Authors’ response

Regarding the updated manuscript based on the Gptiper: GMD-2014-63, by Andersson et al.
entitled “MATCH-SALSA — Multi-scale Atmospheric Tmaport and Chemistry model coupled to the
SALSA aerosol microphysics model. Part 1 — modstdption and evaluation”.

In this document follows comments and concerns élgfees #1 (pages 2-6), #2 (pages 7-10) and #3
(pages 11-17). After each concern our originaliespiollow, as previously submitted. Our replies in
these pages are exactly the same as previouslhyitsedhnto GMDD; they are included here for the
convenience of the readers.

While working on updating the manuscript, we hageided to incorporate section 5 within the other
sections (mainly section 4), thus section 5 is needaas suggested by two of the reviewers. A few of
the formulations as we suggested them in the i=pb&e been slightly modified for language.
Otherwise our replies are still valid. For all chas between the new manuscript and the GMDD
paper, see tracked changes at the end of this dot(adfter page 17).
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Reply toreview 1

We are happy for the positive response and we ttlenkeviewer for insightful comments and good
suggestions that will help us improve our manuscrip

Repliesto major comments

R1) Section 4 of the article focusses on comparingehcesults with measurements. Unfortunately,
possible reasons for deviation of model resultsmfroeasurements and corresponding suggestions for
model improvements are mostly provided in sectiohts considerably affects the readability of the
article since the reader already expects suchnrdton when reading section 4. Some explanations
are provided in section 4 but the correspondingudisions are comparably sparse. For instance, the
overestimation of PNC in Melpitz due to nucleatistriefly explained in section 4.2.1, but reasons
for underestimation at other sites are not disais&e another example, in section 4.2.3 it is dised
that the reason for the maximum occurring at toalksizes may be too little condensation onto
nucleating particles in the model. However, thalezanisses a subsequent discussion why
condensation is too inefficient. The reader misseh information when reading section 4 but is
surprised to find such details in section 5 laterm enhance readability of the article | wouldgest
skipping section 5 and discussing the reasonsigorapancies and possible model improvements
directly in the context of the model comparisonthiie observations (section 4). A summary of the
major improvements needed could be included irCineclusions section. If the authors decide to
refrain from merging section 4 and 5 in this manharould urgently change the title of section 5
since ‘ldentified issues’ sounds somewhat meanasgla possible title could be ‘Major reasons for
discrepancies and suggestions for model improvenm@noosing such a title would show readers of
the previous sections that this important inforonais given later in the paper.

Answer, Remark 1: We chose to separate these into two sections ipaper for a clear overview of
the discrepancies, as compared to the text inupplement report which is integrated. We prefer to
keep the two separated. However, we were not eleamgh in pointing this out in the text. We will
change the title of section 5 to Major discrepameird suggestions for model improvements, and
explain this in a leading text in section 4.

There is an underestimation in all size ranges épllz, Hyytiala and Aspvreten. This may be due to
problems with wet scavenging or a combination obfgms. For the accumulation and Aitken modes
the problem can be due to underestimated primaryséons. The underestimation in the nucleation
mode implies either a low-biased nucleation med@rarir a too efficient removal (deposition).
Further, EC is not included in the Aitken modehia thodel (the mass and resulting particle number
emissions are distributed on larger particle siZEsis is a model deficiency leading to underestada
total particle number concentration (in the Aitkande and subsequently in larger sizes as well).
Further organic nucleation is not included as deation process in the evaluated base case
simulation resulting in possible underestimatiomotleation in areas of high BSOA. Sensitivity $est
including organic nucleation will be discussed amt2 of the paper (Andersson et al., 2014) bot a |
of the material is available in the Supplementh®present manuscript (which is available for the
reviewer). The sensitivity tests indicate increasfadhie PNC when including organic nucleation, but
there is still underestimation at most sites.

We will add a similar discussion on possible readonthe underestimation of PNC at Melpitz,
Hyytiald and Aspvreten to the manuscript, includingntioning it in the abstract and conclusions.

R2) It should also be discussed in the manuscript thewesults of MATCH-SALSA compare to
other European-scale aerosol model results desiainbe literature. This would show whether the
discrepancies found by the authors are model sp@citommon features of regional aerosol models.
If some of the discrepancies occur also in othedetsthey could be due to external forcings, sisch a
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an underestimation of emissions or general lacksoWledge e.g. about SOA formation. Such
analysis would help to evaluate the overall qualitmMATCH-SALSA.

Answer, Remark 2: Thank you for the suggestion; we will add a settigith a comparison of
MATCH-SALSA performance to other aerosol models.

Repliesto minor comments
R1. Abstract: The acronym SALSA should be explained.
Al: The acronym SALSA (Sectional Aerosol module fordeaScale Applications) will be explained.

R2. Page 3269, line 20: The statement ‘PNC was natritbesi’ should be discussed in more detail.
Since fixed particle sizes were assumed PNC coaNé been derived from total mass of the
respective particles. The authors probably meanpittggnostic equations for PNC were not included.

A2. Yes, that is what we mean. The text will be madifio clarify this.

R3. Page 3269, line 25: Is this really an iteratioa. (@re the different operations passed multiphegi
within each time step)? If not, the term ‘integoatimight be more appropriate.

A3. Yes, integration is more appropriate. The sent&iltde changed to: After initializations are
completed the model integrates over time.

R4. Figure 1: It should be specified which parts @& tlow chart show MATCH and which parts
characterize SALSA operations. It is also not clelay output from the aerosol microphysics module
is needed as input for the meteorological parhefrhodel. This should be specified in more detadl a
Figure 1 should be modified accordingly.

A4. We will specify the SALSA components (the Aerosbitrophysics box) in the figure. We will
clarify that the arrows show the model integratioder rather than data flow; the figure caption wil
be changed to: Model integration and time steppifdATCH-SALSA.

Since the MATCH-SALSA model is an offline modeletherosol microphysics output does not affect
the meteorological processing. The calculated CBIChowever be coupled to the wet scavenging
of particles, but that feature is not includedhis tbhase case simulation that is evaluated inpdyier.
Such a simulation is evaluated and described funthéne supplement report.

R5. Page 3271, lines 15-16, ‘. . .and a few heterog@meecactions for nitrogen compounds are
included in the model.”: Since no reference is fited here, some more details should be added
(which nitrogen compound react on what kind of aces? Which uptake coefficients are used?).

A5. A very simplified scheme is used for modellingdregeneous loss of gaseous HN@Ad NOs:
HNOs(g) — NOs(pm, coarse mode)

N2Os(g) — 2 HNGOs(aq) [the nitric acid formed in the reaction is@®ed to immediately evaporate to
the gas phase]

The treatment is based on the original EMEP MSC-gdehchemistry (see, e.g., Simpson et al.,
1992) with two adjustments:

We apply the pressure-scaling factor [M]/2.55%%f@r both reactions (Strand and Hov, 1994) and for
the HNG-reaction we use the reaction rate for low relabivenidity conditions (RH<0.9), k=5x%10
®x[M]/2.55x10"s?, regardless of the actual RH (as Strand and How)199

Note that the nitrate formed in this HN€&action is considered asarse mode nitrate. This coarse
nitrate is treated as bulk particles in the MATCAESA model.

Ammonium chemistry is also handled by means ofrglfied treatment:

NHs(g) reacts instantaneously (and irreversibly) vaithilable sulfate and form ammonium sulfate
(NH4).S0O,, which is distributed over different particle sSz#ccording to the sulfate distribution in
MATCH-SALSA.
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If there is excess Nify) available, ammonium nitrate can be formed h&reaction:
NHs(g) + HNOy(g) <> NH4NOs(p).

The ammonium nitrate is assumed to be in equilibraund the dissociation constant of WD is
dependent on relative humidity and temperatur@gusie equations and parameters from
Mozurkewich (1993).

We will add this information, together with thelfdescription of the gas-phase photochemistry
scheme, in a Supplement to the article. We wib aigdate the text in Section 2.2 as follows:

Particulate nitrogen species are described by pligied chemistry scheme (see Supplement X),
currently handled outside SALSA. Ammonium boundutfate was distributed according to the size-
distribution of particulate sulfate. Ammonium nt&avas distributed according to the available
aerosol surface area. Coarse nitrate was tregpedlagely as a simple tracer compound (not included
in the MATCH-SALSA particle modes).

Further we will discuss the consequences of thieggliications in the revised manuscript: This
leads to underestimation of both condensationaltjrof the particle size distribution, and
hygroscopicity and thus an underestimation of tbhaatdroplet number concentration (CDNC) as
well as impacts on the PNC and PM.

R6. Page 3272, lines 13-14: . . . size bins with astant internal volume ratio.” Should be explained
in more detail. What is meant exactly?

A6: The description of the size bins will be clarifidithe sentence will be changed to: ... size bins
with equidistant distribution of the bins on thgdoormal scale.

R7. Page 3272, line 15, ‘are that are’: Skip firse'ar
AT: This will be corrected.

R8. Page 3272, line 25, ‘shrinkage of particles”hosld be explained how particles can shrink in the
model. Since semivolatile species as nitrate or animm seem to be neglected, this could only
happen due to water evaporation. Or are other mérha relevant here? Are the simplified
treatments of nitrate and ammonium (see next poaygable to simulate shrinkage?

A8. The particles can not shrink in the present versif the model. We will update the text.

R9. Aerosol nitrate and ammonium are included by medmassimplified treatment. Since these
compounds can be quite important, possible consegseof this simplification need to be discussed.
The simplified treatment should be explained in embetail.

A9. See answer to remark 5.

R10. Page 3274, line 6, ‘. . . sub-cloud scavengingeiglected for these species’: It should be
discussed why this simplification is justified.

