Reply toreview 3

We thank the referee for a very careful and thonaeyiew of the manuscript and for many comments
and questions that will help us improve the paper.

Answer to the general refer ee comments

R1: The manuscript gives an overview of the new moolel many details on the respective processes are
not provided in the manuscript. Instead, it is mefé to the Supplement, which turns out be a rdtrey

SMHI report by the same authors. This impairs geability of the manuscript since one has to gearc

for the corresponding parts in the Supplement. Beemany details on the aerosol dynamics modelling
are still missing. For instance, the descriptiog@idensation in the Supplement does not extend ove
what is already stated in the manuscript text.

A1l: Methods for solving aerosol microphysics are liste8ection 2.2. These methods are commonly
used and we do not see it necessary to decribeithdetail in this manuscript. The full descriptioh
solving aerosol microphysical processes in SALSA@ven by Kokkola et al. (2008), which is referred
to in the end of Section 2.2. However, the metlwwdblving condensation and nucleation when both
sulphuric acid and organics are involved in thel@ation process has not been described previodady.
have added the description for it as a supplenwrthé manuscript as well as to this responsedo th
reviewer.

R2: Unfortunately, all sensitivity tests that could héd evaluate the assumptions made in MATCH-
SALSA are presented in part 2 of the manuscriptacoessible to the reviewer.

A2: The sensitivity tests will be discussed in padf 2he paper (Andersson et al., 2014), as refauaal
the manuscript, but a lot of the material is avd#dadn the Supplement to the present manuscripicgwis
available for the reviewer).

R3: The SALSA model has some focus on the prediaticerctivating cloud droplets. However, the
prediction of activating cloud droplets is not idéd in the current evaluation of MATCH-SALSA.dt i
mentioned that a more advanced cloud activatioaraehcan be coupled online, but | got the impression
that this is computationally too expensive to bplied operationally. On the other hand, if the prgdn

of PNC and size distributions is the focus of teeyrmodel, then maybe an aerosol dynamics model
better suited for prediction of new particle forinatshould have been preferred for the implememtati

in MATCH.

A3: The reviewer questions our choice of SALSA fosaéing aerosol microphysics. SALSA has been
developed with the focus of describing particle bemconcentration and e.g. includes several nucteat
mechanisms. Especially the fact that SALSA useSaed approach for describing aerosol size
distribution gives it an advantage over modal adro®dels in simulating new particle formation (see
e.g. Korhola et al., 2014). We will add a discussibthis in the introduction of the manuscript.

SALSA was included for description of aerosol dymaincluding PNC, size distirbution and for
prediction of cloud droplet number concentratioDM). There is an option in MATCH-SALSA to
couple the CDNC to wet scavenging of particlesescdbed in the manuscript (section 2.3 deposition)
Presently there is no online coupling of MATCH-SAL® a meteorological or climate model. We will
clarify this in the manuscript (see also reply A6).

Repliesto concerns

R1. The authors state that they do not expect to ®8OA formation in a realistic way and justify $hi
by the need to make progress in the model developrimstead of consequently using the best yield
estimate available, the authors chose 30%. By dainghey ignore yield values currently applieadther
models or recommended in literature. The valued8b 3vould not be so critical if they had decided to
use a reasonable saturation vapor pressure faethevolatile compounds, instead of setting itéooz
The decision for treating SOA formation in this waight be motivated by the wish to match observed
OC, but that is not a justification for making ualistic assumptions. The SOA parameterization én th

1



model should be revised for example by using thgpk parameterization as applied in GLOMAP (Scott
et al., 2014), with a fixed molar yield of 13% (@gplent to a 14.3% mass-based yield) of SOA froen th
oxidation of monoterpenes.

A1l. Unfortunately the description of the BSOA treatin@as confusing and partly in error. An extremely
simplified BSOA-scheme was chosen for the modeetiggment phase of MATCH-SALSA, to be
updated in future work with the model.

