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Front:

Top panel: Mean particle number concentration in the size range 20-50nm modelled
with MATCH-SALSA (surfaces) and observed (filled circles) for 2007.

Bottom panel: Mean modelled (dark colors) and observed (bright colors) particle
number size distribution during winter (Oct-March) and summer (April-September)
half years of 2007 in the measurement site Hyytidla in central Finland.
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SUMMARY

This report presents a new aerosol dynamics version of a European scale Eulerian CTM, MATCH. The
new model is called MATCH-SALSA, and includes aerosol microphysics and several options for
nucleation, wet scavenging and condensation. The report entails model description, evaluation and
sensitivity tests.

The new model reproduces observed higher particle number concentration (PNC) in central Europe
and lower in remote regions. The model peak PNC occurs at the same particle size as the observed
peak or at smaller sizes, which indicate missing growth. Total PNC is underestimated at some sites.
The model performs well for particle mass, including SIA components. EC and OC are underestimated

at many of the sites.

The results are sensitive to the fraction of SO, emitted as H,SO, and the optimum choice is site
dependent. The model results are highly sensitive to whether organic nucleation is included or not.
The model results are sensitive to amount of organic vapors in the condensation.

The model can be used in applications knowing the restrictions of what the model manages well and
what needs further improvements, which is detailed in the report.






1.
2.

TaagoTe [¥To1 dTo] o DN TP TP U TS POROTOURTOURRRPO 3
DesCription OFf MATCH-SALSA ... ettt ettt et e et e e e tr e e e st e e e e seataeeeesasaeeeenseeesanssaeenas 4
EMISSIONS 1ttt e s aa s 6
LI 1415 o Lo T OSSR ORTRPOUPPPPRPPRt 6
(01 01T o o1 1) YRR 7
F Y=Y o T o1 AV, [ ol foT o] 01V 2] ok U 7
NUCIEATION SCHEMES ...ttt st sttt e b e b s 8
(6o aTe (=T a1 ) o T TSSO UP PR PRTRPPPP 8
COAGUIAtION SCREMEES....ci it e e s e e st ee e e e aba e e e ssta e e e arteeeennreeas 8
PartiCle @CtiVATION .....eei et e b e e e enee e sreeereeeas 9
D= o 7o 1Y 1 of o o Rt 9
o [ el (e [ Ve [T o Yo LY 1 (o] o PSR 9
Particle Wet SCAVENEING .. ..vvii ettt e e e e e s e e e et r e e e e eabe e e e enaraeesansaeeeennrenas 10
1Y oo L= I Y=Y o U o R 12
Aerosol MICrOPNYSICS SETLINGS ..o.vviiiiiiiee e e e e s e e e e rta e e e s rabaeeesnsraeeennnaeeas 12
2 To W] oo F-Y VA oo aTo L1 4 o o LY U SRPRS 13
g 10 =T 413 [0 o Nt 13
V[T a=To  go) o T=dTor-| I F- | - SRR PRPRS 18
Evaluation of MATCH-SALSA ...ttt ettt s bt e b e sbeesreesaeesane e 19
SEATISTICAl METIICS .ottt sttt ettt et b e e bt e bt e beenbeenreenneens 19
MEASUIEMENT AATA .. eeteetietieiie ittt e bt e sb e bt saee st st e st e et e et e et e enneenee 19
Model evaluation of particle number concentration (PNC).........ccceeeeeiieiieciiieeeeiiee e 23
(0N oY 1| W oY= o] o s - T o T < URURROt 24
Particle number size distribULION .........oiiiiiiiiie e 25
Spatial distribution of total and accumulation mode particle number...........ccccooeiiiiiiiiiiennnn, 25
Temporal evolution of the particle number concentration .........ccceeeeciiieicciiee e, 28
Model evaluation of particle mass and cOMpPOSItioN .......c.cccccviiieiiiiiiice e 28
Secondary iNOrganic @BroSOl (SIA) ... ittt e et eeetr e e e e e e ba e e e eetr e e e e eraeeeenns 28
Elemental and organic CarbON... ...t e e e e e e e e e e e nnra e e eas 34
Total PArticUlate MATLEr ...cccc e e e e e st r e e e et e e e e abaeeeearaeeens 35
Conclusions on Model PEfOrMANCE .....ccccuuiii it e e e rre e e s raeae e e e eraeeean 40
MATCH-SALSA compared t0 MATCH.........uviiieiiee et e e e e ree e e e eaae e e ate e e e e naeas 42
PArtiCle IMAss (PIM25) cocuviee ettt ettt e e e e ettt e e e ettt e e e e eab e e e e e ateeeeeabaeeeeareeaeesasseeeeenbaeesannsens 43
PartiCIe NMUMDEE ...ttt st e s bt e e bt e e s ar e e sab e e sreeesaneesaneas 43



(000] 0 Lol [V 1 ToY s - TR 43

6. MATCH-SALSA options — sensitivity tests and recommendations..........ccccceeecieeeiccieecccieee e, 46
NUCIEATION <.ttt et e e bt e bt e s bt e sbee s st e smeesmeeemeeenneeneeenneeane 46
CoNdensation/COAGUIBTION ......cceiieeiie ettt et ettt et et e teeeteeeteeetae s eteestseeaveeaveeabeeareenreensens 50
R AT L Y or= V=T oY {1 = PR 53

Evaluation of Wet SCAVENGING .....ueeii ittt e e e e e e e e e e e rae e e e e e e e ennreaeeeas 54
Sensitivity to the wet scavenging parameterization for SIA components .........cccceeeeciveeeeiieeeennns 57
Sensitivity of particle mass (PM, ) to the wet scavenging parameterization..........cccccceeevcveeennns 59
Sensitivity of PNC to the wet scavenging parameterization .........cccoecveeiiciieeiccieee e e 59
Recommendations based on the sensitivity teStS.......cciiiiiciiiiiii i 59

7. OVErall CONCIUSIONS ...ttt ettt ettt ettt e e st esb e s s emee e sabeesabeesabeeesmeeesabeesneeaas 62

8. REIEIENCES ....eie ettt ettt et ettt e s bt e sat e e s s be e s be e e s bt e sabe e e be e e neeesareesreeea 64

F Y oY1= o Lo [ NSRS 69

F Y oY1= oo [ - TSRS 95

L oY oT<] o Lo [ SRR SP 99



1. Introduction

The demand for improved representation of aerosols in atmospheric models has increased
dramatically during recent years. This is partly due to the fact that more accurate and detailed
aerosol mass and number size distributions, and information about chemical composition of the
particles, are important for improving the estimates of the impact of particles on radiative
forcing in climate models (e.g. Chen and Penner, 2005; Roesler and Penner, 2010). Further,
aerosol particles have adverse effects on human health (e.g. Pope and Dockery, 2006), and it has
been shown that aerosol size distribution, chemical composition and morphology may cause
different health impacts (Schlesinger et al., 2006).

Aerosol dynamics need to be considered in order to describe particle mass and number
concentrations accurately, including size distribution (Adams and Seinfeld, 2002). Size resolved
PM data can be useful in both climate and health impact studies, and therefore there is a need to
include a realistic description of aerosol dynamics in chemical transport models (CTMs) on the
European scale.

This report presents a new aerosol dynamics version of a European scale Eulerian CTM. The new
model is called MATCH-SALSA. The report includes model description, evaluation and sensitivity
tests. In the final Section (7) of the report some questions are answered about the quality, use
and applicability of the new model.

The work of developing and evaluating this new model was financed by the Swedish
Environmental Protection Agency (Naturvardsverket) through the Swedish Clean Air Research
Programme (SCARP; http://www.scarp.se).



2. Description of MATCH-SALSA

We have implemented the sectional aerosol dynamics model SALSA (Kokkola et al., 2008) in the
European scale CTM MATCH (Multi-scale Atmospheric Transport and Chemistry; Robertson et al.,
1999). We call the new model MATCH-SALSA.

An earlier urban application of MATCH was applied to assess anthropogenic ultrafine particles in an
urban environment, separated by seven monodisperse sizes (Gidhagen et al., 2005). Aersosol
dynamics included water uptake, coagulation and dry deposition, but no nucleation or condensation.
In earlier European scale MATCH versions (e.g. Robertson et al. 1999, Andersson et al. 2007; 2009),
particles were handled with a simple bulk approach (with four size bins for primary particles),
without any aerosol dynamic treatment (except hygroscopic growth in some model versions), but
with dry and wet deposition of primary particles being dependent on particle size. The species
treated were elemental carbon (EC), anthropogenic mineral dust, primary organic carbon (OC),
sulfate, nitrate, ammonium and sea salt. Secondary organic aerosol was not included in the model.
Particle number concentration (PNC) was not described.

In order to include aerosol dynamics in MATCH a computationally efficient version of the SALSA
model was implemented in the framework of MATCH. It was implemented after the chemistry step
(see Figure 1). The chemistry was adjusted slightly compared to earlier MATCH-versions, as described
below.

SALSA describes aerosol hygroscopicity, nucleation, condensation and coagulation. The inclusion of
SALSA improved MATCH through the inclusion of better size resolution, a description of mixing state
and PNC, and a description of microphysics and particle aging. Other improvements are still under
development, such as improved description of vertical transport of particles in clouds, inclusion of a
terpene emission model, more detailed treatment of nitrogen gas-particle partitioning and more
advanced description of aging and condensation of semivolatile organic gases.

The layout of MATCH-SALSA is illustrated in Figure 1. After initializations are completed the model
iterates over time. The iterations are based on the meteorological time step where weather data are
interpolated or read, new emissions are emitted and boundary concentrations are set. After this the
emissions are injected and model transport fluxes are calculated with the internal sub-stepping time
steps (dtadv and dtvdiff). Subsequently the model chemistry, aerosol microphysics and cloud droplet
number concentration are calculated (based on the time step dtchem). Meteorological data are read
at regular intervals while boundary conditions may be loaded at compound dependent intervals.

The operator-splitting approach for the different processes in MATCH-SALSA is illustrated in Figure 2.
Since chemistry and aerosol dynamics are much more time consuming than the rest of the code, they
are calculated with doubled time step as compared to the emission, transport and deposition.

A more detailed description of new model features, input data and model set up, that are used in the
present study is given below.
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Figure 1. Data flow and time stepping in MATCH-SALSA.
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Emissions

Both biogenic and anthropogenic emissions are included in the model. Sea salt and isoprene
emissions are calculated online, whereas anthropogenic and other emissions (volcanic sulfur, marine
DMS and biogenic terpene) are given as input data to the model.

Sea salt emissions are modeled as described in Foltescu et al. (2005) but adjusted to a flexible
number of size bins. For the smallest bins, up to the diameter of 1 um the description by Martensson
et al. (2003) was used. For larger sizes up to 10 Um in diameter the sea salt generation function was
taken from Monahan et al. (1986). All particle components are emitted both as mass and number in
the model. It is also possible to emit particles only as mass (without adding particle numbers); this
option means that the emissions increase the size of existing particles through condensation.

Biogenic emissions of isoprene are calculated using the E-94 isoprene emission methodology
proposed by Simpson et al. (1995). The model does not yet include wind-blown dust.

Transport
The transport model includes advective and turbulent transport. Particle number and mass are
transported independently in MATCH-SALSA.

The advection-diffusion equation is solved in three dimensions for the atmospheric tracers through a
Bott-type scheme (Bott 1989a, 1989b). The advection scheme is mass conserving and reduces
numerical diffusion. This scheme was rewritten to be flexible to variable grid sizes and projections
(Robertson et al., 1999). The vertical winds are calculated internally using the horizontal winds with a
balancing procedure in order to assure that the transport of air is in mass-consistent balance with the
input surface pressure tendencies (Heimann and Keeling, 1989).

Two formulations are used for the vertical turbulent exchange, depending on the stability in the
boundary layer. For stable and neutral conditions the formulation follows Holtslag et al. (1995) and
for unstable conditions the convective turnover time is used directly to determine the vertical
turbulent exchange coefficient. The horizontal diffusive fluxes are assumed small compared to the
horizontal advective fluxes and are therefore neglected. Deep convective transport is not included in
the current model version. The transport scheme is described in more detail by Robertson et al.
(1999).



Chemistry

The original MATCH photochemistry scheme (Langner et al., 1998) was, to a large extent, based on
the EMEP MSC-W scheme (Simpson, 1992; Simpson et al., 1993), but with an alternative treatment
of isoprene chemistry, using an adapted version of the Carter 1-product mechanism (Carter, 1996;
Langner et al., 1998). A simplified mixture of a dozen representative compounds (“lumped
molecules”) is used to model the many different organic molecules emitted to the atmosphere (e.g.,
o-xylene represents all emitted aromatic species).

The gas-phase chemistry scheme in MATCH has remained mostly the same since 1998, but a number
of reaction rates have been updated, taking into account new recommendations from IUPAC
(Atkinson et al., 2006) and the Master Chemical Mechanism, MCM v3 (Jenkin et al., 1997; Saunders
et al., 2003, via website: http://mcm.leeds.ac.uk/MCM); a few new gas phase components have also
been added to the scheme. The revision of the MATCH chemistry scheme was based closely on the
updates done in the EMEP MSC-W model, during 2008-2009, as documented by Simpson et al.
(2012); the updated gas-phase reaction scheme in MATCH is mostly identical to the EMEP MSC-W
EmChem09 scheme of Simpson et al. (2012), but for isoprene the scheme from Langner et al. (1998)
is kept (with some reaction rates updated to IUPAC recommended values, Atkinson et al., 2006).

In addition to gas-phase chemistry, aqueous-phase oxidation of SO, in cloud water (based on Berge,
1992) and a few heterogeneous reactions for nitrogen compounds are included in the model. For
MATCH-SALSA some further modifications related to particle formation have been made and the
scheme used in the present work includes ca 140 thermal, wet and photolysis reactions, including
about 60 different chemical species.

The chemistry code includes a very simple test scheme for secondary organic aerosol (SOA)
formation from biogenic monoterpene emissions; a-pinene is used as a surrogate for all emitted
monoterpenes. In the present study we assume rapid formation of condensable SOA after gas-phase
oxidation of a-pinene (by Os;, OH or NO;3; oxidation rates are based on MCM v3.2,
http://mcm.leeds.ac.uk/MCM); a fixed SOA yield of 30% is assumed for all oxidation paths. This
fraction is input to the OM condensation scheme in SALSA. Note that the simplified BSOA “scheme”
used in the present study is only included to test the organic-aerosol parts of MATCH-SALSA, with
minimal changes to the standard photochemistry scheme; it is not expected to model BSOA
formation in a very realistic way compared to real-world conditions but, given the high uncertainties
in mono-terpene emissions (and the neglect of other BSOA-forming emissions), it was considered a
reasonable approach for the development phase of MATCH-SALSA. A more detailed model for
biogenic (and anthropogenic) SOA formation will be implemented in MATCH and MATCH-SALSA in
the future.

Aerosol Microphysics

The aerosol dynamic model SALSA was included in MATCH; the combined model is called MATCH-
SALSA. The aim of the MATCH-SALSA model is to describe aerosol mass and number concentrations,
and particle size distribution features. The model is intended for coupling to climate models and
radiative transfer calculations, and for estimation of human particle exposure.