A10. For ozone sub-cloud scavenging is likely to bgligible; O; has a very low solubility in water
and wet deposition is not an important sink pro¢esthis species — ozone concentrations typically
also increase with altitude meaning that the fglti@indrops are perhaps more likely to evaporate O
at lower altitudes than to scavenge it from thefar SQ the neglect of sub-cloud scavenging is
likely leading to a slight underestimation of thetwdeposition losses; but $&@lso has a relatively

low solubility and a modelling study of wet scavimgof sulfur Berge (1993) found that sub-cloud
scavenging by precipitation was small (only ab@tdf the total S-deposition was due to sub-cloud
scavenging). The neglect of sub-cloud scavengingydrogen peroxide probably leads to a
substantial underestimation of wet deposition lfidig species. In recent MATCH-model runs (without
SALSA), that included sub-cloud scavenging @Ok it was found that sub-cloud scavenging
contributed about 20-40% to the total wet depasitbH,O,. We will add a discussion on this in the
revised manuscript.

R11. Page 3276, lines 3-8: In the description of tlze dlistribution settings it is mentioned that
different bins are used for soluble and insolulalgiples but mixtures of these particle types seem
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be not considered. In the beginning of sectiono@ydver, the authors mention that also mixed
particles can be represented in the model. Thatsis suggested by Figure 2 where ‘aged’ partidles a
mentioned. Hence it is not clear how aged or mpadicles are considered in the model runs. It
seems that the bins termed soluble here includetiadésmixed particles. This however would imply
that the model is not capable to represent puddlybte particles. This should be explained in more
detail in the manuscript.

A11. We will take out term "aged" in Figure 2 to avemhfusion. We will also include a more
detailed explanation on how mixing of compoundsaadled in the model: Size distribution is divided
into three subregions and for these different ggibres the level of external mixing is different.the
smallest size bins (diameter < 50 nm), all parsiéles internally mixed. In the second subrange (50
nm < diameter < 700 nm), there are two paralletmetlly mixed size bins for each size. In the latge
subrange (diameter > 700nm), there are three exthgmixed size bins: 1) soluble, where above-
mentioned soluble compounds are emitted, 2) clatideainsoluble particles, which are mainly
composed of insoluble compounds, but which haveigimsoluble material to activate as cloud
droplets, and 3) freshly emitted insoluble, whesoluble compounds are emitted to.

R12. Page 3277, lines 1-2, ‘The emitted sulfate mass distributed over particle sizes in the same
manner as OM.’: It should be explained how thesepmunds are distributed over the different
particle sizes and appropriate references shoutfivea.

A12. OM (and sulfate and EC) emissions are distribotgat particle sizes according to emission
source sector resolved mass size distributions ¥@schedijk et al. (2009). This is explained and
referenced on page 3276, lines 22-24. Details abeusize distributions are also given in the
Supplement (Table 4, page 16). Emissions from 18bIP sectors are described by uni-modal
distributions; emission from two sectors (interaaél shipping and SNAP sector 4: production
processes) are described by bimodal distributidfeswill add this information to the revised
manuscript.

Repliesto editorial comments

R1. Figures 1 and 8: Some fonts used are hardly eigaen when the figure is enlarged. Larger fonts
need to be used.

A1l. Figure 1 will be updated with larger font sizeltie revised manuscript. Figure 8 will be divided
into 2 figures to achieve larger font.

R2. Page 3279, line 2: Replace ‘is general’ by ‘ingal’.
A2. Ok, will be fixed!

R3. Figure 5: The legend (description of colour ba&g)ardly visible and should be enlarged. The
colours are hard to distinguish and should be osdla

A3. We will make the legend text larger. We will cgarthe color of the bars for the observed PNC to
make them more visible and easier to distinguismfthe model bars.

R4. Figure 6: The legend (description of colour) isdhavisible and should be enlarged.
A4. The figure will be updated to make the legenddarg
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Reply toreview 2

We are happy for the positive feedback and we thiamkeviewer for helpful suggestions that will
help us improve our manuscript. In particular we grateful for the references provided; they will
help in comparing our results to other models amgvithg conclusions on what our future
development work should focus on.

Repliesto general comments

R1. Articles in GMD are required to represent a siidfitly substantial advance in modelling science;
therefore the authors need to a better job of comrating the importance of this model and how it
will extend/advance previous modelling work. Fagtance, what are existing regional/global sectional
models lacking compared to MATCH-SALSA and what thiee major benefits of using this model

over the others available? At the very least, iulddoe good to get an idea of how the model set-up
and performance (against observations) of MATCH-SAlcompare to other similar models
(particularly the PMCAMXx-UF model, which is alsaegional sectional model focussed on the
European domain). The authors have communicatetkthaical aspects of the model well, but
discussion of how MATCH-SALSA fits in with and coames to existing aerosol models is lacking.

Al. The MATCH model contains a number of advancetuies including variational data
assimilation (Kahnert 2008) and inverse modellihgarosol optics (Kahnert 2009) of both surface
observations and satellite data. These assimilédidmiques are uncommon in models that include
advanced aerosol dynamics. The coupling of thesaédynamics model SALSA to MATCH leads to
a unique modeling system at the scientific fromtlin

We will include a discussion of other models and/MATCH-SALSA compares to these (as also
suggested by Referee#1).

R2. The Introduction (Section 1) needs some furthtenéibn in terms of the number of citations and
the quality of the written language. In comparigoth the rest of the article, this section is not
particularly well written and steps should be tai@make improvements. | have given some specific
comments and technical corrections below for molidance.

A2. We will improve the language of the introductienmd update the citations while seeing to remark
1. We thank you for the particular comments andemions which will help us in doing so.

R3. | strongly agree with Referee 1's comment regaydire layout and order of Sections 4 and 5.
When reading through the article | made severalgenis regarding the lack of reasons given for the
model discrepancies (particularly in Section 4,301} realised when reading on to Section 5 that
some of these discrepancies were discussed latiee grticle. To improve the readability of theicet

I would also suggest moving the discussion of mdikgrepancies into the relevant sub sections in
Section 4 (or at the very least, add comments@iogpiate points in the text to state that the rhode
discrepancies are discussed further in Section 5).

A3. We chose to separate these into two section®ipdper for a clearer overview of the
discrepancies, as compared to the text in the soppit report which is integrated. We prefer to keep
the two separated. However, we realize that we wetelear enough in pointing this out in the text.
We have decided to change the title of sectiorss(@gested by reviewer 1) and include more
references to this section in section 4 (as sugdést you).

R4. Throughout the article there are numerous refeete the supplementary material (report). The
supplementary report is extensive and is an impbeecompaniment to the article. However, to aid
the reader and prevent the need to go back arfubfettveen the documents | suggest including some
of the sections/tables/figures in the main paper.

A4. We restricted the number of figures and tablexder to keep the manuscript from becoming too
long. We also tried to keep down the number ofrezfees to the supplement. We may have been too
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restrictive and we agree with the Referee that smewerial from the Supplement should be moved to
the main article to aid the reader.

Repliesto specific comments

R1. Abstract: The sentence on L12-13 “Elemental agdioic carbon concentrations are
underestimated at many of the sites.” contradetgéesce before. | suggest that you alter or combine
the sentences on L11-13 e.g. “On the other hanthtuel performs well for inorganic particle mass
(including secondary inorganic mass), but elemeantdlorganic carbon concentrations are
underestimated at many of the sites.”

Al. We will revise the sentences as suggested by tarese

R2. Section 1, P3268, L16 L19: Please provide sorgerces of previous studies that have
used/described/developed bulk and modal modelstdBexample the models compared (and
corresponding references) in Mann et al. (2014).

A2. We will add the following text to the introductin

In bulk schemes, typically the total mass concéioinaof particles, or the mass in a certain size
interval is modeled — which has been a method ofcehin MATCH (before the present work).
LOTUS-EURQOS (Schaap et al., 2008) and DEHM (Chnis¢a, 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 shapes fomntlbeles. The description of new particle formation
is limited in modal schemes. Modal schemes are ctatipnally more expensive than the bulk
approach, but less than the sectional, which istlvby are common in regional and global CTMs and
climate models, e.g. the Regional Particulate M@Baikowski and Shankar, 1995), CMAQ (Byun
and Schere, 2006), CAM5-MAMS (Liu et al., 2012), 5NAan de Brugh et al., 2011), GLOMAP-
mode (Mann et al., 2012), EMAC (Pringle et al., 20 ECHAMS5-HAM2 (Zhang et al., 2012), GISS-
MATRIX (Bauer et al 2008).

The sectional scheme, in which the size distrilvuisorepresented 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 teetional approach, e.g. PM-CAMx (Fountokis
et al., 2011), GLOMAP-bin (Spracklen et al., 2008@1 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 irticgldo theirs.

R3. Section 2.3, P3274, L24 — P3275, L6: The textudess that MATCH-SALSA can be coupled to
an online cloud activation model. | assume thigpbedi model is only used for quantifying cloud drop
number concentration and is not used in this stirlg&se clarify this.

A3. The cloud activation model is used for quantifiythe cloud droplet number concentration. The
activated fraction of particles is coupled to oeesion of the wet scavenging scheme. We will explai
this more clearly in the revised manuscript.

R4. Section 3, P3276, L1: Are the vertical levelsha model terrain following? Please state this in
the text.

A4. We will include the following information in thevised manuscript: The vertical distribution is
inherited from the meteorological model, whichhistcase is hybridy) coordinates, with shallow
terrain following layers close to the ground andkbr pressure levels higher up.

R5. Section 3, P3277, L1: Please include referenedia) “95-100% in European scale models”.
A5. This is by Spracklen et al. (2005), which will darified.
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R6. Section 3 (general): How are oxidants treatettiénmodel? Are they online or specified from
offline fields?

A6. The oxidants are calculated online in the modelguthe photochemistry scheme described in
section 2.1. Some further details about the cheymssheme will be added as Supplementary material
as requested by Referee #3.

R7. Section 4 (general): What model level is usecbimpare with observations? Is the model output
interpolated to the location of the ground statiBiease give details.

A7. We will clarify that we use first model level rdtsueverywhere (with no interpolation to the
height of the measurement stations).