The initial idea was to assume a 10% (instantar)ggelksl of non-volatile BSOA from monoterpene
oxidation by OH, @and NQ (loosely based on Tunved et al., 2006). However BVOC-emissions

were considered uncertain by (at least) a factthrefe (see Langner et al., 2012, for an illustratf the
range of model estimated isoprene emissions ingeurdour different chemical transport models predi
emissions within about a factor of five; we do agpect the uncertainty in the monoterpene emissmns
be lower than for isoprene). Furthermore, we inetudnly the contribution of monoterpenes to BSOA,
which means that we excluded some potentially ingpdmBSOA-precursors, such as sesquiterpenes and
other BVOC emitted from stressed plants.

Considering the large uncertainties in biogenic Véssions we performed tests with varying terpene
emissions and found improved model performance wisarg three times larger emissions than those
taken from the EMEP MSC-W model. This sensitivagttturned out to become the base-case simulation
for the present study. Future development of tWelT@IH-SALSA model will include a more realistic
treatment of SOA-yields from BVOC.

We will clarify these assumptions in the text.

R2. Why is a rather outdated isoprene chemistry sehesed instead of the detailed scheme which is
included in the EMEP MSC-W model’'s EmChemQ9 schefether, isoprene is not included as SOA
precursor in MATCH-SALSA. The authors should justiie use of an outdated isoprene scheme and
state whether it is planned to include SOA formafimm isoprene oxidation.

A2. The isoprene chemistry scheme used in the MAT Gidehis somewhat more condensed, i.e., uses
fewer model species and reactions (7 species,&8ioas) than the EMEP MSC-W scheme (currently,
EmChem0Q9: 19 species, 32 reactions). Both are, Yenwveery small compared to more explicit chemical
mechanisms, such as, e.g., the MCM schdrtip:(/mcm.leeds.ac.ukwith hundreds of species and
reactions for the isoprene chemistry.

The EMEP isoprene scheme is based on the isophemeistry scheme by Paulson and Seinfeld (1992)
(with a few reactions omitted, as described by Siompet al., 1993); the scheme has been updated with
new reaction rate constants and some other chafd¢jes chemical mechanism during 2008-2009
(Simpson et al., 2012).

The MATCH model isoprene scheme was constructd®@8 (Langner et al., 1998) and is based on the
Carter 1-product scheme (Carter, 1996). The MAT&¥biene scheme was updated simultaneously as
the EMEP scheme (EmChem09) taking into accounsdnee new reaction rate data. We will add a
detailed description of the MATCH chemistry schaasea Supplement to the paper, including the
isoprene chemistry with the reaction rates pregersid.

Thus, in our opinion, the MATCH isoprene schemedsmoreoutdated than the EmChem09 scheme.

Both the EMEP and MATCH model isoprene schemes wieosen to be computationally efficient and

still model ozone formation well (compared to largeemical mechanisms). The compact MATCH
isoprene scheme has been shown to yield comparyabiee concentrations as the somewhat larger EMEP
scheme (Langner et al., 1998) and has been sucltgssfed in many studies focused on ozone (eanm, v
Loon et al., 2007).

The isoprene emission scheme in the MATCH-SALSA ehagldifferent from the completely revised
biogenic emission module in the EMEP MSC-W modék Emissions of isoprene in the MATCH and
EMEP MSC-W models are compared in Langner et AlLZ®, the total European isoprene emissions are
about twice as large in the EMEP MSC-W model aténMATCH model.

The MATCH SOA chemistry is presently under develepm The new version of MATCH includes a
new isoprene emission model and SOA formation fisoprene will be included in future versions of
MATCH-SALSA. We will add information about this the article.



R3. A so-called "nitrogen gas-particle partitioning'introduced in this manuscript. However no
explanation on the nitrogen gas-particle partitigr&nd how it is solved in MATCH-SALSA can be
found in the manuscript or in the Supplement. Farrtiore, it needs to be stated which species are
involved in the nitrogen gas-particle partitioning.

A3. The description of the treatment of nitrogen cisénpin MATCH and its (missing) coupling to the
aerosol microphysics module in MATCH-SALSA was nlgar in the manuscript. We will clarify it in
the revised manuscript.