The SALSA model was designed to obtain balance between computational efficiency and numerical
accuracy. This was reached by keeping the tracer variables to a minimum by using a relatively coarse
particle size resolution and including only the relevant chemical compounds in different particle size
ranges (see Kokkola et al., 2008). The size resolution is varying across the size spectrum with higher
resolution for particles that are crucial in cloud activation and for aerosol radiative properties.
Aerosol number and mass concentrations are described by three ranges, divided into size bins with
constant volume ratio. The number of bins in each range and the size limits of the bins are flexible.
The first size range includes S0,* and OC, the second and third size ranges includes sulfate (S0,%),
EC, OC, sea salt (NaCl) and mineral dust. S0,* and OC are combined to calculate the water soluble
fraction of the particles in the third size range. The hygroscopicity of the aerosol is calculated using
the Zdanowskii-Stokes-Robinson method (Jacobson, 2002).

At the end of each microphysical time step the size distribution is updated to take into account
growth or shrinkage of particles due to dynamic and chemical transformation processes. Nitrogen
species are described by a simplified chemistry scheme without affecting the size distribution. They
are currently handled outside SALSA. A more detailed description of the SALSA model is given by
Kokkola et al. (2008) and Bergman et al. (2012), but the most important details are described below.

Nucleation schemes

Nucleation is simulated through an activation type nucleation formulation (Kulmala et al., 2006;
Riipinen et al., 2007) and the formation rate of 3 nm particles (J3) is calculated according to Lehtinen
et al. 2007. Nucleation is solved concurrently with condensation using the methodology of Jacobson
(2002). This methodology takes into account the competition of nucleation and condensation in the
mass transfer of volatile species between gas and particle phase.

There are other nucleation scheme options available for use in the model including for example
binary nucleation (Vehkamaki et al., 2002), ternary nucleation (Napari et al., 2002a, 2002b) and
activation of both H,SO, and organic vapors (Paasonen et al., 2010). In a later section the model
sensitivity is tested to some of these formulations.

Condensation

The scheme used for gas-to-particle transformation is the Analytical Predictor of Condensation
scheme with saturation vapor pressure set to zero (Jacobson 1997). The method solved non-
equilibrium transfer of semi-volatile compounds between gases and particles over a discrete time
step. Since it requires no iteration, is mass conserving, and has been shown to be accurate over time
step length of 7200 (Jacobson, 2005) it is very well suited for large scale atmospheric models such as
MATCH.

Coagulation schemes

Coagulation is described using a semi-implicit scheme (Jacobson 1994). Similarly to the condensation
scheme, a semi-implicit coagulation scheme does not require iteration and is mass conserving. Since
coagulation is computationally the most time consuming microphysical process to simulate,
coagulation between aerosol pairs for which coagulation efficiency is low are not taken into account.
The detailed list of selected collision pairs in accounted for in coagulation routine are given in
Kokkola et al., (2008).



Particle activation

Aerosols can act as cloud condensation nuclei altering the microphysical properties of clouds such as
droplet number concentration, its albedo, effective radii and liquid water content; this impact on
clouds is known as the indirect aerosol effect (Lohmann and Feichter, 2005, and references therein).
To estimate the indirect aerosol forcing, it is necessary to incorporate the activation of aerosols into
cloud droplets. For this, the MATCH-SALSA model can be run in an online coupled mode to a cloud
activation model that computes cloud droplet number concentrations based on the prognostic
parameterization scheme of Abdul-Razzak and Ghan (2002). This scheme is designed for models
where a sectional representation of the aerosol size distribution is used. The number of particles
activated to cloud droplets in each size section is determined by the particle size distribution, their
number concentration and chemical composition as well as the updraft velocity and the maximum
supersaturation of the air parcel. The parameterizations of Abdul-Razzak et al. (1998) and Abdul-
Razzak and Ghan (2000, 2002) are a step forward to evaluate the sensitivity of droplet activation to
both microphysical and dynamical factors because of the explicit link of updraft velocity and aerosol
size distribution to cloud droplet number concentrations (Rissman et al., 2004).

Running the model with particle activation is optional. There is an option to use the resulting
activated particle fraction in each size bin for calculation of incloud scavenging of particles.

Deposition

Dry deposition of trace gases are calculated with a resistance approach (Chamberlain and Chadwick,
1965) dependent on land use. Wet scavenging of most gaseous species is proportional to the
precipitation intensity. For ozone, hydrogen peroxide and sulfur dioxide in-cloud scavenging is
calculated using Henry’s law equilibrium; sub-cloud scavenging is neglected for these species.

Wet and dry deposition of gases is described further in Andersson et al. (2007). More detailed
descriptions of dry and wet deposition of particle species are given here.

Particle dry deposition

Particle dry deposition is calculated according to the model proposed by Zhang et al. (2001). Zhang et
al. (2001) used a simplified empirical parameterization for all deposition processes. Particle growth at
high humidity is included as well as dependency on land use class. The modeled dry deposition
velocity (Vg) is a sum of gravitational settling velocity (V,) and a term inversely proportional to the
aerodynamic (R,) and surface resistance (R)

1
V=V, +——
479 TR, + R

The surface resistance is parameterized here as dependent on the collection efficiencies due to
Brownian diffusion (Eg), impaction (E,\) and interception (E,c). For Brownian diffusion (Eg)

R — 1
* e (Ep + Epy + Erc)Ry

Where R; is a correction factor representing the fraction of particles that stick to a surface, since
particles larger than 5 Um may rebound when hitting the surface. & is an empirical constant and is



taken as 3 for all land use classes (as in Zhang et al. 2001). pgis the friction velocity. The Brownian
diffusion is a function of the Schmidt number (Sc) and a collection efficiency parameter (y):

EB = SC_y

where yis dependent on land use. Impaction is dependent on the stokes number (St), here modeled
through the equation introduced by Peters and Eiden (1992)

E _( St )
M= \aq + St

The 3 parameter in the impaction was set to 2 for all land use classes as in Zhang et al (2001). The a

B

parameter depends on season and land use class (see Table 1). The Stokes number is simulated as in
Zhang et al. (2001), with different expressions for vegetated and smooth surfaces.

Table 1. Dry deposition parameters for land use dependent particle dry deposition calculation.

a ' A Apr-Sept (Oct-Mar)
Pasture 1.2 0.54 2.0E-3 (5.0E-3)
Arable 1.2 0.54 2.0E-3 (5.0E-3)
beech+oak 0.8 0.56 5.0E-3 (10.0E-3)
deciduous 0.8 0.56 5.0E-3 (10.0E-3)
low veg 1.2 0.54 2.0E-3 (5.0E-3)
rural 1.2 0.54 5.0E-3 (5.0E-3)
spruce 1.0 0.56 2.0E-3 (2.0E-3)
pine 1.0 0.56 2.0E-3 (2.0E-3)
wet land 2.0 0.54 10.0E-3 (10.0E-3)
mountain 50.0 0.54 -
urban 1.5 0.54 10.0E-3 (10.0E-3)
sea 100. 0.50 -
forest 0.8 0.56 5.0E-3 (5.0E-3)
noveg 50.0 0.54 -

The collection efficiency of interception is

dy\°
5e-0s(2)

where d, is the particle diameter and A depends on season and land use surface.

Particle wet scavenging

Particles are wet deposited through incloud (W,¢) and subcloud (Wsc) scavenging. The incloud
scavenging in the model depends on the fraction of cloud water (Cloud Liquid Water Content, CLWC)
or ice (Cloud Ice Water Content, CIWC) that is precipitated (P) in each grid box, the solubility (F;) of
each particle size bin, the fraction of the box that is covered by cloud (CC) and the concentration of
particles (c;).

10



dCi

- —(Wic + Wse)
WIC = _CiAICi
CC=x*P
AICL‘

=F
S(CLWC + CIWC)

In MATCH-SALSA the solubility is assumed to be the fraction of particles that are activated as cloud
droplets. In the base case version of MATCH-SALSA the solubility of the particles is parameterized
following Seinfeld and Pandis (1997), which means that in-cloud particles larger than 80nm in
diameter will be activated as cloud droplets. This is of course a simplification; in reality the activated
fraction depends on meteorological conditions. A more advanced formulation, which is more CPU-
time consuming, is also implemented in the model. In this formulation the parameter F; is calculated
in each time step for each grid point, using a model that describes particle activation. Here F; is the
activated fraction of each particle class. The results from these two formulations are compared in
Section 6 of this report.

The subcloud scavenging in the model is treated in a similar way as by Dana and Hales (1976). In
MATCH-SALSA a simplified approach is used where a monodisperse washout coefficient is calculated
for each particle bin and a standard rain drop spectrum® is assumed for all precipitation. The washout
coefficient (i.e., the fraction of a species that is removed by precipitation below clouds) depends on
precipitation amount and takes into account particle collection by Brownian diffusion, inertial
impaction and interception. The total wet deposition is the sum of the incloud and subcloud
scavenging.

Alternatively, much simpler, parameterized, formulations for the wet scavenging can be used, and
the effects of using such parameterizations are investigated in sensitivity tests in Section 6.

° A representative frontal rain spectrum is used, R;=0.02 cm, 2,=1.86 (Dana and Hales, 1976).
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3. Model setup
In this section we describe the setup of the base case simulation using MATCH-SALSA. This simulation
is evaluated thoroughly against measurements in Section 4. The settings and input for other
simulations (sensitivity tests etc.) are described in corresponding sections of the report.

A horizontal model resolution of 44km was used in this study. For this resolution we use a 10 minute
model time step for transport and deposition, whereas chemistry and aerosol microphysics is
calculated every 20 minutes (doubled time step as described in Section 2).

The following sections describe the settings for aerosol microphysics, input data and boundary
conditions that were used in the base case simulations. The emissions that were used in the base
case simulation are also shown, as well as the other emissions that were used in the sensitivity tests.

Aerosol microphysics settings

10 pm

700 nm

SUBRANGE 3a
soluble, sea salt

SUBRANGE 2a SUBRANGE 3b
soluble aged insoluble

SUBRANGE 1 SUBRANGE 2b SUBRANGE 3¢
soluble insoluble insoluble

4.8 12.2 31.2 70 136.6 268 522 1130 2700 6460
Middle diameter [nm]

Figure 3. Aerosol division into bins in the three SALSA subranges in the base case set up of MATCH-SALSA.

As detailed in the model description, the size distribution and chemical speciation in MATCH-SALSA
were divided into three subranges. The size limits of the ranges and the number of bins in each
subrange are adjustable in the code. The following settings were used in this report (see Figure 3):
The first subrange, consists of Nucleation and Aitken mode particles and was chosen to cover the
diameter interval 3-50nm, with three log-normally distributed size bins; the second subrange,
consists of hygroscopic (soluble) and non-hygroscopic (insoluble) accumulation mode particles, and
covered the diameter interval 50-700nm, with four bins each for the two particle types; the third
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subrange, includes sea salt particles, hygroscopic (aged insoluble) and non-hygroscopic (insoluble)
coarse mode particles and covered the diameter size range 700nm-10pim, with three size bins for
each of the three particle types. Thus, there were in total 20 size bins. However, in order to decrease
the computational demand not all chemical components are included in all bins.

Boundary conditions

The concentrations of gaseous and particle species at the lateral and top boundaries of the model
domain were set as described in Andersson et al. (2007). However, for organic matter (OM) the
southern, western and northern boundary concentrations were set to the mass size distribution and
totals of marine OM during different seasons as described by O’'Dowd et al. (2004). These values
were set at the first model level and linearly interpolated to the top and eastern boundaries where
the OM concentration was set to zero. The corresponding PNCs were also introduced at the
southern, western and northern lateral boundaries. The size-resolved boundary concentrations of OC
are shown in Table 2.

Table 2. Lateral and top boundary concentrations of organic matter. The lateral boundary values are valid for the bottom
centre of the boundary and interpolated between the top and other lateral boundary values. Unit: mol OM mol™ air.

\ Size bin season top/east west/south/north

4 (50-98nm) Mar-Nov 0. 3.0E-11
Dec-Feb 0 0.

5(98-192nm) Mar-Nov 0. 1.7E-10
Dec-Feb 0 0.

6 (192-374nm) Mar-Nov 0. 6.7E-10
Dec-Feb 0. 7.6E-11

7 (374-700nm) Mar-Nov 0. 5.5E-10
Dec-Feb 0. 6.2E-11

15 (0.7-1.25um) Mar-Nov 0. 6.0E-10
Dec-Feb 0. 1.6E-10

16 (1.75-4.18um) Mar-Nov O. 3.1E-10
Dec-Feb 0. 0.

17 (4.18-10um) Mar-Nov 0. 2.6E-10
Dec-Feb 0. 7.7E-11

Input emissions

Monthly biogenic emissions of monoterpenes (see Figure 4) were taken from the EMEP MSC-W
(European Monitoring and Evaluation Programme Meteorological Synthesizing Centre - West ) model
(Bergstrom et al., 2012; Simpson et al., 2012). a-pinene is used as a surrogate species for all biogenic
monoterpenes. The emissions were distributed with a fixed diurnal variation having a day-time
maximum and a night-time minimum, based on the mean diurnal variation of the EMEP MSC-W
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model emissions in Finland. The resulting diurnal variation is shown in Table 3. The treatment of the
biogenic monoterpene emissions in the present study is, thus, very simplified and in the near future
MATCH will be updated with an online model of the emissions. A more detailed description of the
biogenic SOA formation will also be implemented, based on the models by Bergstrom et al. (2012).

0 10 100 1000 1e+4 Z2e+4 3e+4 4e+4 Se+4 7e+4 1e+5 2e+5 3e+5 Se+5 1e+6 5e+6 1e+7

Figure 4. Monthly a-pinene emissions used in this study, based on EMEP MSC-W model results (Bergstrom et al., 2012).
Unit: kg month™.

Table 3. Diurnal variation of emission of a-pinene emissions. Emission fraction, i.e. fraction of the total daily emission
emitted per hour.

100-03  03-05 05-06 0607 07-08 0809 09-10

Anicaend  0.008 0.007 0.014 0.041 0.064 0.073 0.076
fraction

1012 12413 1314 1415 1516 1617 17-18

TIS6LGN  0.077 0.078 0.080 0.083 0.086 0.081 0.055
fraction

1819 1920 2021 2122 2224

SultSge  0.023 0.015 0.012 0.010 0.009

fraction
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Figure 5. Annual anthropogenic emissions for 2007 from the TNO-MACC inventory (see text). Unit: tonnes year'l.