R8. Section 4.2.2, P3279, L4-6: Firstly, is the catien coefficient quoted here r Gerf these

values are not squared, they indicate particulaxycorrelations between the model and observations
How do these values compare to other models (imduCHAM5-HAM-SALSA) that have been
evaluated against observations from the same grstatidns (e.g. Spracklen et al., 2006, 2010;
Fountoukis et al, 2011; Reddington et al., 201TpgB®&n et al., 2012)? In particular with regards to
the comments on model resolution, do the globaletsogvith grid sizes on the order of 200 km x 200
km over Europe) show weaker correlation with thasservations relative to MACTH-SALSA?

Please add some discussion on this.

A8. Our correlation coefficient is the Pearson r-valmg] we agree that it is low. We will add a
discussion on this and compare the MATCH-SALSA nmaaeformance to other models as
suggested.

R9. Section 4.2.4, P3280, L12-14: Again, can thesaltebe compared to any of the modelling
studies listed in the comments above? How doepahifermance of MATCH-SALSA at simulating
nucleation events compare to e.g. the performahtteedGLOMAP model (presumably on a coarser
grid) at Hyytiala in Spracklen et al. (2006), whitdptures nucleation events relatively well?

A9. We will revise the text regarding the problem#iwgapturing nucleation events. Further, we will
compare and discuss the MATCH-SALSA model perforteanf nucleation to that of other models.

R10. Section 4.2.4, P3280, L14: The size of the geitlis quoted here to be 2X1kn?, but in the
description of the model set-up the spatial resmhubf the model over Europe is quoted to be 44 km.
Please clarify/explain this.

A10. 44x44 knM is ca 2000 ki but to avoid misunderstandings we will keep tkr®¥44km instead.

R11. Section 4.3.1, P3281, L23: The bias is definethénsupplementary report, but should be defined
in the main text (or at the very least the reatteukd be directed to the supplementary materiaiHer
definition).

A1l We will add a sentence in the beginning of Secti@xplaining that the definitions of all the
statistical measures used in the article are givéime Supplement.

R12. Section 6 (Conclusions), P3286, L17-18: “The nig&k PNC occurs at the same or smaller
particle size as the observed peak.” To be clehatithis sentence refers to the particle size
distribution | suggest changing the sentence tddthe@wing: “The model peak in the particle number
size distribution occurs at the same or smalletigarsize as the observed peak.”

A12. We will modify the manuscript as suggested.

Repliesto technical comments
R1. Section 1, P3268, L1: “Especially” should be aehto “In particular,”.

R2. Section 1, P3268, L2: Change “. . .importancdlierhealth impacts..” to “. . .importance for
impacts on human health. . .".
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R3. Section 1, P3268, L5-7: Sentence does not refidlwaggest changing it to the following: “As
the dynamics of these ultrafine particles are paldily sensitive to the various aerosol micropbgksi
processes, they need to be considered in as high @& possible in order to describe PNC accuratel
(e.g. Adams and Seinfeld, 2002).”

R4. Section 4.2.2, P3279, L2: “is general” shouldibegeneral”.

R5. Section 4.2.4, P3280, L9: “Especially” shoulddbanged to “In particular,”.

A1-5. We thank the referee for these corrections. Weclvange the text as suggested.
R6. Figure 6 Figure 9: Please increase the textdfitee legends to make them

more visible.

A6. We will improve the figures and make the legendsenvisible (as also discussed in the answer to
Referee#1l).
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Reply toreview 3

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

Answer to the general referee comments

R1: The manuscript gives an overview of the new moolel many details on the respective processes
are not provided in the manuscript. Instead, lieferred to the Supplement, which turns out be a
rather long SMHI report by the same authors. Tiigdirs the readability of the manuscript since one
has to search for the corresponding parts in tippl8ment. Even so, many details on the aerosol
dynamics modelling are still missing. For instartbe, description of condensation in the Supplement
does not extend over what is already stated imdeuscript text.

A1l: Methods for solving aerosol microphysics are liste@ection 2.2. These methods are commonly
used and we do not see it necessary to decribeithdatail in this manuscript. The full descriptioh
solving aerosol microphysical processes in SALSAgiven by Kokkola et al. (2008), which is
referred to in the end of Section 2.2. However,ntethod for solving condensation and nucleation
when both sulphuric acid and organics are involuettie nucleation process has not been described
previously. We have added the description for & asipplement for the manuscript as well as to this
response to the reviewer.

R2: Unfortunately, all sensitivity tests that couldhé& 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 paof Zhe paper (Andersson et al., 2014), as refdored
in the manuscript, but a lot of the material iside in the Supplement to the present manuscript
(which is 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 undéd in the current evaluation of MATCH-SALSA. It
is mentioned that a more advanced cloud activaotieme can be coupled online, but | got the
impression that this is computationally too expeas$o be applied operationally. On the other h#nd,
the prediction of PNC and size distributions isfibeus of the new model, then maybe an aerosol
dynamics model better suited for prediction of rgasticle formation should have been preferred for
the implementation in MATCH.

A3: The reviewer questions our choice of SALSA fosatéing aerosol microphysics. SALSA has
been developed with the focus of describing patitimber concentration and e.g. includes several
nucleation mechanisms. Especially the fact that SAluses sectional approach for describing aerosol
size distribution gives it an advantage over madsbsol models in simulating new particle formation
(see e.g. Korhola et al., 2014). We will add awlsion of this in the introduction of the manustrip

SALSA was included for description of aerosol dymesiincluding PNC, size distirbution and for
prediction of cloud droplet number concentratio®{{). 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 coupbhtf ATCH-SALSA to a meteorological or climate
model. We will clarify this in the manuscript (salgo reply A6).

Repliesto concerns

R1. The authors state that they do not expect to 88©A formation in a realistic way and justify
this by the need to make progress in the modellderent. Instead of consequently using the best
yield estimate available, the authors chose 30%ddyg so, they ignore yield values currently
applied in other models or recommended in liteatihe value of 30% would not be so critical if
they had decided to use a reasonable saturatiar pagssure for the semi-volatile compounds,
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instead of setting it to zero. The decision foatiey SOA formation in this way might be motivated
by the wish to match observed OC, but that is rjostfication for making unrealistic assumptions.
The SOA parameterization in the model should beseelvfor example by using the simple
parameterization as applied in GLOMAP (Scott et2014), with a fixed molar yield of 13%
(equivalent to a 14.3% mass-based yield) of SOAftloe oxidation of monoterpenes.

A1l. Unfortunately the description of the BSOA treatine&as confusing and partly in error. An
extremely simplified BSOA-scheme was chosen fomtioelel development phase of MATCH-
SALSA, to be updated in future work with the model.

The initial idea was to assume a 10% (instantanegelsl 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 facttinrefe (see Langner et al., 2012, for an illustratf
the range of model estimated isoprene emissioksiiape — four different chemical transport models
predict emissions within about a factor of five; d@not expect the uncertainty in the monoterpene
emissions to be lower than for isoprene). Furtheemnee included only the contribution of
monoterpenes to BSOA, which means that we excladate potentially important BSOA-precursors,
such as sesquiterpenes and other BVOC emitteddtassed plants.

Considering the large uncertainties in biogenic Véxdssions we performed tests with varying
terpene emissions and found improved model perfocmavhen using three times larger emissions
than those taken from the EMEP MSC-W model. Thisiiity test turned out to become the base-
case simulation for the present study. Future ldpweent of the MATCH-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 sehesad instead of the detailed scheme which is
included in the EMEP MSC-W model's EmChemQ9 schemether, isoprene is not included as
SOA precursor in MATCH-SALSA. The authors shoulstjfy the use of an outdated isoprene
scheme and state whether it is planned to incl@i& frmation from isoprene oxidation.

A2. The isoprene chemistry scheme used in the MATQdehis somewhat more condensed, i.e.,
uses fewer model species and reactions (7 sp@@esactions) than the EMEP MSC-W scheme
(currently, EmChem09: 19 species, 32 reactionsih Bee, however, very small compared to more
explicit chemical mechanisms, such as, e.g., thé\Cheme lfttp://mcm.leeds.ac.ukivith
hundreds of species and reactions for the isopreemistry.

The EMEP isoprene scheme is based on the isophemeistry scheme by Paulson and Seinfeld
(1992) (with a few reactions omitted, as describg&impson et al., 1993); the scheme has been
updated with new reaction rate constants and sahes ohanges of the 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 MIATsoprene scheme was updated
simultaneously as the EMEP scheme (EmChemQ9) takingaccount the same new reaction rate
data. We will add a detailed description of the M®T chemistry scheme as a Supplement to the
paper, including the isoprene chemistry with trecten rates presently used.

Thus, in our opinion, the MATCH isoprene schemedsmoreoutdated than the EmChem09 scheme.
Both the EMEP and MATCH model isoprene schemes waieosen to be computationally efficient

and still model ozone formation well (comparedamer chemical mechanisms). The compact
MATCH isoprene scheme has been shown to yield combp@ozone concentrations as the somewhat
larger EMEP scheme (Langner et al., 1998) and dan buccessfully used in many studies focused on
ozone (e.g., van 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 modélke Emissions of isoprene in the MATCH
and EMEP MSC-W models are compared in Langner. §2@12); the total European isoprene
emissions are about twice as large in the EMEP M&@wodel as in the MATCH model.
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The MATCH SOA chemistry is presently under develepim The new version of MATCH includes a
new isoprene emission model and SOA formation fismprene will be included in future versions of
MATCH-SALSA. We will add information about this the article.

R3. A so-called "nitrogen gas-patrticle partitioning'introduced in this manuscript. However no
explanation on the nitrogen gas-particle partitigrand 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 cisétyin MATCH and its (missing) coupling to
the aerosol microphysics module in MATCH-SALSA v clear in the manuscript. We will clarify
it in the revised manuscript.