So far, particulate nitrogen species (ammoniung &nd coarse mode nitrate) are not directly inatide

the aerosol microphysics routines; the MATCH-chemisoutines calculate mass concentrations of these
species as a bulk (not particle size-resolvatty the aerosol dynamics steps in the MATCH-SALSA
model they are partitioned to different particlees. The model particle radii are not affectedHiy t
“post-dynamics” addition of nitrogen species ang partitioning on different sizes are only introdd@s

a way of describing the particulate nitrogen méas gistribution.

The following particulate nitrogen-species aretiiged in MATCH-SALSA: ammonium sulfate
[(NH4)>,SO,], ammonium nitrate [NEFNO;] and coarse mode nitrate.

These species are all treated outside the SALSAdteaahd the ammonium chemistry scheme and gas-
particle partitioning are very simplified:

NHz(g) reacts instantaneously (and irreversibly) vaithilable sulfate and form ammonium sulfate
(NH4).SO,, which is distributed over different particle sz#ccording to the sulfate distribution in
MATCH-SALSA.

If there is excess N¥fp) available, ammonium nitrate can be formed k&reaction:
NH;(g) + HNO;(g) <> NHsNO3(p).

The ammonium nitrate is assumed to be in equilibraund the dissociation constant of WD; is
dependent on relative humidity and temperatureguie equations and parameters from Mozurkewich
(2993). Ammonium nitrate is distributed over diffat particle sizes according to the available a#ros
surface area.

We will add this information, together with thelfdescription of the gas-phase photochemistry sehem
in a Supplement to the article. We will also updagetext in Section 2.2 as follows:

Particulate nitrogen species are described by plidied chemistry scheme (see Supplement), curyent!
handled outside SALSA. Ammonium bound to sulfats @istributed according to the size-distribution
of particulate sulfate. Ammonium nitrate was dimited according to the available aerosol surfaea.ar
Coarse nitrate was treated separately as a sinaglertcompound (not included in the MATCH-SALSA
particle modes).

R4. More details on the treatment of the emissioprvhary particle components, in terms of mass and
number need to provided, and how consistency betwess and number of emitted particles is
ascertained. Elemental Carbon (EC) is not defindte first size range (nucleation and Aitken mydes
despite EC is emitted from various combustion sesi(mainly from residential biomass burning and
traffic) in the Aitken size range. The attributiohEC should be revised for the PNC modelling an th
European scale where many regions are under tluemntle of combustion sources.

A4. Particle number emissions are calculated basedeosectoral mass-based emission size distritgition
from Visschedijk et al. (2009), as referred totie thanuscript. We will add the following sentenites
Section 3 of the manuscript to further clarify htthve emissions were treated: Details about the size
distributions are also given in the Supplement ([@4dh page 16). Emissions from most SNAP sectas ar
described by uni-modal distributions; emission friovo sectors (international shipping and SNAP gecto
4: production processes) are described by bimadaltalitions.

EC is not included in the nucleation and Aitken e®th SALSA. The fact that EC is not included ia th
Aitken mode is a shortcoming in the model, whicH & updated in future model versions of MATCH-
SALSA. We will add a discussion of the missing E@igsions in the Aitken mode in the revised
manuscript.

R5. Nucleation is solved concurrently with condermatising the methodology by Jacobson (2002).
Coupling nucleation with growth avoids that ondtafse processes is favored over the other in the
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operator splitting. However, the manuscript stétes several nucleation options exist in MATCH-
SALSA, including for example the activation of suit acid and organic vapors, while the original
methodology by Jacobson (2002) was derived for lyggmous binary nucleation. Despite the authors
mention that the alternative nucleation optionsaay used in part 2 of the manuscript, it is
recommended to present the detailed algorithmhi®icoupling of sulfuric acid — organic nucleatiomhw
growth (give equations!) in part 1.

Ab. Since the organic nucleation scheme is not usétki model simulations presented in Paper 1 we
will add the detailed algorithm in a Supplementite article and as an appendix to this reply.