The anthropogenic emissions used in the base case simulation are taken from the TNO-MACC
emission inventory (Kuenen et al., 2011; Pouliot et al., 2012; see also the MACC - Monitoring the
Atmospheric Composition and Climate - project web page http://www.gmes-atmosphere.eu/). The

emissions include oxidized sulfur compounds (SOx), nitrogen oxides (NOx), ammonia (NH;), carbon
monoxide (CO), non-methane volatile organic compounds (NMVOC), EC, OM and other inorganic
primary particles (DUST). The emissions of gaseous species are split between 11 SNAP sectors
(EMEP/EEA 2009), whereas the primary particle emissions are split between the first 10 SNAP sectors
(EMEP/EEA 2009) and a separate sector for international shipping. The TNO-MACC emissions are
given as annual totals (Figure 5); seasonal, weekday and diurnal variations of the emissions are based
on results from the GENEMIS project (http://genemis.ier.uni-stuttgart.de/; Friedrich and Reis, 2004).
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The particle emissions of EC and OMP were distributed over different particle sizes according to
sector resolved mass size distributions described by Visschedijk et al. (2009). They describe the size
distribution of mass-based emissions for different SNAP sectors. Most SNAP Sectors are described by
uni-modal distributions, except SNAP sector 4 (production processes) and international shipping that
are described by bimodal distributions. The size distributions of EC and OM (see Table 4) are identical
except for SNAP sector 9 (waste treatment and disposal).

Table 4. Parameters for distribution of EC and OM mass on particle sizes

SNAP EC oM Number of modes
(FRAC:FRAC?)
M (mode, o M (mode, o
mobility nm) mobility nm)
1 120 0.5 120 0.5 unimodal
2 200 0.7 200 0.7 unimodal
3 120 0.5 120 0.5 unimodal
4 80(1) 1500(2) 0.6(1) 80(1) 1500(2) 0.6(1) bimodal
1(2) 1(2) (E:E)
66
5¢ - - - - -
6° - - - - -
7 140 0.45 140 0.45 unimodal
8 140 0.45 140 0.45  unimodal
9 100 1 200 1.5 unimodal
10 180 0.7 180 0.7 unimodal
internat shipping 200(1) 0.5(1) 200(1) 0.5(1) bimodal
900(2) 0.5(2) 900(2) 0.5(2) %;%

The distribution of the EC and OM mass are lognormal distributions, according to
U= ln(Me"'z)

FRAC! _(nD-p?
e 202
D+ 2mo

where the particle size distribution, E'(D), is given as a function of the mobility diameter D. The three

EY(D) =

parameters: M, the mode (peak); o, the standard deviation; and FRAC, the mass fraction in each
mode, are given in Table 4. e" is the median (expected) value in the lognormal distribution.

Fine dust (with particle diameter below 2.5 pm) was distributed on the largest accumulation mode
size in the non-soluble class. The distribution was parameterized using the mode and 0., of the log-
normal distributions. The resulting total model domain emissions of anthropogenic particle mass and
number per size in the model are shown in Figure 6.

® OM emissions are assumed to be distributed over different particle sizes in the same way as OC.
“ No EC or OM emissions in SNAP sectors 5 and 6 (extraction and distribution of fossil fuels and solvent use).
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Figure 6. Annual anthropogenic size resolved particle number (top) and mass (bottom) emissions summed over the
model domain. Note that particle number and mass emissions due to primary sea salt are not included in the diagrams.

The emissions of SO, were split into 99% SO, and 1% H,SO,. The distribution of SO, emissions
between SO, and more oxidized compounds was discussed by Spracklen et al. (2005); the fraction of
SO, increases with grid resolution and is typically set to between 95-100% in European scale models.
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The impact of the distribution between SO,, H,SO, and S0,* on the modeled PNC is investigated in
Section 6 of this report. The processes through which SO, forms particulate sulfate (oxidation,
followed by nucleation and condensation of H,S0,) add to the total PNC but may also shift the size
distribution to larger sizes. The H,SO, nucleation forms many small particles that either coagulate
with each other or with larger particles. H,SO, can also condense on already existing particles. These
processes are competing. Therefore we chose to distribute emitted sulfate mass over particle sizes in
the same manner as OM. The corresponding numbers of particles were also emitted in each bin.

NO, was emitted as 95% NO and 5% NO,. NMVOC emissions were divided into 10 surrogate
compounds, using SNAP-sector specific distributions.

Meteorological data

Meteorology is input at regular time intervals; here we used three-hourly fields from the HIRLAM (Hi-
Resolution Limited-Area Model; Undén et al., 2002) weather forecast model. The input meteorology
is interpolated to hourly resolution. The model is set up covering Europe with a spatial resolution of
44km. In the vertical the model follows the model levels of the meteorological input data, using the
lowermost 22 model levels up to about 5km height. The lowest model level is ca 60m thick.
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4. Evaluation of MATCH-SALSA

Statistical metrics
In this section we present evaluation of MATCH-SALSA. This was conducted by comparing model
results to measurements extracted from the measurement data bases EBAS (http://ebas.nilu.no) and

EMEP ( ) for the year 2007. In the following sections we describe the model
performance for particle species and total particle mass. We use the normalized mean bias (%bias),
defined as the deviation in mean values (M') relative to the observed mean given in per cent,
expressed as

mod __ Mobs

Mobs
The %bias thus shows whether the model overestimates or underestimates on average.

%bias = 100 -

We also want to know if the model adequately reproduces spatial and temporal variations. For this
we determine the global correlation coefficient (also known as the Pearson correlation coefficient, r),
expressed as

C(mod, obs)
\/V(mod, mod)V (obs, obs)
where C(mod, obs) is the covariance between all valid observed and modeled values at all stations

r(mod, obs) =

and V(mod,mod) and V(obs,obs) are the modeled and observed variance. The root mean square
error, RMSE is a measure of the combined variation and bias errors. Here we have used CV(RMSE),
which means the RMSE normalized to the observed mean (also known as the coefficient of variation
of the RMSE), expressed as,

1 . .
\/N Iiv=1(xrlnod - xcl)bs)z
Mobs

CV(RMSE) = 100 -

The mean average of the variables at each station is used to form the spatial %bias, R and CV(RMSE)
Thus, the spatial measures evaluate how well the model represent geographical variations, whereas
the global measures also take into account the model performance on the temporal scale.

In the following section we evaluate the model through discussing model scores for these metrics. As
the model was developed in terms of particle treatment, and especially aerosol dynamic processes,
we focus on describing and discussing evaluation results for size resolved particle numbers and
speciated particle components.

Measurement data

The measurement data that were used to evaluate the particle number size distribution, particle
mass (PM,sand PM,), EC and OC were extracted from EBAS. The stations used in the evaluation of
particle number size distribution, PM,, PM, s, EC and OC are summarized in Table 5. Secondary
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inorganic aerosol (SIA) species were evaluated against available measurements in the EMEP network

for 2007°.

Table 5. Measurement sites used in the model evaluation of EC, OC, PM,, PM, 5, PM,, and PNC. Further details can be
found on the web sites of ebas (http://ebas.nilu.no) and EMEP (http://www.emep.int). In the evaluation of sulfur and

nitrogen components all sites in the EMEP database were used, except for sites deviating more than 250m vertically from
the modeled level.

Country Altitude Components Comment
Austria IImitz ATO02 47.77 16.77 117 PM,, PM, 5
Czech Rep. Kosetice Cz03 49.58 15.08 534 EC, OC in PMy,
PM,.s
Denmark Lille Valby DK41 55.69 12.13 10 PM4, PM, 5
Finland Hyytiala F150 61.85 24.28 181 PNC 51 sizes, 3.160nm-
1000nm
Finland Virolahti Il F117 60.53 27.69 4 PMy, PM, 5
France Puy de Dome FR30 45.77 2.95 1465 EC, OC in PM, 5
Germany Melpitz DE44 51.53 1293 87m PNC 39 sizes, 3.7-859.4nm
EC, OC in PMy, PM; 5, PMy,
Waldhof DEO2 52.80 10.76 74 PM,, PM, 5
Schauinsland DEO3 4791 791 1205 PM;s
Hungary K-Puszta HUO02 48.97 19.58 125 PNC 46 sizes, 5.620nm-
1000nm.
Ireland Mace Head IE31 53.33 -9.90 15 PNC 113 sizes, 8.1638nm-
475.9047nm
PMys
Italy Montelibretti ITO1 42.10 12.63 48 EC, OC in PM, 5
PM,.s
Ispra ITO4 45.80 8.63 209 EC, OC in PM, 5
PMys
Netherlands Overtoom® NL114 52.36 4.81 3 EC, OC in PM55
Norway Birkenes NOO1 58.38 8.25 190 EC, OC in PM,5, PMyo
Slovenia Iskrba SI08 4557 14.87 520 PM, 5
Spain Viznar ESO7 37.23 -3.53 1265 PM, 5
Niembro ESO8 43.44 -485 134 PM, 5
Campisabalos ESO9 41.28 -3.14 1360 EC, OC in PM, 5, PMyq
PM, .5
Cabo de Creus ES10 42.32 3.32 23 PM, 5
Barcarrola ES11 38.48 -6.92 393 PM, 5
Zarra ES12 39.09 -1.10 885 PM, 5

4 All available data for 2007 were used, except data from sites where the height of the first model level
deviated more than 250m from the altitude of the measurement station.
¢ Overtoom is an urban background station in Amsterdam, the Netherlands.
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Paenausende ES13 41.28 -5.87 985 PM, 5

Montseny ES1778 41.77 235 700 EC, OC in PM, 5, PMy,
Els torms ES14 4140 0.72 470 PM, 5
Risco Llamo ES15 39.52 -435 1241 PM, 5
O Savifiao ES16 43.23 -7.70 506 PM, 5
Sweden Aspvreten SE12 58.80 17.38 20 PNC 11.1nm-417.8nm, 36
size bins.
PM,.s
Vavihill SE11 56.02 13.15 175 PM, 5
Switzerland  Rigi CHO5 47.07 8.47 1031 PM4, PM, 5
Payerne CHO2 46.83 6.95 489 EC, OC in PM, 5
PMy, PM; 5
UK Harwell GB36 51.57 -1.32 137 PM; 5
EC, OC in PMyq
Auchencorth GB48 55.79 3.24 260 PM, 5
Moss

For evaluating PNC, five stations were chosen to represent different parts of Europe; all the sites are
classified as rural background sites. Two of the measurement sites: Melpitz (in eastern Germany) and
K-Puszta (in central Hungary), are relatively close to regions with large emissions. Hyytiala (in the
inland of southern Finland) and Aspvreten (ca 70 km south west of Stockholm, in south eastern
Sweden) were chosen as regional background stations occasionally impacted by aged particles due to
transport from large emission sources in Europe. Mace Head was chosen to represent clean marine
conditions. It isincluded to investigate the model performance in a clean marine air mass,
occasionally influenced by long-range transport from continental Europe or emissions from the
British Isles.
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Figure 7. Calculated annual mean (2007) particle number concentration (PNC) in Europe. Top row from left to right: Total PNC (sum of all sizes), and PNC in size bins PNC;3_.4<7nm» PNC<g<20nm» PNCa0<d<sonm-
Bottom row from left to right: PNCsocq<ognm PNCosg<d<192nms PNCig2<d<3sonm, PNCso<d<700nm- Observed annual mean PNC (filled circles) at the observation sites: Hyytidla (Finland), Aspvreten (Sweden), Melpitz
(Germany), K-Puszta (Hungary) and Mace Head (Ireland) when observed numbers exist in the indicated interval.



Model evaluation of particle number concentration (PNC)

Figure 7 shows the modeled annual mean PNC in Europe; both total PNC and the PNC in the different
model size bins up to 700nm are shown. Corresponding measured annual mean PNC at the five
observation sites are also displayed in circles for particle sizes where measurements are available.

The largest modeled total PNC are found in areas with high SOx emissions (e.g., areas around large
point sources in Spain, Poland, south-eastern Europe, the Ukraine, Russia and the area around Etna;
as well as along shipping routes around the lberian Peninsula and the Gibraltar strait). These results
are in line with previous other model studies (e.g. Spracklen et al., 2010; Yu and Luo, 2009).

For the whole grid, the total modeled PNC correlates strongest with SOx emissions (see Table 6). SOx
is partly emitted as H,S0, and partly as SO,. H,SO, is involved in new particle formation through
nucleation, as well as in particle growth, which at least partly explains this correlation.

Table 6. Spatial (Pearson) correlation coefficient between total annual gridded emission and modeled annual mean total
particle number concentration

Emitted SOx DUST | EC NOX | SO, SO,~ | DUST
specie coarse | fine fine coarse | fine
r| 0.53 0.49 0.46 | 0.44 0.43 0.40 0.39
Emitted | CO | NMVOC | EC coarse | OM | a-pinene | NHs oM
specie fine coarse
r | 0.39 0.36 0.35 | 0.34 0.19 0.14 0.12

The bins in the Aitken mode (particle diameters 7-20nm and 20-50nm) contribute most to the total
PNC in the model. The highest PNC in the smallest, nucleating, bin are found in the urban areas in
Russia and Belorussia. Increased values in this bin are also seen along the shipping lanes, as a result
of relatively clean air combined with primary fine particle and SOx emissions. The Aitken mode PNC
pattern is similar to the total PNC distribution, and the highest concentrations are found in areas in
Spain, Turkey, Former Yugoslavia, Bulgaria, and north-eastern Russia, and around the volcano Etna.
The highest accumulation mode (50-700nm) PNC is found in southern Europe. This is partly due to
relatively large emissions of primary fine particles and SOx; but another important reason is less
precipitation in southern Europe compared to the north and west, allowing accumulation mode
particles to reside longer in the atmosphere.
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Table 7. Statistics from evaluation of modeled (MATCH-SALSA) to observed daily mean particle number concentration for
winter (January-March and October-December) and summer (April-September) half-years 2007. Percentages are given in
relation to observed mean.

zeinterval' (nm) 3-700 50- 7-700 50- 7-374 50-

S 20- 50- 3-700 50-

374 374 700 700 700 700
winter obs mean 1.4 0.9 1.7 0.8 4.5 2.3 3.1 2.6 0.9 0.5
(1000 cn?)
mod mean 0.7 0.4 0.9 0.4 1.6 0.5 3.7 0.9 0.8 0.4
(1000 cn?)
%bias -51 -56 -49 -54 -66 -79 18 -67 -8 20
R 0. 026 031 031 058 053 024 058 027 0.14
CV(RMSE) 77 91 72 84 75 93 88 75 120 150
(%)
# days 179 179 177 177 171 171 101 101 172 172
summer  obs mean 2.2 1.4 2.6 1.5 7.1 2.6 3.4 2.2 1.2 ).6
(1000 cnit)
mod mean 1.2 0.5 1.6 0.7 3.7 1.0 7.4 1.8 1.5 .3
(1000 cnt)
%bias -48 -64 -37 -53 -47 -60 119 -20 17 151
R 005 046 031 053 066 059 0.36 0.4 0.52 0.6
CV(RMSE) 67 77 58 68 63 74 179 54 145 113
(%)
# days 176 176 183 183 172 172 151 151 161 161

Overall performance

Evaluation statistics for daily total PNC and PNC in the accumulation mode (PNC,) at the five
measurement sites are presented in Table 7. The size ranges for PNC and PNC, vary between the
stations depending on the measurement interval. We separate performance during summer half-
years (April-September) from winter (October-March). The reason for this is the differences in both
primary emissions and atmospheric processes between the seasons. For example there is more
residential biomass burning emissions during winter than during summer, whereas there are more
biogenic VOC emissions during summer. Both these sources are associated with large uncertainties in
the emission inventory and the model. The chemical transformation of terpenes to secondary
organic aerosol in the atmosphere is also a source of uncertainty.