So far, particulate nitrogen species (ammoniung &ind coarse mode nitrate) are not directly indude
in the aerosol microphysics routines; the MATCH+olstry routines calculate mass concentrations of
these species as a bulk (not particle size-respl¥figr the aerosol dynamics steps in the MATCH-
SALSA model they are partitioned to different peldisizes. The model particle radii are not affécte
by this “post-dynamics” addition of nitrogen spec#énd the partitioning on different sizes are only
introduced as a way of describing the particul#mgen mass size distribution.

The following particulate nitrogen-species areuded in MATCH-SALSA: ammonium sulfate
[(NH4),S0Oy], ammonium nitrate [NENOs] and coarse mode nitrate.

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

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

If there is excess N¥fy) available, ammonium nitrate can be formed h&reaction:
NH3(g) + HNO(g) — NH/NOs(p).

The ammonium nitrate is assumed to be in equilibrdund the dissociation constant of D is
dependent on relative humidity and temperatur@gusie equations and parameters from
Mozurkewich (1993). Ammonium nitrate is distributeder different particle sizes according to the
available aerosol surface area.

We will add this information, together with thelfdescription of the gas-phase photochemistry
scheme, in a Supplement to the article. We wib aigdate the text in Section 2.2 as follows:

Particulate nitrogen species are described by pligied chemistry scheme (see Supplement),
currently handled outside SALSA. Ammonium boundutfate was distributed according to the size-
distribution of particulate sulfate. Ammonium nt&avas distributed according to the available
aerosol surface area. Coarse nitrate was tregpedlagely as a simple tracer compound (not included
in the MATCH-SALSA patrticle modes).

R4. More details on the treatment of the emissioprohary particle components, in terms of mass
and number need to provided, and how consistergyele® mass and number of emitted particles is
ascertained. Elemental Carbon (EC) is not defindte first size range (nucleation and Aitken
modes) despite EC is emitted from various combog@urces (mainly from residential biomass
burning and traffic) in the Aitken size range. Hdiibution of EC should be revised for the PNC
modelling on the European scale where many regiomsinder the influence of combustion sources.

A4. Particle number emissions are calculated bas¢keosectoral mass-based emission size
distributions from Visschedijk et al. (2009), ateread to in the manuscript. We will add the
following sentences to Section 3 of the manusctaftrther clarify how the emissions were treated:
Details about the size distributions are also givethe Supplement (Table 4, page 16). Emissions
from most SNAP sectors are described by uni-moig#iilbutions; emission from two sectors
(international shipping and SNAP sector 4: producprocesses) are described by bimodal
distributions.
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EC is not included in the nucleation and Aitken e®th SALSA. The fact that EC is not included in
the Aitken mode is a shortcoming in the model, Wwhidll be updated in future model versions of
MATCH-SALSA. We will add a discussion of the misgiEC-emissions 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 ondl@se processes is favored over the other in the
operator splitting. However, the manuscript st#tes 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 lygmous binary nucleation. Despite the authors
mention that the alternative nucleation optionsamig used in part 2 of the manuscript, it is
recommended to present the detailed algorithmhi@icobupling of sulfuric acid — organic nucleation
with growth (give equations!) in part 1.

A5. Since the organic nucleation scheme is not usétki model simulations presented in Paper 1 we
will add the detailed algorithm in a Supplementtte article and as an appendix to this reply.

R6. It is suggested to split section 2.3 into twatises, one that deals with deposition and one that
deals with cloud droplet activation. If there igyanteraction between the two processes in MATCH-
SALSA, it has to be stated more clearly as it esdhse now. Based on the current descriptiomibtis
obvious why there is a need for online calculatboloud condensation nuclei, since the fraction of
activated cloud droplets in the standard versioM AT CH-SALSA is only inferred from the fraction
of particles that are located in grid boxes covevid cloud. That can be done equally well in a
simple post-processing of the 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 needelthen This is also the reason for including this in
the deposition section. We will make an effort karify this to avoid future confusion.

R7. Provide reasons for the underestimation of e at Northern and Central European sites and
of accumulation mode particle numbers at all sitethe Abstract and in the Conclusions. The lfst o
planned developments given at the end of the maipuss useful, but it does not replace a discussio
on how missing processes or inadequate paramediengdnave affected the presented model results.
Specifically, it has to be assessed how the ob\dbostcomings in the treatment of BSOA and
nucleation mechanism affected the prediction cltBNC.

A7. There is an underestimation in all size rangehree of the northern and central European sites.
This may be due to problems with wet scavenging combination of problems. For the accumulation
and Aitken modes the problem can be due to undex@stid primary emissions. The underestimation
in the nucleation mode implies either a low-biasadleation mechanism or a too efficient removal
(deposition). Further, EC is not included in thékAn mode in the model (the mass and resulting
particle number emissions are distributed on lapgeticle sizes). This is a model deficiency legdin
to underestimated total particle number concemwingfin the Aitken mode and subsequently in larger
sizes as well). Further organic nucleation is noluded as a nucleation process in the evaluatesl ba
case simulation resulting in possible underestiomatif nucleation in areas of high BSOA. Sensitivity
tests including organic nucleation will be discussepart 2 of the paper (Andersson et al., 2014) b
a lot of the material is available in the Supplemamthe present manuscript (which is available fo
the reviewer). The sensitivity tests indicate iases of the PNC when including organic nucleation,
but there is still underestimation at most sites.

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

Repliesto technical comments

P 3268 L 17-20 when discussing modal vs. sectional schemes, drarfgr the application of both in
aerosol dynamics models and the correspondingdites references should be given. How does the
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sectional approach compare with the modal approstehfion 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 concéiomaof particles, or the mass in a certain size
interval is modeled — which has been a method oicenn MATCH (before the present work).
LOTUS-EURQOS (Schaap et al., 2008) and DEHM (Chnis¢a, 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 shapes fomntlbeles. The description of new particle formation
is limited in modal schemes. Modal schemes are atatipnally more expensive than the bulk
approach, but less than the sectional, which istlvby are common in regional and global CTMs and
climate models, e.g. the Regional Particulate M@Beikowski and Shankar, 1995), CMAQ (Byun
and Schere, 2006), CAM5-MAMS (Liu et al., 2012), 5NAan de Brugh et al., 2011), GLOMAP-
mode (Mann et al., 2012), EMAC (Pringle et al., @0ECHAM5-HAM2 (Zhang et al., 2012), GISS-
MATRIX (Bauer et al., 2008).

The sectional scheme, in which the size distrilvuigorepresented 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., 2008@11; 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 miyrsigs models using modal and sectional
approaches. We will discuss our performance irticgldo theirs.

P3268 L 21-23 PM-CAMx and GLOMAP are mentioned as two exampleSBMs that include
aerosol dynamics and are applied on the Europeda. $8ive a short summary of the shortcomings of
these models with respect to their capability djot observed PNC in Europe.

A. We will add a description on the performance okotimodels and compare these to our
own.

P 3269 L 2 Exemplify briefly what the new model features of MIBH-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 Wisentails: physical treatment, computation,
model output, etc. It should also be stated briefiych size distributions are defined, with refaren
to section 3 where this is explained in more detail

B. We will update the manuscript: The coupling of SAL® MATCH introduces a

model description of particle microphysics and ggimthe model. New features include particle
nucleation, condensation, coagulation and actimateading to a description of the temporal
evolution of the particle number size distributiora number of bins, through the sectional approach
Further the model describes the mixing state optréicles. For further details on the new physical
treatment of aerosol microphysics and the parside distribution see Section 2.2 as well as furthe
details on the specific set up in this study inteac3. SALSA was chosen for this task since it was
developed with the focus of describing the partitienber concentration and e.g. includes several
nucleation mechanisms. Especially the fact that SAuses the sectional approach for describing the
aerosol size distribution gives it an advantage avadal aerosol models in simulating new particle
formation (e.g. Korhola et al. 2014).

P3269 L 26 "New emissions are emitted"; revise language isfsbantence.
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609 A. We will change the sentence to: The integratioedased on the meteorological time
610 step (dtmet) starting with reading or interpolataiweather data, reading emissions, and setting of
611 lateral and top boundary concentrations of chensipaties.

612 P3270L2 Replace "model chemistry" by "model gas-phase céteyty

613  A. Not only gas-phase chemistry is included, alsonadqueous phase and heterogenous reactions are
614 included in the chemistry scheme. These are desxtiibsection 2.1 and we will add a complete list o
615 the chemical reactions included in the model inppffement to the article.

616 P3270 Footnote 1 The footnote should be included in the main tedause otherwise it is difficult
617 for the reader to comprehend the statement on&8, 3de 1; which explains the underestimation of
618 OC and PM peaks at Melpitz by a vegetation firsege.

619 A. Ok. We will move the text from the footnote to tinain text.

620 P3271L5. Describe the coupling between gas-phase chensisthaerosol dynamics. How frequently
621 are gas-phase concentrations of the relevant speeg sulfuric acid) updated by the changes due t
622 condensation and nucleation?

623 A. The chemistry (e.g. oxidation of 3@ H,SQy) is solved prior to SALSA using the

624  kinetic pre-processor (KPP). There is no sub-tateg in SALSA. Some further details are given in
625 the Supplement on the model time steps, in addibamhat is given in the manuscript. We will add a
626 reference to the Supplement in the manuscriptctardy that there is no internal sub-time stepping
627 between the chemistry and SALSA or within SALS/Aits

628 P3271L17-19. A complete list of the reactions of the MATCH-SAA$odel is missing in the
629 manuscript and in the Supplement.

630 A. We chose to exclude the reaction list since tlemistry is basically the same as in previous
631 MATCH versions but we will add the list of react®as supplementary material to the revised
632  manuscript.

633 P3273 L5 The reference to the paper by Lehtinen et al. {R@0missing in the list of References.

634 A. We will add the reference: Lehtinen, K.E.J., DalddaM., Kulmala, M. and Kerminen,
635 V.-M. Estimating nucleation rates from apparentiplr formation rates and vice versa: revised
636 formulation of the Kerminen-Kulmala equation. Jalrof Aerosol Science, 28, 988-994, 2007.