R6. It is suggested to split section 2.3 into twatisers, one that deals with deposition and onedkats
with cloud droplet activation. If there is any irdetion between the two processes in MATCH-SALSA, i
has to be stated more clearly as it is the case Based on the current description it is not obsiadny
there is a need for online calculation of clouddmmsation nuclei, since the fraction of activatiedid
droplets in the standard version of MATCH-SALSAidy inferred from the fraction of particles thaea
located in grid boxes covered with cloud. That bardone equally well in a simple post-processintpef
model output.

A6. One of the wet scavenging schemes (though ndtingbe evaluated version) is coupled to the
CDNC formation, and for this reason it is needelihen This is also the reason for including thighe
deposition section. We will make an effort to diathis to avoid future confusion.

R7. Provide reasons for the underestimation of telC at Northern and Central European sites and of
accumulation mode particle numbers at all sitethénAbstract and in the Conclusions. The list of
planned developments given at the end of the maipuss useful, but it does not replace a discussio
how missing processes or inadequate parametensdtave affected the presented model results.
Specifically, it has to be assessed how the obvdbogtcomings in the treatment of BSOA and nuabeati
mechanism affected the prediction of total PNC.

A7. There is an underestimation in all size rangehnee of the northern and central European sitas.
may be due to problems with wet scavenging or aboaation of problems. For the accumulation and
Aitken modes the problem can be due to undereshatimary emissions. The underestimation in the
nucleation mode implies either a low-biased nu@@atnechanism or a too efficient removal
(deposition). Further, EC is not included in thék&n mode in the model (the mass and resultinggbeurt
number emissions are distributed on larger parsiades). This is a model deficiency leading to
underestimated total particle number concentrgiiothe Aitken mode and subsequently in largerssize
as well). Further organic nucleation is not incldids a nucleation process in the evaluated base cas
simulation resulting in possible underestimatiomoéleation in areas of high BSOA. Sensitivity $est
including organic nucleation will be discussed ant2 of the paper (Andersson et al., 2014) bot afi
the material is available in the Supplement topiesent manuscript (which is available for the
reviewer). The sensitivity tests indicate increasfadhe PNC when including organic nucleation, thére
is still underestimation at most sites.

We will add a similar discussion on possible readon the underestimation of PNC at Melpitz, Hypia
and Aspvreten to the manuscript, including mentigrit in the abstract and conclusions.

Replies to technical comments

P 3268 L 17-20 when discussing modal vs. sectional schemes, dearfgr the application of both in
aerosol dynamics models and the correspondingdite references should be given. How does the
sectional approach compare with the modal approsiehfion some advantages and disadvantages of
both.

A. We will update the text as follows (partly also &@h®n comments by Referee#2):

In bulk schemes, typically the total mass concéiotnaof particles, or the mass in a certain size
interval is modeled — which has been a method oicenn MATCH (before the present work).
LOTUS-EUROS (Schaap et al., 2008) and DEHM (Chnista, 1997; Frohn et al., 2002) are two
other examples of bulk scheme models.

In modal schemes, the aerosol size distributioapsesented with a small number of modes,



typically assuming lognormal size distribution sésybor the modes. The description of new particle
formation is limited in modal schemes. Modal schem e computationally more expensive than the
bulk approach, but less than the sectional, wtdahhy they are common in regional and global
CTMs and climate models, e.g. the Regional PagteuModel (Binkowski and Shankar, 1995),
CMAQ (Byun and Schere, 2006), CAM5-MAMS (Liu et,&012), TM5 (Aan de Brugh et al., 2011),
GLOMAP-mode (Mann et al., 2012), EMAC (Pringle £t 2010), ECHAM5-HAM2 (Zhang et al.,
2012), GISS-MATRIX (Bauer et al., 2008).

The sectional scheme, in which the size distrilpuigorepresented by a large number of discrete bins
is the most flexible and accurate choice — but agatpnally the most expensive. Many modern
CTMs and global climate models (GCMs) include teeti®nal approach, e.g. PM-CAMx (Fountokis
et al., 2011), GLOMAP-bin (Spracklen et al., 200521 1; Reddington et al, 2011), ECHAM5-
SALSA (Bergman et al., 2012), and GISS-TOMAS (Lad Adams 2010). Mann et al. (2014)
compare the performance of 12 global aerosol migrsigs models using modal and sectional
approaches. We will discuss our performance irticgido theirs.