Modeled total PNC is generally in moderate to poor agreement with the observations, at least at the
time scale of daily mean concentrations. At most sites the normalized mean bias is large both in
summer and winter and the correlation coefficients are low. The normalized root mean square error
CV(RMSE) is above 50% at all stations in both seasons. The relatively poor agreement between model
and observations is not unexpected considering the simplifications discussed earlier; especially the
handling of secondary organic aerosol is crude in this MATCH-SALSA version, and mostly intended to
give a first estimate of this potentially very important component of the PM; the model treatment of
particulate nitrogen also needs further work. Both SOA and particulate nitrogen are important for
new particle formation and for the growth of the particles to larger sizes.

"The lower limit of the measurement interval at Hyytidla and Melpitz is 3.2nm and at Mace Head it is 8.2nm.

24



Particle number size distribution

At Aspvreten, Hyytidla and Melpitz both the total and the accumulation mode PNC are
underestimated for both summer and winter. At K-Puzta and Mace Head the accumulation mode is
underestimated, whereas the mean total PNC is overestimated or close to the observed. This
indicates that there are differences in model performance within the size spectra. This is illustrated in
Figure 8, where both the modeled and measured mean PNC size distributions are shown at the five
observation sites, for winter and summer.

From the size distribution it is clear that it is a common feature that the PNC is underestimated or on
the same level as the measurements for the measurement sites, except for the very smallest sizes at
K-Puszta and Mace Head, where the numbers are overestimated, both during winter and summer.
The shape of the size distribution is captured well, but there is a tendency for a shift of the maximum
to smaller sizes in the model than in the observations, especially during winter at K-Puszta and the
summer at Mace Head. The reason for the maximum occurring at too small sizes is likely too little
condensation in the model. This may be improved in future model versions that include a more
realistic treatment of SOA formation and nitrogen condensation processes.

Spatial distribution of total and accumulation mode particle number

Bar diagrams of 6-month average (summer and winter) total and accumulation mode PNC, at the
measurement sites, are shown in Figure 9; the annual mean PNC for the full model domain is shown
in Figure 7.

The model captures the general features of higher total and accumulation mode PNC in central parts
of Europe than in the outer parts of the model domain. Aspvreten and Mace Head have the lowest
modeled and observed PNCs. However, looking in more detail at the stations there are some
discrepancies.

Melpitz has the highest observed total PNC, followed by K-Puszta, during both winter and summer;
the model predicts the highest PNC in K-Puszta followed by Melpitz. The highest observed
accumulation mode PNCs are found at K-Puszta and Melpitz during both half-years (the PNC are at
similar levels for both seasons and both sites, slightly higher at K-Puszta during winter and somewhat
higher at Melpitz in summer). The model predicts maximum accumulation mode PNC at K-Puszta for
both winter and summer, followed by Melpitz at a much lower level.

Thus the spatial distribution of PNC in the model is not in perfect agreement with the variation in the
observations. There may be many reasons for this. One important reason for the high modeled total
PNC at K-Puszta is the high rate of nucleation which is caused by the large emissions of SOx in the
area. It is possible that choice of fractions of H,SO, emission in the model is not well suited for the
time scale from source to measurement site at this location. The matter of emission fractions of SO,
and more oxidized states of SOx is further discussed in Section 6.
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Figure 8. Modeled and measured winter (Jan-March, Oct-Dec) and summer (April-September) mean particle number concentration size distribution at five measurement sites in Europe
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Figure 9. Mean particle number concentration (PNC) in winter and summer at five observation sites in Europe. Top panel:
mean observed and modeled total PNC. Bottom panel: mean observed and modeled PNC in the accumulation mode. The
interval above the observation site name indicates the particle size interval included, unit nm. The number above the
season indication shows the (Pearson) correlation coefficient of daily mean PNC. Note that the size intervals differ
between the stations: the size interval is used for both modeled and observed values.
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Temporal evolution of the particle number concentration

Figure 10 shows the modeled and observed temporal variation of the daily mean PNC at five sites.
The modeled PNC is shown as surfaces to indicate the evolution of the size spectra. New particle
formation is evident in the model in the form of peaks in the very smallest particles sizes. These
coincide with the observed maximum total numbers on some occasions, sometimes there is a shift of
a few days. Often there are peaks in the observations when there are none in the model. Nucleation
is a difficult process to capture in the model, since the model grid size is representative of a larger
area, whereas the measurement station may be influenced by local emissions.

The best correlation between modeled and observed PNC is found at Melpitz (r=0.70) but the model
underestimates PNC most of the time; observed PNC is almost always high at this site. At Mace Head
some of the observed peaks are fairly well modeled but the overall correlation coefficient is modest
(r=0.46); the timing of some peaks are shifted in the model compared to the observations and some
model peaks are not seen in the observations and vice versa. The model grossly overestimates the
total PNC at K-Puszta during summer, but the model temporal variation for particles sizes >20nm
follows the measurements fairly well; during winter the model PNC is in better agreement with the
observations. At Hyytidla a lot of nucleation is observed; this is not captured by the model, possibly
because of the simplified SOA scheme used in the present version of MATCH-SALSA, which is unlikely
to model the effect of OM on nucleation in a realistic way.

Model evaluation of particle mass and composition

Simulated annual average PM,,, and the chemical components forming this mass, are displayed in
Figure 11. The largest concentrations of PMy, are found at anthropogenic emission hotspots (e.g.,
northern ltaly, Moscow and the eastern Ukraine) and over the Atlantic Ocean and parts of the
Mediterranean Sea. The highest modeled concentrations over land are due to large anthropogenic
emissions of primary inorganic aerosol (DUST), except in northern Italy, where there is a large
contribution from ammonium nitrate, and in some sulfur emission hotspots in southeastern Europe
where sulfate dominates PM,o. Over the oceans the largest contribution to PMy, is from sea spray
particles; important sulfate contributions are also seen, especially around Etna and the eastern
Mediterranean Sea.

In following subsections we present evaluation statistics for particle components, starting with SIA,
moving on to elemental and organic carbon. Finally total PM,, PM, s and PM,, are evaluated.

Secondary inorganic aerosol (SIA)

Statistics from the evaluation for SIA components (particulate sulfate, S0,%; nitrate, NO5'; and
ammonium, NH,") are shown in Table 8. Modeled and measured seasonal variations at the sites are
displayed in Figure 12; the figure shows the monthly average over all measurement sites and the
variation in monthly averages at the individual sites for the same month. In order to avoid biases due
to possible incorrect separation of gas and particle phase nitrogen in the measurements, we also
include evaluation results for total nitrate (TNO3: HNO;(g) + NOs'(p)) and total reduced nitrogen
(TNHx: NHs(g) + NH,"(p)).

28



Hyytiala diurnal mean Aspvreten diurnal mean 4 Melpitz diurnal mean

x 10
oo 7m || 10000 P ; s . e
6000 . B 5747000 — LA — o
I 192-374 I 192-374 o I 192-374
6 o © [ 95-192nm [ 98-192nm [ 98-192nm
50007 e . ° [ 50-98nm 1 8000+ [ 50-98nm H d [ 50-98nm
o ! I 20-50nm I 20-50nm o I 20-50nm
RIS ‘ b I 7-20nm I 7-20nm 1.5¢ 1 U, o 7200
'_|4000 g;rérgz . H 3-7nm ° . 00@ o 3-7nm
v ° .2nm-1um 6000 © OBS11-418nm || ° © OBS3.2-859nm
O 3000 1
Z,
2000
0.5
1000
.?an FebMar AprMay Jun Jul AugSep Oct NovDec \?an FebMar AprMayJun Jul AugSep OctNovDec \?an FebMar AprMay Jun Jul Aug Sep Oct NovDec
« 10" K-Puszta diurnal mean Mace Head diurnal mean
25 ' -‘700;1m-1,7t1|m i ' -‘700r|1m-1.7l‘1m
— i — o
192-374 -
I 95-192nm 12000 [ 98-192nm
2 [ 50-98nm i [ 50-98nm g
I 20-50nm 10000 I 20-50nm L Site r
I 7-20nm I 7-20nm .
— | = ot e e e | 044
"-’E 15 ' ' 8000 ' Aspvreten 0.22
© Melpitz 0.70
=z A< el | | 6000 P
= A 0 | | K-Puszta 0.32
tle . 4000 1o | : Mace Head | 0.46
0.5/ |l L= e : : '
s b 2000 5
) o [ r ° y
.?an FebMar AprMay Jun Jul AugSep Oct NovDec 9an FebMar AprMay Jun Jul AugepOctNovDec

Figure 10. Observed and modeled daily mean particle number concentrations (PNC) at five sites in Europe. Modeled (surfaces) and observed (filled circles) daily mean PNC in size bins are
displayed as a time series. See legend for colors representing the different size bins. Bottom right: (Pearson) correlation coefficient for evaluation of diurnal means during 2007.



Table 8. Comparison of modeled secondary inorganic aerosol (SIA) components to daily observed concentrations.
Average results covering available measurements for the year 2007 (results for individual stations are given in the
supplementary material). In addition to the SIA components also the total nitrate (TNO3=HNO;(g)+NO; (p)) and total
reduced nitrogen (TNHx=NH;(g)+NH,"(p)) are evaluated. The units for the concentrations are ue(s) m™ for sulfate and
Ug(N) m’ for the other species.

‘ Global/temporal Spatial
Measure: | Mean Mean %Bias mean? mean® #obs | %Bias r CV(RMSE) #stns
Obs Mod r CV(RMSE)
Unit: Hgm® pgm® o % % %
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
NH4" 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

Sulfate has a low mean bias (4%) whereas the average normalized RMSE (based on daily mean) is
around 50%. The average correlation coefficient for the included sites is 0.52 and the spatial
correlation (for the annual mean concentration at the stations) is 0.57. As can be seen in Figure A32
and Table A15 (in Appendix A), two stations are outliers, for which the model sulfate is more than
twice the observed concentration (RU18: Danki, ca 95km south of Moscow and SK04: Stara Lesna in
Slovakia). The reason for the large model bias at these sites is not known but it is likely that some
emissions are overestimated in or near the grid boxes where the stations are located. Both the
CV(RMSE) and the correlation coefficients are affected by these outliers, e.g. the spatial correlation
coefficient improves significantly, it is 0.76 when they are removed from the data set.

The model tends to overestimate sulfate during November to February and underestimate during the
rest of the year, i.e. the seasonal variation is stronger in the model (see Figure 12). The seasonal
variation in sulfate is dependent on the variations in the emissions of SOx. A major emitting sector
for sulfur is power plants with coal combustion. These emissions, and their seasonal variation, are
dependent on the heating requirement, which is coupled to the winter temperatures and the
duration of the cold season for a given year. The seasonal variation of these emissions in the model is
a statistical description and not dependent on the particular winter temperatures a specific year. A
warmer than average winter would lead to less seasonal variation in the real emissions, and thus
over-prediction in winter and under-prediction in summer in the model. The year 2007 was
exceptionally warm (European Climate Assessment & Dataset; Internet URL: ;van
Engelen et al., 2008), especially the winter 2006-2007 ( , ERA-Interim data set,
as compared to the period 1979-2012), which could, at least partly, explain the low correlation. For
most stations (47 out of 52) the modeled average sulfate is within £50% of the observed
concentration; the majority of those outside the span (four stations) are overestimated.

€ Weighted average of correlation coefficients and CV(RMSE) at individual stations.
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Figure 11. Modeled annual mean concentrations (for 2007) of PM, (peak at 37.3 pg/m3in Moscow) and its particle components: elemental carbon (EC), organic matter (OM),
anthropogenic dust (DUST), sulfate (5042'), nitrate (NO5), ammonium (NH,") and sea salt (NaCl). Unit: pg m>,



The model performance for the evaluated nitrogen compounds (NO;, HNO;+NO3, NH," and NHx) at
individual stations is of similar quality as for sulfate. First we return to the average statistics in Table
8. On average, the model underestimates the concentration of the nitrogen components by about
10-20%, while the RMSEs in most cases are a bit lower than for sulfate (range from 36 to 49% for the
N-components). The average station correlation coefficients vary between 0.44 and 0.59, whereas
the spatial correlation coefficients are higher (between 0.79 and 0.87).

For the nitrogen compounds, the modeled seasonal variations are not as strong as the observed
variations. Especially the spring maxima in the observed nitrate and ammonium are not as strong in
the model, whereas there is little or no bias during summer and fall. For total reduced nitrogen, there
is a general underestimation throughout the year, except during early winter.

There can be several reasons for the deviations of the modeled seasonal variations from those
observed. The underestimation of the spring time maximum could be due to missing (or
underestimated) emissions; e.g., the model does not include emissions from open burning of
biomass (agricultural burning and wildfires) and large fires may emit substantial amounts of NOx that
will be transformed into nitric acid (and nitrate) in the atmosphere. The underestimation of nitrate
may also be a secondary effect of underestimation of NH; leading to too little formation of
particulate nitrate (HNOs(g) deposits much more rapidly than particulate nitrate). A third alternative
is problems with too rapid dry and/or wet deposition of HNOj; in the model; a very simplified dry
deposition scheme for gases was used in these model calculations and it may overestimate
deposition substantially (the deposition errors are likely to be different for different seasons); both
the dry and wet deposition schemes in MATCH are being revised and it is likely that the revisions will
lead to especially large changes in the modeled concentrations of nitrogen components; over-
predicted wet scavenging of particles during spring is another possible explanation for the
underestimated spring concentrations of nitrate and ammonium.

The behavior of reduced nitrogen is more complex. During summer the underestimation in TNHx is
not followed by underestimation of ammonium. Some biogenic emission sources for ammonia are
missing in the model and these are likely to have a strong seasonal variation. The model also
overestimates deposition of reduced nitrogen since it does not yet account for soil saturation of
ammonia; this will lead to too little ammonia in the model, especially during periods with high
ammonium deposition (e.g., during periods when fertilizers are spread over agricultural areas).
Improving the model for ammonia deposition and biogenic ammonia emission would likely improve
the seasonal variation for total reduced nitrogen.

As for the spatial variation, the model underestimates the annual mean concentration at the sites
with highest concentration somewhat, for the four evaluated nitrogen compounds (see Appendix A,
Figure A33, Figure A34, Figure A35 and Figure A36); but the bias at most sites falls within 50% (see
Appendix A, Table A16, Table A17, Table A18 and Table A19). The largest relative overestimation is
for two stations measuring nitrate in Latvia (LV10 and LV16) where both model and measurements
estimate low concentrations. The largest underestimation (around 90%) is at three stations
measuring total reduced nitrogen in Norway (NO15, NO39 and NO55 [both NO15 and NO55 are
influenced by local agricultural activities according to EMEP site description; thus, they may be less
representative for N-components in a regional scale model]) and at one station measuring nitrate in
Austria (AT02).
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Figure 12. Monthly mean secondary inorganic aerosol (sulfate, 5042'; nitrate, NO3', and ammonium, NH,"), total nitrate (TNO3=HNO;(g)+NO; (p)) and total reduced nitrogen
(TNHx=NH;(g)+NH,"(p)) concentrations at EMEP observation sites in Europe. Observed average station mean concentrations, and the interval between maximum and minimum station
means, are shown as blue squares and bars. The corresponding modeled average and max-min interval are illustrated with the red line and shaded area. Sites with less than 80% capture
during the year were excluded from the comparison. Unit: ug(S/N) m>,



Elemental and organic carbon

In this section we evaluate elemental carbon (EC) and organic carbon (OC). The evaluation includes
available measurements in ebas; 11 European sites were available for 2007 (see Table 5). The model
describes organic matter (OM) rather than OC. In the evaluation we assume a OM:OC ratio of 1.4.
The actual ratio is usually between 1.25 and 1.7, with a greater ratio for more aged OM (Turpin et al.,
2000; Kupiainen and Klimont, 2007). Thus, the choice of a fixed OM:OC ratio will lead to model
under- or overestimation depending on measurement site and time of year. Evaluation of EC and OC
are shown in Figure 13 and Figure 14. The figures show the annual observed and modeled mean and
daily correlation coefficients at individual measurement sites.