637 P3273 L17 "accurate over time step length of 7200 s" - preghlynthis accuracy is only achieved
638  with condensation is the only operative aerosokbdyical process.

639 A. The reviewer is correct in that Jacobson (2008)demonstrated the scheme to be
640 accurate over time step length of 7200 s, whene&asation is the only operative aerosol
641 dynamical process. We will clarify that it is med&mt condensation as the only operative
642 process in the manuscript.

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

645 P3277L18 Why was Mace Head chosen as a station for evatuafiPNC? It is known that new

646 particle formation at Mace Head occurs via nucteatf iodine oxides (e.g. Saiz-Lopez et al., 2006).
647 Therefore it cannot be reproduced by a model thes mucleation parameterizations for sulfuric acid
648 clusters.

649 A. We will remove the Mace Head PNC evaluation.

650 P3278 L9 High PNC in nucleation mode along shipping larmespsobably artificial since kinetic and
651 activation nucleation parameterizations tend taestimate the nucleation rate in the ship plumg (e.
652 Metzger et al., 2010).

653 A. We will add the following sentence to the manudcifetzger et al. (2010) have
654  shown that the high PNC found in oceanic regiorih \@irge ship emissions could be caused by
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overestimated nucleation when traditional activatygpe nucleation schemes are used; they found that
a nucleation scheme involving both organic molexaled sulfuric acid led to much lower PNC over
oceans in better agreement with observations.

P3280 L4-5. This explanation is in contradiction with thetféitat the formation of <3 nm particles is
parameterized as J3 according to Lehtinen et@D7 Zsee P. 3273, line 4-5).

A. Here we refer to the fact that 3nm particles dogmnotv to large enough sizes by
condensation. This is why we do not see the comtiad between us using the 3nm patrticle
formation according to Lehtinen et al. (2007) andadelled maximum occurring at too small
sizes compared to observations being explainechdgnestimated condensation in the model.
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Abstract

We have implemented the sectional aerosol dynamiodel SALSA (Sectional Aerosol

module for Large Scale Applications) the European scale chemistry-transport model
MATCH (Multi-scale Atmospheric Transport and Cheimis The new model is called

MATCH-SALSA. It includes aerosol microphysics, wiseveral formulations for nucleation,

wet scavenging and condensation.

The model reproduces observed higher particle nunsbacentration (PNC) in central

spread across Eurap&otal PNC is underestimated at Northern and @éturopean sites
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and accumulation mode PNC is underestimated amadstigated sites.The low nucleation

rate coefficient used in this study is an importaason for the underestimatiddn the other

hand the model performs well for particle massluding secondary inorganic aerosol - { Borttaget: ]
componens while elementand organic carboooncentrationare underestimated at many - { Borttaget:. Eiementl )
of the sites.

Further development is needed, primarily for treattrof secondary organic aerosgol, in [ejm§{5°maget: both )

of biogenic emissions and chemical transformatidpdating the biogenic SOA scheme will - -| Borttaget: , and for nitrogen gas-particli
e partitioning

likely have a large impact on modeled PMand also affect the model performance for PNC

”””””””””””””””””” partitioning model may also improve the

through impacts on nucleation and condensation. __ - { Borttaget: An improved nitrogen
description of condensational growth.

Borttaget: The demand for improved
/| representation of aerosols in atmospheri
models has increased during recent years.

/

. . . . . )/ /[Borttaget: - thus
Most aerosol properties relevant to climate aré Isate and chemical composition dependent ——
ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff 1 /{ Borttaget: distributions
Thus,there is a need to resolve thiege distributions oparticle mass, number and Chemical’/{Borttaget: Further, aerosol
S 7 { Borttaget:
/ﬁ// Borttaget: also are

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, /7, { Borttaget: dependent. Especially

whichdepend on particlsize and chemical compositigf/HO, 2013). In particulanltrafine ,/7 /{Borttaget: of particular importance
: the
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epidemiological evidence on their effects on he@hiHO, 2013).The ultrafine particles do

Borttaget: As the dynamics of especiall
these ultrafine particles is very sensitive t
the various aerosol

/
/

not contribute significantly to the particle masscentration (PM) but they constitute a large

. . . . . ,/ - Borttaget: , they
proportion of the particle number concentration yM\erosolmicrophysical processes need { Borttaget: as high %
to be consideregh greaterdetail,in order to describe PN&hd size distributionaccurately. - - { Borttaget: as possivle )
(e.9. Adams and Seinfeld, 200Zhis has led to an increased need for realistiatirent of - -- {?”"“‘ge" For chemialranspor ““’"e}s

aerosols in atmospheric models. { Borttaget: ), ]

7

, Bortt_aget: for predicting health impacts
A number ofCTMs, which are usegperationallyfor simulating atmospheric chemistry jn” | olredon ordlobapetie

. .. . ial than fi limat dels.
Europe were recently reviewed by Kukkonen et al. (20Ihe aerosol descriptions in SUch | Cow it are commony ueen

our CTM MATCH as one of the models

models can be classifigdto three main categories: bulk schemes, modal schéwibithy | Borttaget: ), with a previous version of
included in the study.

. . . . . . i N S Borttaget: in
the total mass concentration of particles, or tlassnin a certain size interyad modeled . \{Bomaget_
N N\ .

LOTUS-EUROS (Schaap et al., 2008), DEHM (e.g. Rrehal., 2002) antheEMEP MSC- \\:{Borttaget:. ]
\\\ \{Borttaget: — which has been a method}of
J

W model (Simpson et al., 2012) are examples of bk models. choice in MATCH (before

{ Borttaget: present work).




106 | In modal schemes, the aerosol size distributiorefsesenteghy a small number of modes,- - { Borttaget: win J

107 | typically assuming lognormal size distribution fbe modesThe-description-of-new particle - { Borttaget: shapes J

108 | formation is limited in modal schemes. Modal schemee computationally more expensive

Borttaget: at the same time
109 | than simple bulk schemes, but less than the sedtiapproach, which is why they are {Bomaget:E

110 | commonly used in regional and global CTMs and denanodels, e.g. the Regional "( Borttaget: Fountokis
111 | Particulate Model (Binkowski and Shankar, 1995), AM(Byun and Schere, 2006), CAM5- /”’E:::::::- )(and
112 | MAMS3 (Liu et al., 2012), TM5 (Aan de Brugh et a2011), GLOMAP-mode (Mann et al., [Bomaget:,

113 | 2012), EMAC (Pringle et al., 2010), ECHAM5-HAM?2 (Zhg et al., 2012), GISS-MATRIX {B°"ua9et ) are examples
// Borttaget: CTMs that have been
114 (Bauer etal 2008). l” successfully used for predicting PNC

'r,’/:, {Borttaget Europe, which
115 The sectional scheme, in which the size distribui® represented by a large number, ,mf [Boruaget als0 the focus

o o . U A A A )

116 | discrete bins, is the modiexible and accurate choice — byt computationally the 7m9$f[”{30rttaget this work.
' 1/]!| Fiyttad nedét [1]: we highlight the
117 | expensiveMany modern CTMs and global climate models (GCM=jlide ,th?,sﬁc,t',o,n?; mzltn new featur[es]and pregen?the results
"/, from evaluation tests. In a second paper

118 | approach, . PM-CAMx (Fountoukiset al., 201), GLOMARP:bin (e.g.Reddington et @U”,, (Andersson et al.,

119 | 201), ECHAMS5-SALSA (Bergman et al., 2012), and GISSMAS (Lee and Adams 291@) i L e i the MATCLL AL SA
model, will be presented.

120 | PM-CAMx and GLOMAP-bin make the assumptiasf jnternally mixed partlclesm’ ‘ .
******************* Flyttad neddt [2]: The aim of

121 | GLOMAP described by 20 size bins, whereas GISS-T@GMAcludes externally mlxed'f‘ | MATCH-SALSA s to describe particle

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, mass and number concentrations, and

I / article size distribution on the European
122 | particles described by 30 size bins. Such a higle &in resolutionis computatlonall\/ 'r Eca|e_ P

123 | demanding. GLOMAP uses prescribed monthly-mean amtidields. Mann et al. (2014),/ {Wma‘-.!et: This is the first of two F’ape’ﬂ
presenting a new aerosol dynamics

124 | compared the performancef 12 global aerosol microphysics models using modd ' a/ Borttaget: a European scale Eulerian
7777777777777777777777777777777777 y /)| CTM; the new model is called MATCH-
125 sectional approaches. il // /| SALSA and was detailed in a SMHI RMK
report (Andersson et al., 2013), which is
!, included as Supplement to this paper. In

126 | ,The standardversion ofthe MATCH (Multi-scale Atmospheric Transport and Chem /" | his paper

7| Bortt: t: Th del feat
127 | model Robertson et al., 1999; Andersson et al., 20@2sa simple bulkscheme for treatmg d:\,e,oafefj "4t intantion of coupling the.

model to climate models and radiative
128 | aerosolswith four size bins for primary particlesvithout any aerosol dynamics 7t[e;a7tmént\ transfer calculations, and can also be
N utilized for the estimation of human

129 (except hygroscopic growth in some model versiobs}, with dry and wet deposition Qf\\\ exposure to particles. 1

130 | primary particles being dependent on particle Site. particle species considetiadrevious ', i %:‘):age: ! %
\\ \ orttage
131 | applications (e.g. Andersson et al., 2007; Anderstal., 2009Were primary anthropogemc Borttaget: ). An earlier urban applicatio

of MATCH was applied to assess
132 elemental carbon (EC), organic carbon (OC) and cabenaceous particles, as well a$ anthropogenic ultrafine particles in an
urban environment (Gidhagen et al., 2005);

133 secondary inorganic aerosol (sulfate, nitrate, amom) and sea salt particles. Secondary seven monodisperse sizes were used and th
aersosol dynamics considered water uptake,

134 | organic aerosol was not included in the moBIC formation and growth was not described.| “ coagulation and dry deposition, but no
77777777777777777777777777777777 nucleation or condensation processes. In

\‘ : 4
lier E le MATCH
135 | MATCH was adapted to assess anthropogenic ultrafémticles in an urban environment in al (6.0, Robertaon et al. 1999, Andersaon el al.