P3268 L 21-23 PM-CAMx and GLOMAP are mentioned as two example€DMs that include aerosol
dynamics and are applied on the European scale. &short summary of the shortcomings of these
models with respect to their capability to predibserved PNC in Europe.

A. We will add a description on the performance ototimodels and compare these to our own.
P 3269 L 2 Exemplify briefly what the new model features of MBH-SALSA are.

A. We will specify that the new features are the dption of aerosol microphysics and particle number
size distribution.

P 3269 L 22-23 "makes it possible to describe PNC and the migiate of the particles." Revise
language. It has to be explained more preciselyt Wi entails: physical treatment, computationdeio
output, etc. It should also be stated briefly wiscte distributions are defined, with referenceedotion 3
where this is explained in more detail.

B. We will update the manuscript: The coupling of SA® MATCH introduces a model description
of particle microphysics and aging in the modelwNeatures include particle nucleation,
condensation, coagulation and activation; leading description of the temporal evolution of the
particle number size distribution in a number afshithrough the sectional approach. Further the
model describes the mixing state of the partid¢tes.further details on the new physical treatmént o
aerosol microphysics and the particle size distidinusee Section 2.2 as well as further detailthen
specific set up in this study in Section 3. SALSAsxchosen for this task since it was developed with
the focus of describing the particle number corregioin and e.g. includes several nucleation
mechanisms. Especially the fact that SALSA useséotional approach for describing the aerosol
size distribution gives it an advantage over madabsol models in simulating new particle
formation (e.g. Korhola et al. 2014).

P3269 L 26 "New emissions are emitted"; revise language isfsantence.

A. We will change the sentence to: The integratiorsbased on the meteorological time step (dtmet)
starting with reading or interpolation of weathatal reading emissions, and setting of lateraltapd
boundary concentrations of chemical species.

P3270 L 2 Replace "model chemistry" by "model gas-phase csteyh

A. Not only gas-phase chemistry is included, alsonadgueous phase and heterogenous reactions are
included in the chemistry scheme. These are destiibsection 2.1 and we will add a complete list o
the chemical reactions included in the model inpfEement to the article.

P3270 Footnote 1 The footnote should be included in the main tedause otherwise it is difficult for
the reader to comprehend the statement on P. 828@,; which explains the underestimation of Od an
PM peaks at Melpitz by a vegetation fire episode.

A. Ok. We will move the text from the footnote to timain text.



P3271 L5. Describe the coupling between gas-phase chengistiyaerosol dynamics. How frequently are
gas-phase concentrations of the relevant specmss(dfuric acid) updated by the changes due to
condensation and nucleation?

A. The chemistry (e.g. oxidation of S® H,SQ,) is solved prior to SALSA using the kinetic pre-
processor (KPP). There is no sub-time-step in SALSOme further details are given in the
Supplement on the model time steps, in additiomtiat is given in the manuscript. We will add a
reference to the Supplement in the manuscriptcharify that there is no internal sub-time stepping
between the chemistry and SALSA or within SALSAlts

P3271 L17-19. A complete list of the reactions of the MATCH-SAA&0del is missing in the
manuscript and in the Supplement.

A. We chose to exclude the reaction list since tlerustry is basically the same as in previous MATCH
versions but we will add the list of reactions agementary material to the revised manuscript.

P3273 L5 The reference to the paper by Lehtinen et al. {80missing in the list of References.

A. We will add the reference: Lehtinen, K.E.J., DalddaM., Kulmala, M. and Kerminen, V.-M.
Estimating nucleation rates from apparent parfaisation rates and vice versa: revised formulation
of the Kerminen-Kulmala equation. Journal of Aetd3cience, 28, 988-994, 2007.

P3273 L 17 "accurate over time step length of 7200 s" - preshlynthis accuracy is only achieved with
condensation is the only operative aerosol dyndrpiceess.

A. The reviewer is correct in that Jacobson (2008)demonstrated the scheme to be accurate
over time step length of 7200 s, when condensaitime only operative aerosol dynamical
process. We will clarify that it is meant for condation as the only operative process in the
manuscript.