Both EC and OC are underestimated at many of the sites during the measurement periods. The
underestimation is especially large at the Italian sites during winter for both EC and OC, and for EC at
Melpitz. The reason for the underestimation (and in some cases overestimation) is likely to vary
between the measurement sites and seasons. There is a generally higher correlation for EC than OC
at the sites where both are measured. One of the reasons for this is that OC is more complicated to
model than EC, since it is a combination of primary and secondary components, many of them semi-
volatile.

We now turn to the model performance of daily EC and OC at individual stations. To restrict the
number of figures we include only Ispra here (Figure 15); scatterplots and time-series of observed
and modeled EC and OC at the other stations can be found in Appendix A (Figure A37 and Figure
A38). We choose to show Ispra since it is one of two stations (Melpitz being the second) that
measure daily EC and OC (in PM,s) during the whole year, and since the results at Ispra are of
particular interest. The model performs well in describing what is observed at Ispra during summer
but it greatly underestimates during wintertime. One reason may be underestimated residential
wood combustion emissions (e.g. Bergstrom et al., 2012). Modeled and observed time-series of
nitrogen dioxide (NO,) are also included in Figure 15. For NO, there is also underestimation all year
around, by 43% in summer and 51% in winter. There is a clear seasonality in both modeled and
measured values. However, EC and OC have more pronounced underestimation during winter (-74
and -87%, respectively) than during summer (-20 and -37%, respectively), whereas the relative
underestimation of NO, is fairly constant for all seasons. This seasonality in model EC and OC
performance is very likely due to lacking emissions from one or more emission sectors, with greater
emissions of EC and OC during winter, but relatively small contribution to NO,. This work therefore
strongly indicates underestimation of residential wood combustion emissions at least in the area
around Ispra.

For the German site Melpitz (see Appendix A, Table A20 and Figure A37) EC is generally under-
predicted throughout the year. OC is generally captured fairly well at the station, with
underestimation of OC in PM,, during winter and overestimation for OC in PM, 5 during summer. One
reason for the relatively high EC measurements at Melpitz is that the measurement technique used
at this site, to separate OC from EC, has no charring correction and is expected to lead to too high EC
values and to underestimate OC (see Genberg et al., 2013, and references therein). There are large
peaks during spring and late autumn of OC (and EC) in PM, 5 and PM,, which are clearly under-
predicted (Appendix A, Figure A38). The peak in the beginning of April coincides with a vegetation
fire episode (Genberg et al., 2013); the earlier peaks and the late autumn peaks are perhaps more
likely due to residential combustion or other missing/underestimated sources. Stern et al. (2008)
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compared five different chemical transport models to observations from northern Germany during
highly polluted conditions. None of the models could reproduce the very high EC concentrations
observed at Melpitz. Stern et al. (2008) suggested that the large underestimations of EC may be an
indication that emissions in the central European region were underestimated during these episodes.

While EC and OC in PM, s or PM,, are underestimated at many sites in Jan-Feb 2007, the variation
and baseline of EC (but not OC) are captured well at Kosetice, Harwell and Campisabalos (Appendix
A, Figure A37 and Figure A38).

Total particulate matter
In this section we evaluate total particulate matter for the sizes PM; and PM, 5. The evaluation
includes 28 measurement sites throughout Europe (Figure 16 and Appendix A, Table A21).

The model underestimates PM, s by 14% (spatial average) and the spatial correlation coefficient is
0.64. The CV(RMSE) is 38%. The model underestimates PM, s at the measurement sites with the
highest observed annual mean (Appendix A, Figure A39). The underestimation of PM, 5 can be due to
a number of reasons including missing emissions, too short aerosol lifetime or too little secondary
aerosol production. There is probably too little EC and OC in the model, at least at some of the sites,
which can be explained by missing or underestimated emissions.

For PM; the annual means at the sites with the lowest concentration (Scandinavian sites NOO1, FI17,
DK41) are overestimated by the model. Out of the 35 evaluated annual means (PM; and PM,s) at
the 28 stations, six means (at five stations) deviate by more than 50%. For PM; the overestimation
for the three Scandinavian sites seems to be due to overestimation of sea salt. A closer look at
modeled and measured PM; in Birkenes (Figure 17) shows that model peaks caused by sea salt are
not seen in the observations. For this reason we also compare evaluation scores for modeled PM,
and PM, s, with and without inclusion of sea salt aerosol in the total PM mass (Figure 18 and
Appendix A, Figure A39 and Table A21). Many sites show improvement to the correlation coefficient
for daily mean PM, s or PMy, which is an indication of too much sea salt at the wrong time. It may be
due to too large sea salt emissions and/or too weak sink processes for the sea salt, since significant
improvements in correlation are seen also at far inland sites. Further detailed evaluation of modeled
sea salt against observed Na (in air and deposition) is needed.
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Figure 13. Evaluation of EC for 2007. Observed and modeled mean concentrations (unit: g m'3), correlation coefficients
of daily mean concentrations are indicated below the bars. Measurement site codes as defined in Table 5. The number of
daily mean values is indicated by the numbers in the parentheses. Correlation coefficients were calculated for
measurement sites with more than 10 daily observations.
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Figure 14. Evaluation of OC for 2007. Observed and modeled mean concentrations (unit: pg m'3), correlation coefficients
of daily mean concentrations are indicated below the bars. Measurement site codes as defined in Table 5. The number of
daily mean values is indicated by the numbers in the parentheses. Correlation coefficients were calculated for
measurement sites with more than 10 daily observations.
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Figure 16. Evaluation of PM; and PM, 5 for 2007. Observed and modeled mean concentrations (unit: g m'3); correlation
coefficients of daily mean concentrations are indicated below the bars within parentheses. The elevation of each site is
included below the correlation coefficients (unit: m above sea level). Station codes as defined in Table 5.
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Figure 17. Modeled and observed PM, at Birkenes (NOO1) for 2007. Time series of daily mean modeled PM, constituents
(surfaces) and observed PM, (circles) (left hand side). Modeled 2007 annual mean PM constituent size distribution:
accumulated over size bins up to the higher end of an indicated interval (top right panel) and mass per size bin (bottom
right). Observed PM; (green dot with black ring). Modeled PM, constituents are shown as surface plots with different
colors explained by the legend (in the bottom right panel). Modeled median and interquartile range (grey ring and error-
bar in right hand panels). Observed median and interquartile range for PM; (green dot with black ring and error-bar in
top right panels).

Conclusions on model performance

The MATCH model has been further developed to include aerosol microphysics, by including the
aerosol dynamic model SALSA. The new features in MATCH-SALSA, compared to the standard
MATCH model, include particle number size distribution and a simple treatment of biogenic
secondary organic aerosol. The model performance is moderate to good, but improvements are
needed in some areas. The model needs to be updated for online terpene emissions and better
representation of SOA processes. Further, the model treatment of gas-particle partitioning of
nitrogen can be improved. In Section 5 the new model is compared to the standard MATCH model.
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5. MATCH-SALSA compared to MATCH
The main improvement in MATCH-SALSA compared to the standard MATCH model is the inclusion of

aerosol microphysics. This allows for a dynamic description of particle number concentrations. In the

standard MATCH model particle dynamics is not described, except for size-dependent deposition.

MATCH-SALSA describes new particle formation, through nucleation, and particle growth by

condensation and coagulation. MATCH-SALSA has also been coupled to a cloud module describing

the fraction of cloud activated particles; this was coupled to wet scavenging, as described in a
sensitivity scenario in Section 6. The differences between MATCH and MATCH-SALSA are further
detailed in Table 9.

Table 9. Main differences between MATCH-SALSA and the standard MATCH model

MATCH-SALSA

\ Process
Particle size
distribution

MATCH
Primary particles: flexible,
Secondary particles: 1 class.

Flexible number of nucleation-, aitken-,
accumulation- and coarse particle classes;
solubility of particle classes; cloud
condensation nuclei/activated fraction of
particles

Aerosol dynamics Size dependent deposition.

Various descriptions of nucleation,
condensation, coagulation, growth, size- and
solubility-dependent wet and dry deposition,
possibility for coupling between wet
deposition and cloud droplet activated
particle fractions.

Particle numbers  No description

Particle number in a flexible number of size
intervals.

Particle mass/
chemical
constituents

Primary particles: EC, OC,
dust, sea salt

Secondary particles: sulfate,
nitrate, ammonium

Primary particles: EC, OM, dust, sea salt
Secondary particles: sulfate, nitrate,
ammonium, secondary organic aerosol

In order to evaluate improvements in MATCH-SALSA (MS), compared to “standard” MATCH (M), we
performed a separate calculation with the MATCH model using the same methodology as the
MATCH-SALSA base case simulation but turning off the SALSA model. This means that the M-case is
similar to the standard MATCH model version which has been used in many applications. The two

scenarios are detailed in Table 10.

Table 10. Model scenarios for comparing MATCH-SALSA to MATCH

\ Name Description Version
MS Standard MATCH-SALSA with TNO emissions. S20BV86b
MATCH-SALSA
M No SALSA S20BV68b
MATCH No aerosol microphysics

No SOA formation

Closest resemblance to standard MATCH




Particle Mass (PMz.5)

The PM, s concentrations from the two simulations are compared to each other and to observations
at 27 European sites in Figure 19. Usually MS predicts higher PM, 5 concentrations, which is expected
since it includes SOA, which is not included in the M simulation. At some sites there is however
higher concentration of sulfate in the M simulation than in MS. This is most likely a result of changes
to the mass size distribution leading to changes in wet and/or dry deposition.

Modeled PM, s is close to the observed or underestimated at most sites with both MS and M. At most
sites the correlation coefficient for the MS run is either very similar to the M run or improved. The
largest differences between MS and M are found at the Spanish sites where the MS results are
clearly better correlated with the measurements. In Scandinavia and on the British Isles the
correlation is generally poor in both model versions and there is little difference between MS and M.

Particle number

In most standard MATCH model simulations there is no representation of PNC, however in the M test
run we do include PNC but only primary particle PNC is included. The SIA formed in the M-case is
only added to the surface of already existing particles and therefore it does not add to the PNC.
Measured and modeled total and accumulation mode PNC are presented in Figure 20.

There is less total PNC in winter than summer, both in the observations and in the model; this is due
to weaker nucleation during winter. During summer, both accumulation mode PNC and total PNC are
higher in MS than in M. New particles are formed in the nucleation routine, introduced in MS, and
the condensation of H,SO, and SOA in MS acts to grow the particle size distribution to accumulation
mode sizes. During winter the total PNC is higher in MS than in M whereas the accumulation mode
PNC is lower. This is due to less condensation in winter (especially less organic condensation)
resulting in weaker growth of the newly formed small particles to larger sizes.

MS is generally better at describing the PNC at the measurement sites included in this study than
what is simulated by the M-case: both the levels and correlation coefficients of total and
accumulation mode PNC are better captured by MS. However, during winter the M-case is predicting
higher accumulation mode PNC (i.e., slightly closer to the observed mean levels) but the correlation
coefficient are worse for M than for MS. The lower PNC in MS is probably a result of the coagulation,
which acts as a sink to particle numbers, combined with the weak condensation and nucleation
during winter in this version of MATCH-SALSA.

Conclusions

MATCH-SALSA describes aerosol microphysical processes which are currently lacking in MATCH and
therefore represents PNC better than a simulation similar to the standard MATCH model. PM, 5
simulated by MATCH-SALSA shows some differences compared to MATCH, resulting from changes to
the mass size distribution due to microphysical processing.
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Figure 19. Observed (O) and modeled annual mean PM, 5 concentration at European measurement sites. Modeled PM, 5
also indicates chemical composition. Model versions are MATCH-SALSA (MS) and MATCH (M), see Table 10. The
correlation coefficients of the daily mean PM, s are given below the bars.
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Figure 20. Observed (OBS) and modeled particle number concentration (PNC) in accumulation mode (diameter larger than 50nm; top row) and total PNC (bottom row) during winter (Jan-
March and Oct-Dec, left panels) and summer (April-Sept, right panels) at five European measurement sites. The correlation coefficients of the daily mean PNC are given below the bars.
Observations (dark red), and model versions: MATCH-SALSA (MS; orange) and MATCH (M; yellow), see Table 10. Note that the size intervals differ between the stations: the size interval is
used for both modeled and observed values. Unit: # cm™.



6. MATCH-SALSA options - sensitivity tests and recommendations
A number of sensitivity tests were performed using MATCH-SALSA. The purpose of these tests was to
understand how the model responds to different input data or model formulations affecting
nucleation, growth and wet scavenging. The results from the sensitivity tests are presented in the
following sections.

Nucleation

The distribution of SOx emissions between SO, and more oxidized compounds was discussed by
Spracklen et al. (2005); the fraction of SO, increases with grid resolution and is typically chosen to be
between 95-100% in European scale models. Here we investigate the impact of the distribution of
SOx emissions between sulfur dioxide (SO,), sulfuric acid (H,50,) and sulfate (SO,%) on the modeled
PNC, since this choice has the potential to affect both nucleation and condensation in the model.
Close to the source, SOx is emitted as SO, for most anthropogenic sectors. After emission, SO, is
transformed to more oxidized species at a rate which depends on the ambient conditions. The ideal
effective emission split between SO, and more oxidized states depends on the model resolution.
Based on Spracklen et al. (2005) we chose 99% as SO, and 1% as H,S0,in the base case simulation.
The TNO emission data set already contained primary particulate sulfate, therefore we chose to emit
the S(VI) as H,S04(g) (rather than SO,*(p)), since H,SO, can condense or nucleate in the microphysical
routine in the model. We include tests where the fraction of SOx emitted as H,SO, is increased to 5%
(MS5) and decreased to 0% (MSO0). Further, we also include a test where 1% is emitted as particulate
sulfate instead of H,S0,(g) (MS01).

MATCH-SALSA includes various nucleation schemes. Here we test for differences between the
standard nucleation, which is activation type nucleation (MS), activation nucleation including both
H,S0, and organics (MSos), binary nucleation (MSb) and not including any nucleation (MS-).

Table 11. Model scenarios for comparing sensititvity to nucleation formulations and emissions affecting nucleation

‘ Name Description Version ‘

MS Base case S20BV86b
1% SOx emissions as H,SO,.
Activation nucleation of H,SO,.

