs. 8a-bprf@lation coefficients are higher for EC
than OC; OC is more complicated to model than H@esit is a combination of primary and
secondary components, many of them semi-volatilbe Teasons for the model -
measurement differences are likely to vary betwssssons and locations; e.g., wintertime
emissions from residential combustion are oftenevestimated (e.g. Simpson et al., 2007,
Gilardoni et al., 2011; Bergstrom et al., 2012)rimy the summer half-year biogenic VOC

emissions and wildfires may be more important sesiaf carbonaceous patrticles.

At Ispra (ITO4) in northern Italy, the model perfwg fairly well for carbonaceous aerosol
during summer but greatly underestimates both EC@@ during wintertime (Fig. 8, Fig. 9
and Fig. A15 in Supplement A). One reason may beutiderestimation of residential wood
combustion emissions (e.g. Bergstrom et al., 20IR¢ model also underestimates NOy
43% in summer and 51% in winter). Both the obsémmatand the model results show a clear
seasonal cycle with higher concentrations duringtevifor NQ as well as for EC and OC.
However, for EC and OC the model underestimatiamnduwinter is much larger (-74 and -
87%, respectively) than during summer (-20 and -38sgpectively) (Supplement A, Fig.
A15). The poor model performance for EC and OC rdumvinter is likely due to lacking
emissions from one or more emission sectors, widatgr emissions of EC and OC during
winter, but relatively small contribution to NOThis work therefore supports the results of
previous studies (e.g. Gilardoni et al., 2011) thate concluded that residential wood
combustion emissions are likely underestimatedument emission inventories, at least in the

area around Ispra.

For the German site Melpitz, the model grossly westemates EC throughout the year
(Supplement A, Fig. A37). OC is generally capturerly well at the station, with
underestimation of OC in PMand PMy (but not PM) during winter and overestimation for
OC in PM s and underestimation (-25%) in Rpturing summer (Supplement A, Fig. A38).
Part of the reason for the relatively high EC measients at Melpitz is that the measurement
techniqgue used at this site, to separate OC from H&S no charring correction and is
expected to lead to too high EC values and to wstienate OC (see Genberg et al., 2013,
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and references therein). There are large peakaglagring and late autumn of OC (and EC)
in PM,s and PM,, which are clearly underpredicted. The peak in llleginning of April
coincides with a vegetation fire episode (Genberagl.e 2013); the earlier peaks and the late
autumn peaks are perhaps more likely due to resadercombustion or other
missing/underestimated sources, possibly, alsotadiees in eastern Europe (Jonsson et al.,
2013). Stern et al. (2008) compared five differemémical transport models to observations
from northern and eastern Germany during highlyupedl conditions. None of the models
could reproduce the very high EC concentrationsedesl at Melpitz. Stern et al. (2008)
suggested that the large underestimations of EC lmeagn indication that emissions in the

central European region were underestimated ddniege episodes.

4.3.3 Total particulate matter (PM,; and PM,5)

Evaluation of PM and PMjs at 28 measurement sites is presented in Fig. IDian
Supplement A (Table A21 and Fig. A39); detailedetiseries plots are given in Supplement
A Figs. Al7, A40-A41. For PMthe annual means at the sites with the lowestrobde
concentration (three Nordic sites: NOO1, FI17, DKdde overestimated by the model. On the
other hand, at the central European sites the &WMcentrations are much better captured.
The model underestimates PMby 14% (spatial average) and the spatial coroeiati
coefficient is 0.64. Six of the 35 evaluated anmaalans (PM and PM ) deviate by more
than 50% from the measured concentrations. Thesaugnderestimations of RMare seeat
the sites with the highest observed annual mea@ uhiderestimation of PMcan be due to a
number of reasons, including underestimated enmissioo short aerosol lifetime or too small
secondary aerosol production. There is probablyitde EC and OC in the model, at least at

some of the sites, which can be explained by umstierated emissions.

The treatment of sea spray needs to be furtheuatel and the model scheme for sea salt
particles may need to be updated. For;RNe annual means at the sites with the lowest
concentrations are overestimated by the model. 3éesns to be partly due to overestimation
of sea salt. Evaluation scores for modeled; Riid PM s excluding sea salt aerosol in the
total PM mass (see Supplement A: Table A21, Fids8 And A39) gives higher correlation
coefficients for daily mean PM or PM, at 22 of the 28 sites (and lower at only one shiah
when sea salt is included. This is an indicatiotoof much sea salt at the wrong time. It may
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be due to too strong sea salt emissions and/oweak sink processes for the sea salt, since

substantial improvements in correlation are segn al some far inland sites.