P3277 L7 Replace "(PMsand PM)" by "(PM; and PM )"
A. OK, the order will be changed.

P3277 L 18 Why was Mace Head chosen as a station for evaluafiPNC? It is known that new particle
formation at Mace Head occurs via nucleation ofnedxides (e.g. Saiz-Lopez et al., 2006). Theeeior
cannot be reproduced by a model that uses nuabgadicameterizations for sulfuric acid clusters.

A. We will remove the Mace Head PNC evaluation.

P3278 L9 High PNC in nucleation mode along shipping lanmespsobably artificial since kinetic and
activation nucleation parameterizations tend ta@stimate the nucleation rate in the ship plumg (e.
Metzger et al., 2010).

A. We will add the following sentence to the manudciifetzger et al. (2010) have shown that the high
PNC found in oceanic regions with large ship eroissicould be caused by overestimated nucleation
when traditional activation type nucleation schemresused; they found that a nucleation scheme
involving both organic molecules and sulfuric aleid to much lower PNC over oceans in better
agreement with observations.

P3280 L 4-5. This explanation is in contradiction with thetftitat the formation of <3 nm particles is
parameterized as J3 according to Lehtinen et@0.7 2see P. 3273, line 4-5).

A. Here we refer to the fact that 3nm particles dogmotv to large enough sizes by
condensation. This is why we do not see the comtrad between us using the 3nm patrticle
formation according to Lehtinen et al. (2007) andadelled maximum occurring at too
small sizes compared to observations being expladiyeunderestimated condensation in the
model.
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Solving condensation and nucleation concurrently, we use a method developed by Jacob-
son (2007), which solves these processes over a discrete time step h. Here we modified
the method to solve these processes for two compounds, sulphuric acid and nucleating
organic compound.

Jacobson (2007) assumed that the mass transfer rate of compound ¢ in the smallest
size bin is the sum of mass transfer rate of condensation and mass transfer rate of
homogeneous nucleation (Equation (16.73) in Jacobson (2007)). Since in our model,
the smallest diameter in the size distribution is 3 nm, we modify this equation so that
the mass transfer rate in the smallest size bin is the sum of mass transfer rates of
condensation kg .onq and mass transfer rate of 3 nm particle formation kg form-

kq,l,t—h = kq,cond,l,t—h + kq,form,l,t—h- (01)

The mass transfer rate of compound ¢ during formation of 3 nm particles is analogous
to homogeneous nucleation mass transfer rate (Equation (16.74) in Jacobson (2007)):

Pqb1 3.4
k Lt—h = ’ "
q,form,1, mq Cq,t—h — SC/]717t_th7s,1,t—h ( )

where rho, is the mass density, m, is the molecular weight of compound ¢, v; is is the
volume of a 3 nm particle, Cj;_p is the gas phase concentration, S(’]’Ltfh is the Kelvin
effect, and Cy 5 14— is the equilibrium concentration at the particle surface. We assume
the equilibrium concentration to be zero for both condensing compounds. J3, is the
contribution of compound ¢ (sulphuric acid SU and organic OC) to the formation rate
of 3 nm particles, J3

("%U + n3,SU)USU (n*oc + ng,oc)voc
J3 +

J3 = J3su + J3su =
U1 U1

Js (0.3)

where ny is the number of molecules in the critical cluster, ng 4 is the number of molecules
in a 3 nm particle, v, is the molecular volume. The number of molecules of individual
compounds in a 3 nm particle is assumed follow the ratio of gas phase concentrations

Csu,i—nvsu
Csu,i—nvsuCoc,t—hvoc

n37sU111 ~ (’Ul — U*), (04)
where v* is the volume of the critical cluster.

Now, gas and size-resolved aerosol mole concentrations can be solved using equations
(16.67)-(16.72) by Jacobson (2007). The new number concentration of particles in the
smallest size bin is

2

—l PqU1  Rglt—h

mq kQ7fOTm’17t_h

0], (0.5)

where ¢4 is the mole concentration of compound ¢ in the particle phase.