MS5 5% SOx emissions as H,S0,. S20BV92

MSos 1% SOx emissions as H,SO,. S20BV97
Activation nucleation of H,SO, and organics.

MSO 0% SOx emissions as H,SO,. S20BV93

MSO01 0% SOx emissions as H,SO,. S20BV94
1% SOx emissions as SO~ (p).

MS- 1% SOx emissions as H,S0,. S20BV96
No nucleation.

MSb 1% SOx emissions as H,S0,. S20BV95
Binary nucleation.

The model sensitivity to these choices is investigated in this section, with settings as presented in
Table 11. The resulting total and accumulation mode PNC for the sensitivity tests are presented in
Figure 21 and Figure 22.
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Figure 21. Mean observed and modeled total particle number concentration in March (top) and July (bottom) resulting
from sensitivity tests on nucleation formulation and emission distribution of SOx between species. Note that the size
intervals differ between the stations: the size interval is used for both modeled and observed values. Scenario notation:
See Table 11. Unit: # cm™.
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The amount of SOx emitted as H,S0O, affects both the total and the accumulation mode PNC,
resulting in more PNC when increasing the H,SO, fraction. However, including organic nucleation as
well, results in even stronger increase in PNC than increasing the emitted H,SO, fraction by 4% units.
Choosing to emit all non-SO, as particulate sulfate instead of H,SO, (g) leads to lower PNC, even
slightly lower than when emitting all SOx as SO,. The emitted sulfate will be condensed on available
particle surfaces, thus not increasing PNC, whereas emitted SO, will form H,SO, that will mainly act
to increase the PNC.

Binary nucleation produces less PNC than the activation type nucleation, and most often the
correlation coefficient is lower when using binary nucleation. Not including any nucleation always
produces too little total and accumulation mode PNC with poor or no correlation to observations.
The recommendation is to use activation type nucleation.

There is no clear single recommendation from the sensitivity tests on what choice is best. The
fraction of H,SO, that results in the best model performance (bias and correlation for total PNC) is
site, and possibly season, dependent:

e Aspvreten: The correlation is fairly constant with H,SO, fraction but the total and
accumulation mode PNC is underestimated in March for all cases, whereas the bias is smaller
in July. The total PNC correlation decreases when including organic nucleation: possibly the
terpene emissions need improvements in this area.

e Hyytidla: There is relatively good correlation for all activation nucleation cases for both
accumulation mode and total PNC in July and some correlation also for accumulation mode
PNC in March. Total PNC is severely overestimated in July.

e Melpitz: The correlation is (slightly) improved for the total PNC when including organic
nucleation; for March the bias is also much smaller with organic nucleation than with
activation type nucleation; for July, the increased model total PNC leads to an overestimation
(of about the same magnitude as the underestimation when using activation nucleation), but
the bias changes from underestimation to overestimation. Accumulation mode PNC is
underestimated (especially in March) but a larger fraction of H,SO, emissions decreases the
bias, and results in higher correlation to observations in March. This could be a result of
missing condensational growth in the model at this site. (This condensation may be due to
other components than H,SO,, e.g., nitrogen compounds which are currently not included in
the particle growth mechanism.)

e K-puszta: For total PNC, the model is best correlated with the observations when the H,S0,
emission fraction is 0%. Including organic nucleation leads to severe overestimation of the
total PNC at K-puszta

e Mace Head: For total PNC the best correlation is obtained for the scenarios with low (0-1%)
H,SO, emission fractions; organic nucleation does not improve the performance. The total
PNC is overestimated for all activation nucleation simulations at this site.

e General: For accumulation mode PNC the correlation is generally higher than for total PNC in
both months (except Aspvreten in July). This may be an effect of the accumulation mode
numbers being affected not only by nucleation and particle growth mechanisms, but also by
primary particle emissions and long-range transport (LRT; the model usually captures the
timing of LRT episodes well at regional background sites).
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Figure 22. Mean observed and modeled accumulation mode particle number concentration (PNC) in March (top) and July
(bottom) resulting from sensitivity tests on nucleation formulation and emission distribution of SOx between species.
Note that the size intervals differ between the stations: the size interval is used for both modeled and observed values.
Scenario notation: See Table 11. Unit: # cm™.
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The model is sensitive to organic nucleation. The model needs improvements including more realistic
terpene emissions and SOA formation and gas-particle partitioning. Condensational growth also
needs to be further developed, taking into account nitrogen partitioning and organic condensation
needs to be treated in a more realistic way.

Condensation/coagulation

The PNC size distribution depends on primary emissions, new particle formation, condensation,
coagulation and deposition. In the model the growth is represented by condensational growth by
H,SO, and organic vapors. The effects of varying H,SO, emission fractions were treated in the
previous section. Here we study the model sensitivity regarding different amounts of condensing
organic vapors: 0% condensation of organic vapors (0TP), 10% (10TP), the base case 30% (MS), 50%
(50TP), 100% (100TP), 1000% (1000TP). The 1000TP case is corresponding to an extreme upper
boundary emission scenario, which we include since biogenic emissions are highly uncertain. Finally a
test where the order of nucleation and condensation, and coagulation are switched (revcoag) is
included.

Table 12. Model scenarios for comparing sensititvity to amount of condensable organic vapors and the order of
coagulation

Case Information Version

oTP 0% condensable gases from oxidated a-pinene S20BV104
10TP 10% condensable gases from oxidated a-pinene S20BV107
MS Base case S20BV86b

30% condensable gases from oxidated a-pinene

50TP 50% condensable gases from oxidated a-pinene S20BV108

100TP 100% condensable gases from oxidated a-pinene  S20BV106

1000TP  1000% condensable gases from oxidated a-pinene S20BV103

revcoag Coagulation after condensation/nucleation S20BVvV101
30% condensable gases from oxidated a-pinene

The resulting total PNC and accumulation mode PNC for March and July are presented in Figure 23
andFigure 24. Increasing the amount of condensable organic gases increases the accumulation mode
PNC from large underestimation, when having no condensable organic gases, to higher PNC.
Depending on site the optimum amount varies. Increasing the amount of condensable gas also
results in higher total PNC initially, but occasionally this trend is broken and the total PNC starts to
decrease beyond some level. More organic gases cause smaller particles to grow, competing with
coagulation. Stronger condensation means less loss of PNC due to coagulation and more
accumulation mode particles due to growth. However, the incloud wet scavenging is stronger in the
accumulation mode than in smaller sizes, causing a lowering of the total PNC once the PNC peak is
moved to larger sizes. The trend is broken in K-Puszta in March, and at all sites except Mace Head in
July. This is probably an effect of the organic gases being larger in July than in March in general, and
lower in Mace Head than the other sites.
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Figure 23. Mean observed and modeled total (top) and accumulation mode (bottom) particle number concentration
(PNC) in March resulting from sensitivity tests on amount of available condensable organic vapor and order of
coagulation versus nucleation and condensation. Note that the size intervals (as in Figure 21 and Figure 22) differ
between the stations: the size interval is used for both modeled and observed values. Scenario notation: See Table 12.
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Figure 24. Mean observed and modeled total (top) and accumulation mode (bottom) particle number concentration in
July resulting from sensitivity tests on amount of available condensable organic vapor and order of coagulation versus
nucleation and condensation. Note that the size intervals (as in Figure 21 and Figure 22) differ between the stations: the
size interval is used for both modeled and observed values. Scenario notation: See Table 12. Unit: # cm™.
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The model results are strongly sensitive to the amount of condensable gases and the amount that
gives the best model performance in comparison to observations depends on site and season. Thus it
is important to improve the model description on spatial and temporal variations and magnitude in
terpene emissions as well as the description on condensable gases and possibly how these are
interacting with particles, since they should both affect nucleation and condensation.

Wet scavenging
The change in concentration due to wet scavenging depends on both incloud and subcloud
scavenging according to

dCi
a —(Wic + Wsc)
where the incloud scavenging W\ is described by

WIC = —Cl'AICi

cc

NC¢.(D)=F,(D P
(D) =ED) e rawo

where CLWC and CIWC are the cloud water content, P is the precipitation intensity in each grid box,
CCis the fraction of the box that is covered by clouds and ¢; is the concentration of particles. Particles
larger than 80nm will be incloud scavenged, i.e. the factor F, is 1 for these particles and O for smaller
sizes. This is a simplification based on Seinfeld and Pandis (1997). We call the base case simulation
baseE. A summary of this and all other cases in this section can be found in Table 13.

Table 13. Describing model scenarios for investigation of model sensititvity to wet scavenging parameterization

Case Information Parameters Version
baseE Base case in this section. Fs(D>=80nm)=1 S20BV87b
As standard but with emissions from EMEP. Fs(D<80nm)=0

Physical formulation with incloud and subcloud scavenging.
Particles larger than 80nm are assumed to be activated as
cloud droplets in the cloud with full efficiency.

cloud Formulation as baseE. Fs=Fa(D) S20BV91b
Fraction of particles (per size, D) that are activated (Fa) as
cloud droplets are wet scavenged.

L1 Constant wet scavenging factor for particles. More effective. A=2.78 x 10”7 520BV88b

L2 Constant wet scavenging factor for particles. Less effective. A,=0.3x10" 520BV90b

A more advanced formulation, which is more CPU-time consuming, is also implemented in the
model. We call this simulation cloud. In this formulation the solubility parameter F, in the incloud
scavenging scheme is coupled to the particle activation formulation in the model. The number of
particles activated to cloud droplets in each size section is determined by the particle size
distribution, their number concentration and chemical composition as well as the updraft velocity
and the maximum supersaturation of the air parcel. In this case F, is the activated fraction, F,, in the
particle size fraction.
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Two further sensitivity tests are included. These are not physically detailed, but based on a
parameterized wet scavenging formulation. This formulation is not divided between incloud and
subcloud scavenging, but rather using a wet scavenging coefficient, A\, (that may differ between
species). This coefficient describes the fraction of the compound that is wet scavenged according to

dc;

Frie —cil\;

where ¢; is the concentration of specie i and A; = A; x P, where P is the precipitation intensity at the
surface and A; is a scavenging coefficient. Two different values of A, were tested. In one case (L1) a
high wet scavenging coefficient was used (A\;=2.78x10™) and in the other case (L2) a lower coefficient
was used (A=0.3x10).

EMEP expert emissions (http://www.emep.int) were used in all the wet scavenging sensitivity tests.
In Appendix B the EMEP particle mass (Figure B43) and number (Figure B44) emissions are compared
to TNO emissions, which were used in the rest of the report. The number of particles emitted is
slightly larger with the TNO inventory than with the EMEP emissions, due to the inclusion also of
sulfate particles in the emissions from TNO. Dust was distributed differently on sizes in the two base
case simulations. This should have no effect on the wet scavenging sensitivity tests, since the main
fraction of dust is distributed on coarse mode and the largest accumulation mode sizes, which are
always activated as cloud droplets within precipitating clouds. The coarse mode differences also have
little effect on the particle number size distribution. For EC and OM, which are more important for
PNC since they are mostly emitted as smaller particles, the size distribution was the same for both
emission inventories (as described in Section 3).

The wet deposition sensitivity tests were performed for the three-year period 2007-2009. The reason
for including more than one year is that the precipitation varies between years which may affect the
model performance. For this reason, some evaluation statistics is presented separate between the
years.

Evaluation of wet scavenging

Evaluation of precipitation is presented in Figure 25. There is greater variation in precipitation
between the years in the model and the correlation is better for 2009 than for the other years. The
precipitation is overestimated more for 2007 than for the other years, which could lead to an
overestimation of wet scavenging for 2007.

Evaluation statistics of precipitation, and concentration in precipitation (CP) and wet deposition of
SIA components based on baseE are presented in Table 14. Scatter plots of CP and wet deposition of
oxidized sulfur (SOX_S), reduced nitrogen (NHX_N) and oxidized nitrogen (NOY_N) are shown in
Figure 26. For SOX_S there is overestimation in CP, for NHX_N and NOY_N there is overall slight
underestimation. The model tends to produce lower CP in 2007 than the other years, probably a
result of over-predicted precipitation in that year. The wet deposition of nitrogen compounds is
moderately overestimated, whereas the wet deposition of sulfur compounds is overestimated. For
oxidized species the correlation is around 0.70, whereas it is lower for reduced nitrogen. The spatial
distribution of nitrogen aerosol concentration in air is better captured than the wet deposition (with
spatial correlation coefficient at around 0.80-0.90, see Table 8).
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Figure 25. Modeled and observed precipitation during the years 2007-2009 at measurement sites in Europe. Left hand
panel: Observed and modeled three-year mean and annual means for 2007-2009 over all EMEP measurement stations
with more than 9 months of precipitation data. Spatial correlation coefficients (of 2007-2009 and annual precipitation at
the measurement sites) are shown below the bars. Right hand panel: Modeled (“MATCH”) versus observed (“EMEP”)
annual precipitation at measurement sites. Red: 2007, Blue: 2008, Green: 2009. Unit: mm month™.

Table 14. Evaluation statistics of annual mean precipitation, concentration in precipitation (CP) and wet deposition of
oxidized sulfur (SOX_S), reduced nitrogen (NHX_N) and oxidized nitrogen (NOY_N), for the years 2007-2009, at
measurement sites in Europe. The evaluation is conducted for MATCH-SALSA with EMEP emissions, baseE, and compared
to measurements from the EMEP measurement network.

prec. CP wet dep. | CP wet dep. | CP wet dep.

Mean (mod) 95 0.47 36 0.39 30 0.3 23
Mean (obs) 76 0.35 23 0.45 29 0.36 23
Variance 1308 0.08 442 0.05 428 0.02 128
(mod)

Variance 1087 0.04 206 0.13 537 0.04 242
(obs)

Abs error 28 0.18 14 0.17 11 0.09 7
Bias (%) 38 41 76 -6 20 -12 14
Correl. 0.62 0.67 0.70 0.39 0.48 0.71 0.74
coefficient
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Figure 26. Modeled (MATCH) versus measured (EMEP) annual mean concentration in precipitation (left) and wet

deposition (right) of SOX_S (top row), NHX_S (middle row) and NOY_N (bottom row) at measurement sites in Europe.

Red: 2007, Blue: 2008, Green: 2009. The model version is baseE (standard MATCH-SALSA with EMEP emissions).

56



Sensitivity to the wet scavenging parameterization for SIA components

The resulting CP and wet deposition of SOX_S, NHX_N and NOY_N for the sensitivity scenarios are
presented in Figure 27, Figure 28 and Figure 29. The resulting level of SOX_S and NHX_N wet
deposition and CP is similar between all versions except the L2 version for which both CP and
resulting wet deposition is smaller, which leads to a smaller bias.

The spatial correlation for CP and wet deposition of SOX_S and NOY_N are clearly better than for
NHX_N for the years 2007 and 2008. Differences in correlation are small between the different wet
deposition schemes except for SOX_S in 2009, which seems to be less well modeled with the simple
A-schemes.

For NOY_N there is basically no variation in correlation coefficient between model versions, but the
performance of CP during 2009 is worse than the other years.