5 Conclusions

We have implemented the sectional aerosol dynamoxel SALSA (Kokkola et al., 2008) in
the European scale CTM MATCH (Multi-scale Atmospbefransport and Chemistry;
Robertson et al., 1999). The new model is called TIR@A-SALSA. It includes aerosol

microphysics with several options for nucleatioefwcavenging and condensation.

In general, the model reproduces observed lowelicgamumber concentration (PNC) in
northern and north-western Europe and remote regiban in central Europe. The model
peak in the particle number size distribution oscatrthe same or smaller particle size as the
observed peak. Total PNC is underestimated aheortand central European sites. The low
nucleation rate coefficient used in this study m®bably one important factor for the
underestimation, although other reasons may alstribate, e.g. organic nucleation is not
included and EC are not emitted in the Aitken modee model performs well for particle
mass, including secondary inorganic aerosol compusnéarticulate elemental and organic

carbon concentrations are underestimated at mathedites.

Before using the model for simulating total Pdithe SOA formulation needs further
improvements. MATCH-SALSA is computationally heavtban MATCH, which also puts

restrictions on when the model can be used.

The development of the MATCH-SALSA model is contmpand in the near future focus
will be on the following areas:

- Anupdated biogenic emission module is needed for realistic treatment of BSOA formation.
Updating the biogenic SOA scheme will likely have a large impact on modeled PM, 5 and also
affect the model performance for total PNC through impacts on nucleation and
condensation.

- Updating the nucleation rate coefficients possibly with time- and space-varying rate

coefficients.
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- Nitrogen gas-particle partitioning should be coupled to the microphysics. This may increase
condensational growth, which is underestimated in the present version of the model.

- Emissions from open fires (wildfires and agricultural burning activities) will be added to the
model.

- Dust emissions from road traffic, agricultural activities and non-vegetated soils including
desert areas should be included in the model.

- Processes affecting sea salt need further work and evaluation. This study has shown large
modeled sea salt peaks that are not seen in the measurements. Both emissions and
deposition of sea salt particles should be investigated.

- Emission inventories need to be improved, especially for EC and OC emissions.
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Tables

Table 1. Comparison of modeled secondary inorgaeiosol (SIA) components to daily

observed concentrations. Average results covenagadble measurements for the year 2007

(results for individual stations are given in Tabkl5-A19 in Supplement A). In addition to
the SIA components also the total nitrate (TNO3=H{P>NO;(p)) and total reduced
nitrogen (TNHx=NH(g)+NH;'(p)) are evaluated. r: the Pearson correlation ficoeit,
CV(RMSE): the coefficient of variation of the Rddean Square Error (RMSE normalized to

the observed mean concentrations), #obs: the mowaber of observations included in the

evaluation, #stns: the number of measurement sgaicluded in the evaluation.

Global/temporal Spatial
Measure: | Mean Mean Rel. Bias | mean?® | mean?® #obs. |[Rel. |r CV(RMSE) | #stns
Obsvd Model r CV(RMSE) Bias
Unit: HOSINmM™ | pgSINm™ | (g (%) (%) *)
S0, 0.63 0.65 4 0.52 46 | 16033 -6 | 0.57 53 52
NO3 0.40 0.32 -21 0.44 49 7249 -22 | 0.83 48 23
TNO3 0.49 0.40 -19 0.59 36 | 11039 | -21 | 0.85 41 35
NH," 0.72 0.64 -12 0.57 39| 9728 | -11|0.79 37 31
TNHy 1.27 1.01 -21 0.53 40 | 10137 -20 | 0.87 38 32

& Weighted average of correlation coefficients aM{RMSE) at individual stations.
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Table 2. Statistics of the comparison of MATCH-SAL.Sesults to daily observed

concentrations of elemental carbon (EC) and orgeanicon (OC) in PM PM, s and PM, for

the year 2007. Obs = Measured concentration, Mdibdeled concentration, MAE = mean

absolute error, r = Pearson correlation coeffic{enty calculated for sites with more than 10

measurements). Relative bias and MAE are givereeseptage of the observed average. For

further information about the measurement statises, Table A5 in Supplement A.

EC oc

Stations Obs Mod bias (%) MAE MAE r #tmeas  Obs Mod bias MAE MAE r #meas
pgm®  pgm?® Hg (%) e Mg (%) pe (%)
m?> m? m? m?