2007; 2009), particles were handled with
[Borttaget approach ( ]
(Borttaget ), ]
{ Borttaget: PNC was not described ]

136 | previous study (Gidhagen et al., 2005); seven mispedse sizes were used and the aersosol




193 | dynamics considered water uptake, coagulation apdi€position, but without inclusion of

194 | nucleation or condensation processes

195 | The MATCH model includes photo-chemistry for castirig oxidant fields that can be used

196 | for online coupling to oxidation of organics andpdwr compounds, resulting in a coupled

197 | photo-chemistry and aerosol dynamics descriptiamthier, MATCH contains a number of

198 | advanced features, including data assimilation (Kah2008) and inverse modeling of

199 | aerosol optics of both surface observations anelligat data (Kahnert 2009). These

200 | assimilation techniques are uncommon in modelsitichide advanced aerosol dynamics.

201 | We have implemented the sectional aerosol dynamicdel SALSA (Sectional Aerosol

202 | module for Large Scale Applications; Kokkola et, &008) in the European scale CTM
203 | MATCH (Robertson et al., 1999; Andersson et alQ7)0 SALSA was chosen since it was

204 | developed to describe the PNC well; it includesesalv nucleation mechanisms and the

205 | sectional approach used in SALSA, to describe #tesal size distribution, is an advantage

206 | for simulating new patrticle formation (e.qg. Korhaaal. 2014). The coupling of SALSA to

207 | MATCH introduces a description of particle microgilos and aging in the model. New

208 | features include particle nucleation, condensatomagulation and activation; leading to a

209 | description of the temporal evolution of the pdetinumber size distribution in a number of

210 | bins, through the sectional approach. The modeal disscribes the mixing state of the

211 | particles. The physical treatment of aerosol mibysics and the particle size distribution is

212 | described in Section 2.2; further details aboutsecific set-up used in this study are given

213 | in Section 3. We discuss the performance of MATEAIL-SA in relation to other models in
214 | Section 4.

215 | This paper presents the resulting new aerosol dipsawersion of the MATCH model; the
216 | new model is called MATCH-SALSA. The model was dethin a report from SMHI

217 | (Andersson et al., 2013), which is included as $mppnt to this paper (Supplement A). In
218
219

220 | The aim of MATCH-SALSA is to describe particle mamsd number concentrations, a[ld/{FIyttad (infogning) [2]

221 | particle size distribution on the European scdlee hew model features — inclusioof ,/{Borctageh coupling ]
Borttaget: SALSA to MATCH J

222 | sectional descriptionsf aerosolmicrophysics and particlaumber size distributions — qre/”{immducesadesmpﬁon

it possible

223 | developed with the aim to couple the MATCH-SALSAdmabto climate models and radiatiye\ \{30"“396“ aging in the model and makes

Borttaget: describe PNC and the mixin
state of
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transfer calculationghe new model can also be utilized for the estimatibhuman exposure

to particlesof different sizes

2 Description of MATCH-SALSA

The layout of MATCH-SALSA is illustrated in Fig. After initializations are completed the

1 iterates

1 iterations

(dtme), starting with reading or interpolation weather dajareadingemissions, andetting

7| Borttaget:

) where

,,,,,,,,,,,,,,,,,,,, iy

lateral and top boundary concentrationgh@chemical specigs. After this, the emissions are { gorttaget

injected and model transport fluxes are calculatét the internal sub-stepping time step\s.\\{Bm’rtaget:

are emitted

{ Borttaget:

)
)
)
: are read or interpolated, ne\ﬂ/
)
)

are set

Subsequently, the modelas- and wet-phasehemistry, aerosol microphysics and cloud

droplet number concentrations are calculated. Metegical data are read at regular
intervals, typically every three or six hours. Bdary conditions may be updated at

compound dependetitne intervals.

{Borttaget @ ]
J

1in ]

: choice of ]

Martensson et al. (2003) was used; for larger dizesea salt generation function was taken
from Monahan et al. (1986). Biogenic emissionssafprene are calculated using the E-94

isoprene emission methodology proposed by Simpsah €995) Emissions from wildfires

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

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

2.1 Chemistry

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

5



271 Meteorological Synthesizing Centre - West) scheBienpson, 1992; Simpson et al., 1993),
272  but with an alternative treatment of isoprene clstmpj using an adapted version of the Carter
273  1-product mechanism (Carter, 1996; Langner et1898). A simplified mixture of a dozen
274  representative compounds (“lumped molecules”) isdutb model all organic molecules
275 emitted to the atmosphere (e.g., o-xylene represghemitted aromatic species).

276 The gas-phase chemistry scheme in MATCH has remaiestly the same since 1998, but a
277 number of reaction rates have been updated, takingaccount new recommendations from
278 IUPAC (Atkinson et al., 2006) and the Master ChexhMechanism, MCM v3 (Jenkin et al.,
279 1997; Saunders et al., 2003, via website: httprirteeds.ac.uk/MCM); a few new gas phase
280 components have also been added to the schemereVis@on of the MATCH chemistry
281 scheme was based closely on the updates done BME® MSC-W model, during 2008-
282 2009, as documented by Simpson et al. (2012); guated gas-phase reaction scheme in
283 MATCH is mostly identical to the EMEP MSC-W EmChe®n8cheme of Simpson et al.
284 | (2012), but for isoprene the scheme from Langner et al. (1998)etained (with some

285 | reaction rates updated pew recommended valygsom IUPAC (Atkinson et al., 2006 see - - { Borttaget: 1UPAC ]
286 | Supplement R { Borttaget: , )

287 In addition to gas-phase chemistry, aqueous-pheisaton of SQ in cloud water (based on
288 Berge, 1992) and a few heterogeneous reactiongiftmgen compounds are included in the

289 model. For MATCH-SALSA some further modifications relatéal particle formation have

290 | been made and the scheme used in the present wasists ofca 140 thermal, wet and _ - { Borttaget: approx ]

291 | photolysis reactions, includiggn. 60 different chemical species. __ -~ { Borttaget: apout ]

292 The chemistry code includes a simple scheme farakary organic aerosol (SOA) formation

293 | from biogenic monoterpene emissionspinene is used as a surrogéte all monoterpenes. _ - { Borttaget: . ]

294 | In the present stugdywe assume rapid formation of condensable SOA aftes-phase
295 oxidation of a-pinene (by @ OH or NQ; oxidation rates are based on MCM v3.2,

296 | http://mcm.leeds.ac.uk/MCM); we assumed jhat alllation pathgor a-pinene produce low- -~ ){organics from

297 | volatility SOAforming compoundswith 10% (mass-based) yield. These compounds arel Berttaget: are SOA
o ‘[Borttaget: so that they are available fol

Borttaget: 30% (mass-based) of oxidizﬂd

298 | included inthe,condensation scherfte organic compounds SALSA. The, SOA-yield used _ ===

~
~

299 | here for_o-pinene is Jelatively high compared to some report&®DA-yields for this \{Bomaget: high

300 | monoterpene in smog-chamber experimgnts (e.g., ¥ental., 2009find about 5% yield)\_\\\\:{‘”"‘taget: (30%)

302 | volatility organic compounds from ozonolysiswbinene, indicate that SOA-yields from this + ( Borttaget: are around 5%
Borttaget: ).

301 | However, recent findings by Ehn et al. (2014), rdoe formation of extremely Iow-\\\ emissions; typical J

6



319 | process may be higher than 10% above forest casmioie also note that there are recent
320 | studies that indicate that SOA-yields based on so@gnber studies may be underestimated

321 | by up to a factor of four, due to wall losses of-phase semi-volatile organic (Kokkola et al.,
322 | 2014; Zhang et al., 2014)ote that the simplified BSOA “scheme” used in fiiesent study
323 | igincluded to test the organic-aerosol parts of IAI-SALSA, with minimal changes to the_ - { Borttaget: only ]

324 standard photochemistry scheme; it is not expetiethodel BSOA formation in a very
325 realistic way compared to real-world conditions ,bgiven the high uncertainties in
326 monoterpene emissions and the neglect of other BR@AIng emissions, it was considered
327 areasonable approach for the development phad&dCH-SALSA.

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

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

331

332 2.2 Aerosol microphysics

333 The SALSA model was designed to obtain a balantedsn computational efficiency and
334 | numerical accuracy. This was reached by keepingntimber of tracer variables Igwy
335 | using a relatively coarse particle size resolytiand including only the relevant chemical
336 compounds in different particle size ranges (sekkKla et al., 2008). The size resolution is
337 | varying across the size spectrunith higher resolution for particles that are ¢alén cloud

338 | activation and for aerosol radiative properties.

339 Aerosol number and mass concentrations are deddopéhree size ranges, divided into size

340 | bins withequidistant distribution of the bins on the logmat scale The number of bins in//{sorttaget:aconstam internal volume }
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ ratio.

341 | eachgsubrangeand the size limits of theubrangesre flexible.The level of mixing differs ~ - { Borttaget: range

342 | between the subranges: ~ { Borttaget: size ranges )
343 i In the smallest subrange, all particles are irtiymmixed.

344 ii. In the second subrange, there are two paralletmaitg mixed size bins for each size.

345 In this subrange, we assume that soluble compo(sufate, sea salt, and soluble

346 organics) are emitted to so called soluble binsredw® insoluble compounds (black

347 carbon, mineral dust, and insoluble organics) arited to the insoluble bins.




353 iii. In the largest subrange, there are three extermaiked size bins: 1) soluble, into

354 which the above-mentioned soluble compounds ar¢esini?) cloud active insoluble

355 particles, which are mainly composed of insoluldmpounds, but which have enough
356 soluble material to activate as cloud droplets, a3néteshly emitted insoluble range,
357 into which insoluble compounds are emitted.