As SOX_S is included in the microphysics of MATCH-SALSA, the results are most interesting for this
component; (NOY_N and NHX_N may not be distributed on the right particle sizes in the present
version of MATCH-SALSA, which may lead to incorrect deposition as well). The physical descriptions
(cloud and baseE) lead to higher spatial correlation for 2009 (and marginally so for 2007) but the
more advanced cloud activation scheme does not improve the wet scavenging results compared to
the baseE case.
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Figure 27. Observed (OBS) and modeled mean concentration in precipitation of oxidized sulfur (SOX_S) and annually
accumulated SOX_S wet deposition. Correlation coefficient of annual values at all measurement sites is indicated below
the bars. Model scenarios are described in Table 14. Units: concentration mgs I" and deposition mgs m? yr'l.
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Figure 28. Observed (OBS) and modeled mean concentration in precipitation of reduced nitrogen (NHX_N) and annually
accumulated NHX_N wet deposition. Correlation coefficient of annual values at all measurement sites is indicated below
the bars. Model scenarios are described in Table 14. Units: concentration mgN I" and deposition mgN m? yr'l.
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Figure 29. Observed (OBS) and modeled mean concentration in precipitation of oxidized nitrogen (NOY_N) and annually
accumulated NOY_N wet deposition. Correlation coefficient of annual values at all measurement sites is indicated below
the bars. Model scenarios are described in Table 14. Units: concentration mgN I" and deposition mgN m? yr'l.
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Sensitivity of particle mass (PM:;) to the wet scavenging parameterization

The model gives lower PM, ;s concentrations when the L1 parameterization is used than with the
other formulations (Figure 30). L2 results in higher PM, s concentrations than the more advanced
formulations, baseE and cloud. However, though the L1 often produces underestimation of annual
mean, the correlation coefficient is generally higher for this formulation than for the other schemes.
One of the reasons for this could be sea salt, which seems to be transported too far inland in the
model, giving rise to peaks where there are no observed peaks, as was discussed in Section 4; the L1
scavenging ratio is expected to be too high for accumulation mode particles and this “error” may to
some extent compensate for an error in the sea salt modeling.

Sensitivity of PNC to the wet scavenging parameterization

The L1 scheme resulted in higher total PNC during summer than the other formulations (Figure 31).
All cases gave similar accumulation mode PNC for summer but for winter the L1 case gave lower
levels than the other formulations. Due to the lower PM, s concentration in the L1 parameterization,
the small particles are probably not coagulated as efficiently, resulting in higher total PNC numbers in
that scenario. At most sites, the correlation coefficients are similar for all tested wet deposition
schemes.

When looking at long-term statistics the cloud activation scheme did not improve the modeled PNC
or PM,s.

Recommendations based on the sensitivity tests
What are the optimum model settings for MATCH-SALSA?

e Use activation nucleation, at this stage without organic nucleation.

e Use the physical wet scavenging formulation (used in the base cases, MS and baseE).

e There is no need to use particle activation scavenging (cloud case), compared to the baseE
formulation of particle scavenging.

What are identified as sensitive parameters?

e The results are dependent on fraction of SOx emitted as H,SO, and the best choice is site
dependent.

¢ The model results are highly sensitive to whether organic nucleation is included or not.

e The model results are sensitive to amount of organic vapors in the condensation.

Where should the focus be for future model improvements?

¢ The model is underestimating condensational growth, which may be at least partly due to
the fact that nitrogen condensation is not affecting the particle microphysics. This needs to
be improved in the model.

e An emission routine for biogenic monoterpenes is needed and a more realistic scheme for
SOA formation should be tested. This will influence the model performance on total PNC
through impacts on both nucleation and condensation.
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Figure 30. Observed (OBS) and modeled scenarios of annual mean particle mass (PM, ) concentration in air. Model

scenarios are described in Table 14, but the MS case refers to the baseE case and CL means the cloud case. Unit: pug m?,
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7. Overall Conclusions
What are the strengths and weaknesses of the new model?

We have implemented the sectional aerosol dynamics model SALSA (Kokkola et al., 2008) in the
European scale CTM MATCH (Multi-scale Atmospheric Transport and Chemistry; Robertson et al.,
1999). The new model is called MATCH-SALSA. It includes aerosol microphysics and several options
for nucleation, wet scavenging and condensation.

In general the model reproduces observed higher particle number concentration (PNC) in central
Europe and lower in remote regions. The model peak PNC occurs at the same particle size as the
observed peak or at smaller sizes, which indicate missing growth. Total PNC is underestimated at
some sites. The model performs well for particle mass, including SIA components. EC and OC are
underestimated at many of the sites.

Where should the focus be for future improvements?

- A biogenic emission module for monoterpenes is needed to be able to treat SOA formation
in a realistic way. Updating the biogenic SOA scheme will likely have a large impact on
modeled PM2.5 and also affect the model performance for total PNC through impacts on
nucleation and condensation.

- Nitrogen gas-particle partitioning should be coupled to the microphysics. This may improve
the underestimated condensational growth.

- Open fire emissions from wildfires and agricultural activities (biomass burning) should be
added to the model.

- Dust emissions 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.

Can we apply the new model?

The model can be used in applications knowing the restrictions of what the model manages well and
what needs further improvements. Before using the model for simulating PM, s the SOA formulation
needs further improvements. Before using the model in future/trend simulations a model of biogenic
emissions of terpenes need to be included in MATCH-SALSA. MATCH-SALSA is computationally
heavier than MATCH, which also puts restrictions on when the model can be used.

How is MATCH-SALSA in comparison to MATCH?

The models should be used for different applications. When ozone photo chemistry or
sulfur/nitrogen deposition is in focus, the standard MATCH model is still useful (and probably
preferable because of the computational demands of MATCH-SALSA). When particle numbers are in
focus then MATCH-SALSA is the only choice. For particle mass, it depends on the application.
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What is the optimum model set up when running MATCH-SALSA?

e Use activation nucleation (at this stage without organic nucleation).

e Use the physical wet scavenging formulation.

e There is no need to use particle activation scavenging for model runs aimed at describing wet
deposition and/or surface air quality.

What are identified as sensitive parameters?

e The results are dependent on fraction of SO, emitted as H,SO, and the optimum choice is site
dependent.

e The model results are highly sensitive to whether organic nucleation is included or not.

e The model results are sensitive to amount of organic vapors in the condensation.
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Table A15. Evaluation of MATCH-SALSA calculated particulate sulfate, 5042'(p), against observed (daily mean)
concentrations in 2007 at regional background (EMEP) sites in Europe

Station Obs Mod %bias R #Days

NO55 0.188 0.142 -24 0.35 361
FI36 0.211 0.134 -36 0.43 347
F122 0.26  0.209 -20 -0.04 52

NO15 0.145 0.096 -34 0.41 348
SEO05 0.177 0.106 -40 0.61 346
NO39 0.127 0.111 -13 0.22 362
FI37 0.352 0.293 -17 0.29 52

F117 0.463 0412 -11 0.66 363
F109 0.283 0.334 18 0.75 340
NOO1 0.277 0.35 26 0.63 365
SE14 0.622 0.5 -20 0.63 362
LV16 0.434 0.518 19 0.38 351
SEO08 0.577 0.481 -17 0.70 352
DKO8 0.726 0.557 -23 0.71 354
DKO3 0.639 0.536 -16 0.71 357
DK31 0.689 0.486 -29 0.78 353
LVvV10 0.324 0.617 90 0.32 357
SE11 0.551 0.632 15 0.58 356
LT15 0.534 0.729 37 0.68 344
IE06 0.54 0529 -2 0.13 347
GB02 0.448 0.467 4 0.41 353
DEO1 0.851 0.599 -30 0.64 353
RU18 0.219 1.252 472 0.31 354
PLO4 1.23 0.761 -38 0.64 364
DKO5 0.789 0.695 -12 0.72 315
GB06 0.409 0.304 -26 0.68 221
DEO09 0.774 0.707 -9 0.64 351
GB14 0.487 0.661 36 0.41 204
PLO5 0.636 0.969 52 0.64 342
NLO9 0.606 0.702 16 0.65 323
DEO?7 0.811 0.805 -1 0.70 364
IEO5 0.489 0.502 3 0.08 347
IEO8 0.724 0.739 2 0.29 365
NLO8 0.765 0.842 10 0.79 186
IEO1 0.512 0.304 -41 0.52 364
PLO2 1.6 1.28 -20 0.48 361
NL10 0.717 0.895 25 0.46 270

GBO07 0.763 0.807 6 0.46 242
GB13 0.529 0.556 5 0.70 164
FRO9 0.992 0916 -8 0.74 96

SKo4 0.582 2.064 255 0.34 56

SK06 0.858 1.537 79 0.33 358
AT02 0.961 1.287 34 0.61 365
FR10 0.939 0.609 -35 037 317
FR14 0.739 0.616 -17 0.42 349
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CHO5 0.491 0.538 10 0.52 357
HUO2 0.907 1.477 63 0.68 353
FR15 0.893 0.577 -35 0.54 355
FR17 0.73 0.573 -22 0.39 343
] [01] 0.807 1.253 55 0.44 313
FR13 0.839 0.559 -33 0.41 103
ITO1 1.128 0.936 -17 0.37 356

2.5

S042- [mg S m-3]

B Mod
¢ 01:01

Mod

—— Linjar (Mod)
——Linjar (01:01)

2.5

Obs

Figure A32. Scatter plot of the mean modeled and observed 5042'(p) at the measurement sites in Table A15.
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Table A16. Evaluation of MATCH-SALSA calculated particulate nitrate, NO;(p), against observed (daily mean)
concentrations in 2007 at regional background (EMEP) sites in Europe

Station Obs Mod %bias R #Days
NO55 0.055 0.056 2 0.08 353
NO15 0.056 0.08 43 0.23 342
NO39 0.044 0.075 70 0.08 350
NOO1 0.127 0.141 11 0.52 357
LV16 0.06 0.192 220 0.33 350
LVvV10 0.088 0.252 186 0.41 357
IE06 0.287 0.271 -6 0.29 349
DEO1 0.76 041 -46 0.71 353
PLO4 0.414 0.28 -32 0.59 364
DE09 0.64 0.375 -41 0.69 351
NLO9 0.693 0.468 -32 0.65 331
DEO7 0.489 0.364 -26 0.68 364
IEO5 0.406 0.278 -32 0.27 349
IEO8 0.455 0.569 25 0.21 365
NLO8 0.843 0.718 -15 0.82 183
PLO2 0.655 0.317 -52 0.67 361
NL10 0.97 0.574 -41 0.60 257
SK04 0.304 0.183 -40 0.74 56
SK06 0.32 0.271 -15 0.23 357
ATO02 0.188 0.367 95 0.55 365
CHO5 0.516 0.426 -17 0.69 26
HUO02 0.39 0.387 -1 0.42 353
ITO1 0.826 0.451 -45 0.37 356

B Mod

Mod

< 01:01

Linjar (Mod)
—— Linjar (01:01)

Figure A33. Scatter plot of the mean modeled and observed NO; (p) at the measurement sites in Table A16.
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Table A17. Evaluation of MATCH-SALSA calculated total nitrate, HNO3(g)+NO; (p), against observed (daily mean)
concentrations in 2007 at regional background (EMEP) sites in Europe

Station Obs Mod %bias R #Days
NO55 0.084 0.063 -25 0.13 351
FI36 0.041 0.062 51 0.51 326
F122 0.049 0.084 71 0.22 50
NO15 0.091 0.092 1 0.32 342
SE05 0.042 0.083 98 0.49 342
NO39 0.064 0.094 47 0.13 350
FI37 0.15 0.176 17 0.07 49
FI17 0.216 0.212 -2 0.73 342
F109 0.207 0.307 48 0.73 340
NOO1 0.17 0.249 46 0.56 357
SE14 0.497 0.397 -20 0.73 361
LV16 0.304 0.27 -11 0.54 350
DKO08 0.66 0.465 -30 0.72 351
DKO03 0.67 0.455 -32 0.77 353
DK31 0.686 0.464 -32 0.78 351
LVvV10 1.229 0.593 -52 0.85 7
SE11 0.486 0.46 -5 0.71 357
LT15 0.587 0.411 -30 0.76 346
DEO1 0.923 0.618 -33 0.74 353
PLO4 0.538 0.467 -13 0.66 364
DKO05 0.906 0.54 -40 0.71 315
DEO09 0.849 0.561 -34 0.72 351
PLO5 0.677 0.413 -39 0.54 343
DEO7 0.683 0.537 -21 0.70 364
IEO1 0.293 0.279 -5 0.64 364
PLO2 0.818 0.446 -45 0.65 361
CHO5 0.808 0.532 -34 0.78 362
SI08 0.291 0.579 99 0.27 310
FR13 0.645 0.446 -31 0.63 103
ES16 0.573 0.468 -18 0.69 343
ES10 0.687 0.666 -3 0.65 361
ES14 0.623 0.675 8 0.59 360
ES13 0.633 0.415 -34 0.34 357
ES12 0.495 0.563 14 0.59 351
ES11 0.506 0.463 -8 0.60 352
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Figure A34. Scatter plot of the mean modeled and observed total nitrate = HNO(g)+NO;(p) at the measurement sites in
Table A17.