InPM;  Melpitz 054 021  -60 033 60 060 32 065 076 18 023 36 083 32

winter

InPM,s Birkenes 012 018 47 011 87 058 73 060 088 46 046 76 045 73

int

winter  ~overtoom 075 054 27 027 36 076 27 219 115 -48 125 57 059 28
Melpitz 128 029 77 099 77 060 182 181 121 -33 095 52 059 182
Payerne 145 039 -73 106 73 067 23 561 133 76 428 76 052 23
Ispra 367 093  -75 276 75 028 173 141 204 -8 121 86 024 173
Puyde Dome 005 036 556 031 556 043 33 099 135 36 046 46 060 21
Montelibretti  1.10  0.40  -64 070 64 060 32 172 122 -93 160 93 053 32
Montseny 017 049 181 032 181 0.60 17 164 174 6 048 29 068 17
Campisabalos 0.16 0.27 65 0.10 65 - 9 1.73 101 -42 072 42 - 9

InPM;,  Birkenes 014 019 38 010 75 062 73 076 092 22 048 63 043 73

int

Wit arwell 106 093 11 068 64 050 56 323 167 -48 165 51 070 56
Melpitz 165 032  -80 133 80 063 182 277 140 -49 148 53 056 182
Kosetice 036 025 -30 013 37 042 30 196 086 -56 113 58 062 30
Montelibretti 130  0.44  -66 086 66 047 31 155 129 -92 142 92 065 31
Montseny 021 051 143 030 143 073 17 161 203 26 057 35 080 17
Campisabalos 0.17 029 71 012 71 - 8 192 125 -35 069 36 - 8

InPM,: Birkenes 009 011 27 0.03 40 081 51 074 085 14 031 42 073 51

summer
Overtoom 057 037 -36 024 42 034 37 166 117 -29 062 38 076 37
Melpitz 095 017 -82 078 82 054 183 126 178 41 083 66 047 183
Ispra 087 068 -21 035 40 048 165 380 254 -33 191 50 034 169
PuydeDome 009 026 171 0.18 192 0.09 33 218 205 -6 157 72  -008 11
Montseny 017 047 172 029 172 060 21 18 272 49 091 50 060 21
Campisabalos 0.10  0.14 46 005 53 - 5 224 133 -41 128 57 - 5

InPM;,  Birkenes 011 012 10 0.04 37 076 52 104 090 -13 027 26 081 52

summer -
Melpitz 160 019  -88 141 88 059 183 258 193 -25 087 34 051 183
Montseny 019 049 162 030 162 051 21 166 289 74 123 74 062 21
Campisabalos 0.15  0.14 -9 008 52 - 10 226 148 -35 113 50 - 9
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Figure 3. Calculated annual mean (2007) partictelmer concentration (PNC) in Europe. Total PNC (sdmll sizes; panel a), and PNC in size
bins PNG<g<7nm(panel b), PNég<zonm(panel ¢), PNgo<a<sonn{panel d), PNG<d<osnm(panel e), PNgg<a<ioznm(panel f), PNGoz<a<ssonn(panel

0), PNGso<d<7oongpanel h). Observed annual mean PNC (filled cijcé¢she observation sites: Hyytiala (Finland), wsten (Sweden), Melpitz
(Germany) and K-Puszta (Hungary) when observed eusnixist in the indicated interval. Unit: #€m
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Figure 4. Mean particle number concentration (PN@)ng winter (Jan-March; Oct-Dec) and
summer (April-September) half years at four sites€urope. Top panel (a): mean observed
and modeled total PNC. Bottom panel (b): mean miese and modeled PNC in the
accumulation mode. The interval above the site niadlieates the particle size interval (unit:
nm). The number above the season shows the (Pgamsoelation coefficient (r) of daily
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1098 mean PNC. Note that the size intervals differ betwthe stations: the same size interval is
1099 used for both modeled and observed values at éactusit; # cni’.
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1109 Figure 6. Observed and modeled daily mean pamigleber concentrations (PNC) at four sites in Eurdpeng 2007 (panels a-d). Modeled
1110 (surfaces) size resolved and observed total (fitiecles) daily mean PNC are displayed as a timeseSee legend for colors representing the
1111 different size bins. Observed PNC limit diametees 8.2nm-um for Hyytidla, 11-418nm for Aspvreten, 5.64fn for K-Puszta and 3-859nm
1112  for Melpitz. Unit; # cn.
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1115 Figure 7. Modeled annual mean concentrations @072 of PMg (panel a; peak at 37 pgiin Moscow) and its particle components: elemental
1116 carbon (panel b), organic matter (panel c), antbgepic primary inorganic aerosol (panel d), sulfg@nel e), nitrate (panel f), ammonium
1117 (panel g) and sea salt (panel h). Unit: gy m
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correlation coefficients of daily mean concentrasi@re indicated below the bars. The
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codes as defined by EMEP, see Supplement A Table 5.
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1134 indicated below the bars within parentheses. Theation of each site is included below the
1135 correlation coefficients (unit: m above sea lev&8)ation codes as defined by EMEP, see
1136 Supplement A Table 5.
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