- { Borttaget: are

T {Borttaget: dependent
359 | on the compounds that are relevant to that sizeadfcles in the atmosphe(®r details, see - Borttaget

358 | In addition, the chemical compounds that are treaieeach size range are chogiepending -

1 real

)
)
- )
360 | Kokkola et al., 2008): ‘[Borttaget: . ]
361 | i The first size range (nucleation and Aitken modiesjudes sulfate (S8) and OC 4,/{B°maget: - the J
362 | ii. Thesecond (accumulation mode) sjzmgeincludes SG, EC, OC, sea salt (NaCl) -~ % :°:age:: and third {coarse mode) %
- O aget: ranges
363 and mineral dugh two externally-mixed parallel size bins for bagze section. {Boruaget: . ]
364 | iii. The third (coarse mode) size range also incl®@£, EC, OG sea salt (NaCl) an(i/{'”'“age“""‘"GI J
”””””””””””” ~ ~ 7| Borttaget: are combined to calculate trﬂe
365 mineral dust in three externally-mixed particle dgp sea salt, “insoluble dust” and
366 “soluble dust”; allwater solublgompounds, including S& and OC, are combined in_ - { Borttaget: fraction of the particles in the]
third size range, whereas sea salt retains|one
367 the “soluble dust” type. fraction of the third range of its own.
368 | Note that EC is not included in the Aitken mode,ickhis a shortcoming of MATCH-
369 | SALSA. The reason for this choice in SALSA wasdduce the CPU burden.
370 The hygroscopicity of the aerosol is calculatedngsithe Zdanowskii-Stokes-Robinson
371 | method (Jacobson, 2002). At the end of each migsipal time step the size distribution is - { Borttaget: 1 )
372 | updated to take into account groyth of particles ttudynamic and chemical transformation- {B°f“a9et= or shrinkage ]
373 | processes. __ -~ { Borttaget: Particulate )
374 | Nitrate in coarse mode particles is treated seplgras a simple tracer compound. Other
375 | particulatenitrogen species are described by a simplifiednistey schemgsee Supplement - { Borttaget: and )
376 | B), currently handled outside SALSAe. ammonium salts (e.g. ammonium nitrate) ae n - { Borttaget: . Ammonium ]

377 | taken into account in the modeling of the aerosi@r@physical processes. After the aerosol

378 | microphysical processes have taken place, ammorbound to sulfatejs distributed _ - { Borttaget: was

,,,,,,,,,, J
)

379 | according to thesize-distribution of particulateulfateand ammoniunmitratejs distributed __ - { Borttaget: on particle sizes. Ammonium

380 | according to thavailableaerosol surfagarea. However, this condensation of ammonium and | orttaget: ves J
”””””””””””””””””””””” [~ — ‘[Borttaget: distribution and coarse nitrat}

381 | nitrate do not affect the particle radius in thedeip thus they do not influence shape of the [ was treated separately.

382 | size distribution. A possible consequence of thepsfied treatment can be underestimation

383 | of condensational growth, which may cause overedgion of nucleation, due to a too small

8
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434

condensational sink for the nucleation mode pa&siclThe lack of ammonium nitrate

condensation in_the aerosol microphysics could eauwsderestimation of cloud droplet

number concentration (CDNC).

In this study nucleation is simulated through anivation type nucleation formulation
(Kulmala et al., 2006; Riipinen et al., 2007) ahé formation rate of 3 nm particles (J3) is

for example binary nucleation (Vehkamaki et al.02)) ternary nucleation (Napari et al.,
2002a, 2002b) and activation of both3@, and organic vapors (Paasonen et al., 2010

Supplement £ Tests of these alternative nucleation schemdk bgi presented in the

companion paper (Andersson et al., 2014).

The scheme used for gas-to-particle transformatisnthe Analytical Predictor of

Condensation schemaevith saturation vapor pressure set to zero (Jarold997).The ///‘[Borttaget: The method solved non- }
T equilibrium transfer

scheme solves condensation and evaporatiGemi-volatile compoungs over a discrete time  Borttaget: between gases and particles)

step.Jt_is very well suited for large scale atmospheriodels, such as MATCH, sinde __ - { Borttaget: Since ]

requires no iteratiorit is mass conserving, aridhas been shown to be accurate over time

_ - -| Borttaget: ) it is very well suited for
””””” large scale atmospheric models such as

MATCH.
Coagulation is described using a semi-implicit sebe(Jacobson 1994). Similarly to the

condensation scheme, a semi-implicit coagulatidres® does not require iteration ahds

mass conserving. Since coagulation tise (omputationally most time consuming - - { Borttaget: the )
microphysical processt is neglectedbetween aerosol pairs for whidhe coagulation - { Borttaget: coagulation ]
efficiency is low. The detailed list of selectedlision pairs accounted for in the coagulation - { Borttaget: are not taken into account |
routine is given in Kokkola etgf2008y. __—{Borttaget: ., ]

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

cloud scavenging is neglected for these spedi@s.ozone sub-cloud scavenging is likely to

be negligible; @ has a very low solubility in water and wet degositis not an important

sink process for this specie. For Sfe omission of sub-cloud scavenging is likeldieg to

a slight underestimation of the wet-deposition ésssbut SQ also has a relatively low

solubility and a modeling study of wet scavengirigsolfur (Berge, 1993) found that sub-

cloud scavenging by precipitation was small (oridpa 1% of the total S-deposition was due

to sub-cloud scavenging). The absence of sub-cdeaslenging for kD, probably leads to a

substantial underestimation of wet deposition fos tompound. In recent MATCH-model /[

Borttaget: (including hygroscopic
growth)

'

Borttaget: No vegetation).

simulations, that included sub-cloud scavengingH©,, it was found that sub-cloud

’/
l
I

Borttaget: on

Borttaget: the

scavenging contributed about 20-40% to the total eeposition of HO,. Wet and dry ///{

!

/////{
i Ui

deposition of gases the MATCH-modeis described in detail by Andersson et al. (2007).

Formaterat: Teckensnitt:Inte Kursiv

Ui

! !

/’/1/{
!

Borttaget: (W)

Particle dry depositiorfincluding the effects of hygroscopic growtis) calculated using a, ,’{
Iy

Borttaget: (Wsc)

scheme based on Zhang et al. (2001), adapted moalles set of land use classes (W@t/é/,t;/,//,{
] !

o JC U

Borttaget: in the model

I
Forest, Low vegetation anilegetation-free land_areasMore detailsyegarding thedry // '/
deposition of particle species are givep in Supplema. S ,’/

| Borttaget: , the fraction of the box that i$

covered by cloud and the concentration of
particles. 1
In

Particles are wet deposited through inclpud andlsuld, scavenging. The incloud scavenging /

,,,,,,,,, ) Al

Borttaget: the fraction of particles that
are inside the cloud droplets is assumed
be

7777777 !

fraction ofthe box that is cloudy, the concentration of pé&tiand the fraction of particles i,r//f /

Borttaget: . A simplified scheme can be
used for this fraction, where the fraction g
the particles is parameterized following
Seinfeld and Pandis (1997). This means

I !
ncludes & |

vy

Borttaget: will be

simplified scheme, based on Seinfeld and Pandi87(1%0 estimat¢he fraction of particles// /,{

ly

)
Borttaget: ]
Borttaget: latter ]

that are activated as cloud droplétsxd thus are located inside the droplg;g)1-eloude//;ﬁ’/

particles larger than 80nm in diamef@re consideredactivated as cloud droplets. T hi/s’//
simplified descriptiogs used in the present study. .~ 2

Borttaget: was used in this study and it
a simplification; in reality the activated
fraction depends on meteorological
conditions.

A

Borttaget: formulation, which is more

—_——— =Y -

Borttaget: cloud droplet number
concentrations

o e A U )
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517 determined by the particle size distribution, thewmber concentration and chemical

518 | composition as well as the updraft velocity and the maximurpessaturation of the air

519 | parcel. Running the model with particle activation is optd Optionally, the resulting - - { Borttaget: There is an option to use |

520 | activated particle fraction in each size ban be usetbr calculation of incloud scavenging of

521 | particles. In this formulation thactivated fraction of each particle cldsscalculated in each - {Bomaget: parameter £ ]

522 | time step for each grid pojnthe online cloud-activation scheme was not useithé present _ - { Borttaget: , ]

523 | study, but in Supplement A it is compared to tmepdified scheme uselderg

__ - | Borttaget: F;is the activated fraction of
”””””” each particle class.

524 The subcloud scavenging in the model is treated similar way as by Dana and Hales
525 | (1976). In MATCH-SALSA, a simplified approach iseas where a monodisperse washout

526 | coefficient is calculated for each particle bamd a standard rain drop spectflimassumed

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

530 is the sum of the incloud and subcloud scavenging.

531 | Further details on the wet scavenging of partides given in, Supplement and in the .-~ | Jore8ce SEmnion e, pamc.%
. N R wet scavenging can also be used.

532 companion paper Andersson et al. (2014). \{Bomaget_ - )

533

534 3 Model set up

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

536 | section4 - {Borttaget: this paper ]

537 | Meteorological datas input at regular time intervals; here we ugeme-hourly fields fromx/{mmaget: Meteorology )

538 the HIRLAM (Hi-Resolution Limited-Area Model; Undéat al., 2002) weather forecast

539 | model. Themeteorological data armterpolated to hourly resolution. The mog#main ://{Borttaget: input meteorology is
o ‘[Borttaget: set up

U ‘[ Borttaget: approx

541 | and in total 22 vertical levels are used; the top level igldut5km height The vertical " Borttaget

,,,,,,,,,,,,, A A t approx

542 | structure of MATCH-SALSA is the same as in the medgical model; in this case hybrid\\{Bm’rtaget: approx

540 | covers Europe with a spatial resolutioncaf44km. The lowest model level gs. 60m thick

— YL E T T T e e T

A

543 | (n) coordinates, with shallow terrain following lagezlose to the ground and thicker pressure

544 | levels higher up

A representative frontal rain spectrum is used, R;=0.02 cm, %,=1.86 (Dana and Hales, 1976).
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For the aerosol size distributiothe following settings were used (see Fig. 2): Tingt
subrange covered the diameter interval 3-50nm, thithe log-normally distributed size bins;
the second subrange covered the diameter inte®@DBnm, with four bins each for soluble
and insoluble particle types; the third subrangesoed the diameter size range 700nmuhQ
with three size bins for each of the following #garticle types: seasalt, solupketiclesand
insolubleparticles

The top and lateral boundary concentrations of @aseand particle species, including

seasonal variation for some species, were set asrided in Andersson et al. (2007).

western and northern boundary were set based onen@aM measurements (O’'Dowd et al.
2004).