74



Table A18. Evaluation of MATCH-SALSA calculated particulate ammonium, NH,"(p), against observed (daily mean)
concentrations in 2007 at regional background (EMEP) sites in Europe

Station Obs Mod %bias R #Days
NO55 0.106 0.044 -58 0.44 351
FI36 0.087 0.066 -24 0.49 341
F122 0.104 0.08 -23 0.31 52
NO15 0.076 0.061 -20 0.43 349
NO39 0.057 0.087 53 0.26 350
FI17 0.302 0.264 -13 0.72 363
FI09 0.187 0.19 2 0.69 339
LV16 0.616 0.417 -32 0.40 351
DKO08 0.836 0.471 -44 0.80 355
DKO03 0.98 0.615 -37 0.75 357
DK31 0.945 0.579 -39 0.82 352
Lv10 0.525 0.536 2 0.45 354
IE06 0.728 0.424 -42 0.12 352
DEO1 0.76 0.686 -10 0.76 352
RU18 0.39 0.722 85 0.44 355
PLO4 0.9 0.656 -27 0.67 364
DKO5 1.246 0.727 -42 0.74 314
DE09 0.706 0.771 9 0.76 350
NLO9 1.08 0.866 -20 0.67 330
DEO7 0.712 0.85 19 0.80 364
IEO5 0.887 0.404 -54 0.22 352
IEO8 0.74 1.029 39 0.25 362
NLO8 1.352 1.232 -9 0.86 186
PLO2 1.556 1.107 -29 0.59 348
NL10 1.464 1.135 -22 0.53 266
SK04 0.77 0.92 19 0.49 237
SK06 0.8 1.083 35 0.35 183
ATO02 0.738 1.105 50 0.75 365
CHO5 0.659 0.68 3 0.64 26
HUO02 0.85 1.286 51 0.73 352
ITO1 1.255 0.897 -29 0.62 356
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Figure A35. Scatter plot of the mean modeled and observed NH,"(p) at the measurement sites in Table A18.
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Table A19. Evaluation of MATCH-SALSA calculated total reduced nitrogen, NH;(g)+NH,'(p), against observed (daily mean)
concentrations in 2007 at regional background (EMEP) sites in Europe

Station Obs Mod %bias R #Days
NO55 0.539 0.057 -89 0.19 351
FI36 0.101 0.092 -9 0.47 347
F122 0.128 0.092 -28 0.26 52
NO15 0.939 0.075 -92 0.13 348
SE05 0.162 0.085 -48 0.54 349
NO39 0.762 0.129 -83 0.36 350
FI37 0.278 0.23 -17 0.41 52
FI17 0.403 0.317 -21 0.68 363
F109 0.242 0.221 -9 0.68 337
NOO1 0.427 0.274 -36 0.65 347
SE14 0.698 0.629 -10 0.72 362
LV16 0.924 0.545 -41 0.45 351
LvV10 1.033 0.843 -18 0.50 356
SE11 0.984 1.121 14 0.51 357
LT15 1.661 1.069 -36 0.64 346
DEO1 2.011 1.311 -35 0.74 352
PLO4 1.285 0.918 -29 0.73 364
DE09 1.757 1.415 -19 0.68 350
PLO5 1.023 1.433 40 0.56 344
DEO7 1.554 1.599 3 0.63 362
IEO1 1.061 0.786 -26 0.67 364
PLO2 2.977 1.877 -37 0.48 348
FRO9 2.073 1.763 -15 0.76 96
CHO5 1.912 2.35 23 0.73 362
Sio8 0.987 1.703 73 0.32 311
FR13 1.901 1.554 -18 0.52 102
ES16 1.938 1.536 -21 0.60 356
ES10 1.408 0.723 -49 0.46 359
ES14 4.123 2.891 -30 0.49 345
ES13 1.202 1.472 22 0.57 358
ES12 1.536 1.163 -24 0.32 335
ES11 1.891 1.501 -21 0.39 361
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Figure A36. Scatter plot of the mean modeled and observed NH;(g)+NH,"(p) at the measurement sites in Table A19.
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Table A20. Statistics from evaluation of the MATCH-SALSA simulated concentrations to daily observed EC and OC in PM;, PM, s and PM,, for the year 2007. Percentage is given in relation
to observed average. The spatial correlation is omitted for EC and OC due to the low number of stations.

EC oc

Stations" Obs Mod  bias (%) MAEugm® MAE(%) R #meas  Obs Mod  bias(%) MAEugm™® MAE(%) R #meas
Hgm® pgm” Hgm” pgm’

In PM, winter Melpitz 054 021  -60 0.33 60 0.60 32 0.65  0.76 18 0.23 36 0.83 32

In PM,s winter  Birkenes 012 018 47 0.11 87 0.58 73 060 0.88 46 0.46 76 045 73
Overtoom 075 054  -27 0.27 36 0.76 27 2.19 115  -48 1.25 57 059 28
Melpitz 128 029  -77 0.99 77 0.60 182 1.81 121 -33 0.95 52 059 182
Payerne 145 039  -73 1.06 73 0.67 23 5.61 133 -76 4.28 76 052 23
Ispra 367 093  -75 2.76 75 0.28 173 141 204 -8 12.1 86 024 173
PuydeDome 0.05 0.36 556 0.31 556 043 33 0.99 135 36 0.46 46 060 21
Montelibretti  1.10 040  -64 0.70 64 0.60 32 17.2 122 -93 16.0 93 053 32
Montseny 0.17  0.49 181 0.32 181 0.60 17 164 174 6 0.48 29 0.68 17
Campisabalos 0.16 0.27 65 0.10 65 - 9 1.73 1.01 -42 0.72 42 - 9

In PM;o winter Birkenes 014 019 38 0.10 75 062 73 076 092 22 0.48 63 043 73
Harwell 1.06 093 -11 0.68 64 0.50 56 3.23 1.67  -48 1.65 51 070 56
Melpitz 165 032 -8 1.33 80 0.63 182 2.77 1.40  -49 1.48 53 056 182
Kosetice 036 025  -30 0.13 37 042 30 1.96 086  -56 1.13 58 062 30
Montelibretti  1.30 044  -66 0.86 66 047 31 15.5 129  -92 14.2 92 0.65 31
Montseny 021 051 143 0.30 143 073 17 1.61  2.03 26 0.57 35 080 17
Campisabalos 0.17 029 71 0.12 71 - 8 1.92 1.25  -35 0.69 36 - 8

In PM,ssummer  Birkenes 0.09 0.11 27 0.03 40 0.81 51 0.74 0.85 14 0.31 42 0.73 51
Overtoom 057 037  -36 0.24 42 0.34 37 1.66 117 -29 0.62 38 0.76 37
Melpitz 095 017 -8 0.78 82 0.54 183 1.26 1.78 41 0.83 66 047 183
Ispra 087 068  -21 0.35 40 0.48 165 380 254  -33 1.91 50 034 169
Puyde Dome 0.09 026 171 0.18 192 0.09 33 218 205 -6 1.57 72 -0.08 11

P Station codes and countries are given in Table 5.



Montseny 0.17 0.47 172 0.29 172 0.60 21 1.82 2.72 49 0.91 50 060 21
Campisabalos  0.10 0.14 46 0.05 53 - 5 2.24 1.33 -41 1.28 57 - 5
In PMy summer  Birkenes 0.11 0.12 10 0.04 37 0.76 52 1.04 0.90 -13 0.27 26 0.81 52
Melpitz 1.60 0.19 -88 1.41 88 0.59 183 2.58 1.93 -25 0.87 34 0.51 183
Montseny 0.19 0.49 162 0.30 162 051 21 1.66 2.89 74 1.23 74 062 21
Campisabalos  0.15 0.14 -9 0.08 52 - 10 2.26 1.48 -35 1.13 50 - 9
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Figure A37. Observed and modeled time series for EC in PM,, PM, s and PM,, at measurement stations during 2007. Top
row: EC in PM, ;s at Montelibretti, second row: EC in PM,, at Kosetice and Montelibretti, third row: EC in PM,, PM, s and
PM,, at Melpitz. Fourth row: EC in PM,, at Harwell and EC in PM, s and PM,, at Campisabalos . Bottom row: Scatter of
observed and modeled diurnal averages of EC in PM; (left) PM, s (middle) and PMy, (right) in 2007 (also includes Ispra;
see Figure 15 for a time series plot for Ispra).
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Figure A38. Top row: Observed and modeled diurnal average OC in PM;, PM, ; and PM,, at measurement stations during
2007. Top row: OC in PM, ; at Payerne and Montelibretti, second row: OC in PM,, at Kosetice and Montelibretti, third
row: OC in PM, PM, ; and PM,, at Melpitz. Fourth row: OC in PM, 5 at Campisabalos and OC in PM,, at Campisabalos
and Harwell. Bottom row: Scatter of observed and modeled diurnal averages of OC in PM, (left) PM, ; (middle) and PM,,
(right) in 2007 (also includes Ispra; see Figure 15 for a time series plot for Ispra).
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Table A21. Statistics from evaluation of daily mean modeled and observed PM, and PM, ; for the year 2007. Percentages are given in relation to observed mean. The rightmost three

columns represent evaluation of modeled PM; and PM, s, excluding sea salt aerosol', versus measured PM; and PM, 5.

PM, / PM,; evaluation

No sea salt mass

in modeled PM; or PM, ¢

height obs mod %bias R CV(RMSE) #days/ %bias R CV(RMSE)
% #stns %
Spatial PM,s  11.2 9.7 -14 0.64 38 27 34 0.67 48
Austria limitz ATO2 117 PM, 11.4 9.6 -16 0.41 68 352 -16 0.41 68
PM,s  16.2 11.1 31 0.62 71 358 -36 0.63 73
Switzerland Payerne CHO2 489 PM, 9.3 6.2 -33 0.17 76 353 -41 0.35 78
PM,s  12.5 8.8 -29 0.47 81 363 -39 0.57 82
Rigi CHO5 1031 PM, 6.1 5.9 -3 0.37 63 337 -11 0.45 63
PM,s 8.0 8.2 3 0.60 67 344 -8 0.66 66
Czech Rep. Kosetice CZ03 534 PM, 5 14.7 9.0 -39 0.04 79 198 -46 0.06 82
Germany Waldhof DEO2 74 PM; 6.5 8.0 23 0.07 89 330 -6 0.36 82
PM,s  11.3 11.2 -1 0.20 79 328 -28 0.50 77
Schauinsland DEO3 1205 PM, 5 6.8 9.9 46 0.36 87 309 25 0.49 78
Melpitz DE44 86 PM, 7.7 8.7 12 0.29 56 32 -23 0.18 69
PM, 5 17.3 10.3 -40 0.40 74 326 -51 0.58 77
Denmark Lille Valby DK41 10 PM; 4.1 13.3 222 -0.15 207 29 41 0.27 56
PM, 5 12.6 11.8 -6 0.12 78 327 -36 0.00 88
Spain Viznar ESO7 1265 PM,s  10.8 8.4 22 0.29 63 340 31 0.26 68
Niembro ESO8 134 PM, 5 11.7 9.0 -23 0.42 67 323 -38 0.51 72
Campisabalos ESO9 1360 PM,; 6.9 6.0 -12 0.24 81 125 -25 0.33 82
Cabo de Creus ES10 23 PM, 5 10.0 9.0 -10 0.55 49 333 -48 0.70 68
Barcarrola ES11 393 PM, 5 8.2 8.6 4 0.42 56 339 -12 0.49 59
Zarra ES12 885 PM, 5 8.8 8.2 -7 0.55 48 328 -21 0.59 54
Paenausende ES13 985 PM, 5 6.4 7.2 11 0.32 62 340 -3 0.41 61

'Sea salt was included in the model simulation, but not included in the added mass of PM1 or PM2.5, thus some indirect effects of sea salt are still affecting the results.




Els torms ES14 470 PM, 5 12.3 9.9 -19 0.55 56 327 -30 0.61 61
Risco Llamo ES15 1241 PM; 5 7.0 7.1 1 0.39 54 147 -10 0.48 55
O Savifiao ES16 506 PM, 5 8.0 12.8 61 0.37 86 324 26 0.50 77
Finland Virolahti Il F117 4 PM; 2.1 5.2 141 -0.15 169 28 94 -0.06 138
PM, 5 4.5 6.8 51 -0.08 122 30 -5 0.47 82
UK Harwell GB36 137 PM, s 19.0 12.4 -35 0.32 75 261 -61 0.55 86
Auchencorth GB48 260 PM, 5 7.6 13.0 71 0.02 142 326 -59 0.30 111
Moss
Ireland Mace Head IE31 15 PM, 5 9.6 8.2 -14 0.35 65 294 -64 0.40 87
Italy Montelibretti ITO1 48 PM; 5 21.9 11.4 -48 0.04 75 334 -58 0.20 80
Ispra ITO4 209 PM, 5 25.8 15.1 -41 0.25 97 321 -43 0.26 98
Norway Birkenes NOO1 175 PM; 2.6 6.3 140 -0.01 187 120 16 0.25 92
Sweden Vavihill SE11 175 PM, 5 8.8 10.0 13 0.14 68 100 -23 0.46 65
Aspvreten SE12 20 PM, s 6.7 5.7 -16 0.09 87 356 -46 0.43 88
Slovenia Iskrba SI08 520 PM; 5 10.0 11.7 16 0.52 49 316 9 0.52 50
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Figure A39. Scatter plots of mean modeled and observed PM, ; (top) and PM; (bottom) as total and excluding sea salt

mass at measurement sites in Europe (see Table A21).
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Figure A40. Modeled and observed PM; and PM, ; at European measurement sites for 2007. Left: Observed (green dots)
PM; and PM, s and modeled (surface plots) PM, (top) and PM, ; (bottom) components (daily means). Right: Modeled
annual mean PM component size distribution. Lower: mass per size bin; Upper: accumulated over size bins up to the
higher end of an indicated interval. Modeled median and interquartile range (grey dots and error bars in right hand
panels). Observed median and interquartile range for PM; and PM, s (green dot with black error bar in upper right
panels). Colors, see legend.
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Figure A41. Modeled and observed PM, ;s at European measurement sites for 2007. Large (left hand) panels: Observed (green dots) PM, ;s and modeled (surface plots) PM, ; components
(daily means). Smaller (right hand) panels: Modeled annual mean PM component size distribution. Lower, small: mass per size bin; Upper, small: accumulated over size bins up to the
higher end of an indicated interval. Modeled median and interquartile range (grey dots and error bars in right hand panels). Observed median and interquartile range for PM,; (green dot
with black error bar in upper right panels). Colors, see legend (bottom right).
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Figure A42. Particle number size distribution at five measurements sites in 2007. Left: winter half-year (Jan-Mar, Oct-
Dec). Right: summer half-year (Apr-Sep). Measurements sites are from top to bottom: Aspvreten, Hyytidld, Melpitz, K-
Puszta, Mace Head. Observations are brown bars. Model versions are MATCH-SALSA (orange) and MATCH (yellow).
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Appendix B

Emissions
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Figure B43. Annual total anthropogenic, size resolved, particle number emissions (summed over the model domain) for
2007 with two different emission inventories, Top: EMEP expert emissions (used in wet scavenging sensitivity tests);
Bottom: TNO-MACC inventory (used in all other simulations covered in this report). Particle number emissions due to
primary sea salt are not included in the panels.
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Figure B44. Annual total anthropogenic, size resolved, particulate mass emissions for 2007 (summed over the model
domain) with two different emission inventories, Top: EMEP expert emissions (used in wet scavenging sensitivity tests);
Bottom: TNO-MACC inventory (used in all other simulations covered in this report). Particle mass emissions due to
primary sea salt are not included in the panels.
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Sensitivity tests

99



600

500 -

400 -

300

200

100

Aspvreten, Winter

20-50 50-98 98-192  192-374

1200

1000

800

600

400

200

Aspvreten, Summer

20-50 50-98 98-192 192-374

600

Hyytidla, Winter

500

400

300

200

1400

1200

1000

800

600

400

200

Hyytiala, Summer

Q Q o) Vv ™ \}
A P A

Q ; Q' Q . 7
% %) o] 4% W v ) b v
RN M4 QA
1600 A A 3500 -
Mepitz, Winter Melpitz, Summer
1400 3000
1200 2500
1000
2000
800
1500
600
400 1000
200 500
0 - 0

100




1400 . 5000
K-Puszta, Winter 1500 K-Puszta, Summer
1200
4000
1000 - 3500
800 4 3000
2500
600 - 2000
400 - 1500
1000
200 -
500
0 - 0
20-50 50-98 98-192 192-374 374-700 20-50 50-98 98-192 192-374374-700
250 5 1200
Mace Head, Winter Mace Head, Summer
200 1000
800
150
600
100
400
>0 1 200
0 - 0 -
7-20 20-50 50-98 98-192 192-374 7-20 20-50 50-98 98-192 192-374

Figure C45. Particle number concentration size distribution at five measurements sites in 2007: observed (brown) and
four model versions (different treatments of wet deposition). The model versions are described in Table 14, where
orange is baseE, yellow is cloud, grey is L1 and red is L2.
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