. . .. _ -1 Bortt t: Monthly bi i issi
Jn_the present study, biogenic_emissions of mopetees (MT) were based on monthly * | of manoterpenes were taken from the.
. . ) EMEP MSC-W model (Bergstrom et al.,

emissions of MT taken from the EMEP MSC-W modelr@trém et al., 2012; Simpson et | 2012; Simpson et al., 2012}pinene is
used here as a surrogate species for all

al., 2012). The BVOC-emissions are highly uncertsiifith four different chemical transport biogenic mofnoterpenes- The anthropogenic
emissions of gass

models Langner et al. (2012) predicted Europeaorésee emissions within about a factor of

five; we do not expect the uncertainty in the menméne emissions to be lower than for

isoprene. Considering the large uncertainties, Eomns tests with varying terpene _emissions

were performed; decreased underestimation in Maamod July 2007 for PNC and

accumulation mode PNC, and improved temporal viarian March 2007 was found at the

four measurement sites (see Supplement A) wherg ubiee times larger emissions than

those taken from the EMEP MSC-W model. For thisosathe MT emissions in the base-

case simulations in_the present study were choeetbet three times higher than the

corresponding emissions in the EMEP MSC-W model.sivess once more that the biogenic

SOA description in the present MATCH-SALSA modetsp is incomplete and simplified —

the aim is to test the first versions of MATCH-SAA Svithout introducing a complex and

uncertain SOA scheme at the same time as introdubhaaerosol dynamics module. The fact

that model performance improved when the MT-emissiovere tripled should not be

interpreted as an indication that the MT-emissiares underestimated in the EMEP MSC-W

model. A number of BVOC-emissions _are missing ir MMATCH-SALSA model (e.qg.,

sesquiterpenes and other VOCs emitted by plantesiutn stress; e.g. Bergstrom et al.,

2014). We also miss some other potentially impdr@A sources, such as wild fires (and

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

12
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compounds in the atmosphere. The increased BVOGsamnis in the model may lead to

improved model results by compensating for othessing sources of OA or for too low SOA

yields from BVOC-oxidation.

The anthropogenic emissions of gaaed primary aerosols are taken from the TNO-MACC

emission inventory (Kuenen et al.,, 2011; Pouliotatt 2012; see also the MACC -

Monitoring the Atmospheric Composition and Climateroject web paggttp://www.gmes- { Andrad faltkod ]
atmosphere.e)l/ The TNO-MACC emissions are given as annual oBéasonalweekday - { Borttaget: ; seasonal )
and diurnal variations of the emissions are basedesults from the GENEMIS project

(http://genemis.ier.uni-stuttgart.détiedrich and Reis, 2004). { Aindrad faltkod )
The particle emissions of EC and Oftedistributed over different particle 7sifzgs7qqcpgjin/{3°maget: were ]
to sector resolved mass size distributions destityeVisschedijk et af2009). Details about - - { Borttaget: (2009). )

the size distributions are given in Supplement AWI€ 4, page 16). Emissions from most

SNAP_sectors are described by uni-modal distrilmstiovhile emission from two sectors

(international shipping and SNAP_sector 4: produciprocesses) are described by bimodal

distributions, -

The emissions of oxidized sulfur (§Qwere split into 99% SQand 1% HSO,. The splitis

intended to account for subgrid scale processegasf phase transformation and qaslyo—

particle partitioning. The distribution of SGemissions between $@nd more oxidized \\\

compounds is discussed in Spracklen et al. (2085hg fraction of S@increases with grid \\\

resolution and it is typically set to between 99%0in European scale models. The assumed

\

Flyttad nedét [3]: The emissions of
oxidized sulfur (S¢) were split into 99%
SO, and 1% HSO,.

Borttaget: The distribution of SQ
emissions between $@nd more oxidized
compounds was discussed by Spracklen
al. (2005); the fraction of SOncreases
with grid resolution and is typically set to
between 95-100% in European scale
models. The emitted sulfate mass was
distributed over particle sizes in the same
manner as OM. NOx and NMVOC were
emitted as in Andersson et al. (2007).

fractions have large uncertainties and it is neticlfrom the literature how to better partition {Flyttad (infogning) [3] ]

SOx emissions between @), H,.SOsy(g) and particulate sulfate in modeling studiese Th

best distribution depends on model resolution (S8gen et al., 2005b). Lee et al. (2013) have

shown that the uncertainties in the sub-grid prtidnoof sulfate particles in plumes are more

important for CCN uncertainty than the uncertamti®m the total anthropogenic $O

emissions. Since we expect that the choice ofildigion of SOx emissions has a large impact

on the model results, we investigate this furtherai companion paper (Andersson et al.,
2014). The size distribution of the emitted sulfist¢he same as for OM. NOx and NMVOC

emissions were handled in the same way as in Asderst al. (2007).

¢ OM emissions are assumed to be distributed over different particle sizes in the same way as OC.

13

-



__ { Fiyttad (infogning) [4]

646

- {Formaterat' Rubrik 1
’’’’’’’’’’’’’’’’’’’’’’’’’’’’ W Flyttad uppéat [4]: <nr>{

647 | 4 Evaluation of MATCH-SALSA

. . . \\ <nr>Evaluation of MATCH-SALSAY
648 | In this section we compare our model results tcepladions at a number of measurement

AN
\ { Flyttad nedat [5]: <nr>Measuremen

Borttaget: 1

<nr>|

<nr>Evaluation of MATCH-SALSAT
<nr>Measurement dataf

<nr>Measurement dataf

649 | sites throughout Europd&he evaluated model results are extracted from the ébwmdel

650 | level. The statistical measurasedare defined in Supplement A. Vi¢ealuate the PNCh \\

651 | in_terms of total number concentration, accumutatmode number concentration, ahd\

W

652 temporal and Spatlajl,strl,b,u,tlp U,W,e, @'I,SQ,QV,a:IL,‘Ia;t?,t@mpl,q U‘,QS,S'HCJU,Q' Dg ,SPRC@',OD, Of \\\\ { Borttaget: measurement data that were

\ Formaterat: Engelska (Storbritannien)

K
653 | secondary inorganic aeros&C and OC P \\\\ {Formaterat Engelska (Storbritannien)

,,,,,,,, :,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,\\\\

\\\\\ \\{Borttaget to

\\ {Formaterat Engelska (Storbritannien)

654 | 41 Measurementdata " CBorttaget oo

655 | Most measurement datwere extracted from EBAShitp:/ebas.nilu.np Details of the \‘”%F""‘ate’at Engelska (Storbritannien)
\ 1| Borttaget:
656 stations used in the evaluation of particle nunsiee distribution, PN} PMys, EC and OC', !

)
|
]
)
)
)
)
)
)
)
)
\ \\{ Formaterat: Engelska (Storbritannien) ]
)
)
)
)
)
)
)
)
)
)
J

657 | are given in, Supplememt (Table 5).The secondarynorganic aerosol (SIAEomgonents \\ [Borttaget (PMzsand PM),

[Formaterat Engelska (Storbritannien)

658 | (nitrate, sulfate and ammoniumjere evaluated against available measurementeiEMEP s
\‘\ {Flyttad (infogning) [5]

659 | network for 200Ahttp:/www.emep.int). \;:\ ( Borttaget:
\t\ ( Andrad faltkod
660 | For evaluation ofPNC,four stations from EBAS were chosen to represent diffeparts of | " Sontoget

661 Europe; all classified as rural background siteso ©f the measurement sites: Melpitz fm {Bomaget Secondary

662 eastern Germany) and K-Puszta (in central Hungarg)relatively close to regions with Iarge\ %“"“aget species
Borttaget: .

663 emissions. Hyytidla (in the inland of southern &md) and Aspvreten (ca 70 km south west of\{ Borttaget: evaluaing

664 Stockholm, in south eastern Sweden) were chosemregional background stations ({ Borttaget: five

665 occasionally impacted by aged particles due tospart from large emission sources in

666 | Europe _ _ - °| Borttaget: Mace Head was chosen to
represent clean marine conditions; episodic
influences from continental Europe or

667 emissions from the British Isles can also be
seen at this site.

668 4.2 Model evaluation of PNC

669 | Fig. 3 shows the modeled annual mean PNC in Eutoptb; total PNQFig. 3a)and the PNC

670 | in the different model size bins up to 700nm arews(Fig 3b-g).Corresponding measured. - { Borttaget: . ]
671 | annual mean PNC at tfieur measuremersites are also displayed in cirglésr particle sizes _ - { Borttaget: five observation ]

672 where measurements are available.

673 | The largest modeled total PNEig. 3a)are found in areas with high SOx emissions (e.g.,
674 areas around large point sources in Spain, Polangh-eastern Europe, the Ukraine, Russia

14
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and the area around Etna; as well as along shippmigs around the Iberian Peninsula and
the Gibraltar strait). These results are in linthwither model studies (e.g. Yu and Luo, 2009;
Spracklen et al., 2010; Ahlm et al., 2013).

Most of the total PNC in the model resides in thékén mode bins (particle diameters 7-

20nm and 20-50nmFigs. 3c and 3d The highesfPNCs in the smallest bjn(Fig. 737b),7://{Borttaget: PNC

indicating recent nucleation, are found, in in RassndUkraine Increased values in this bin

————,— e T T - T T

~

n ‘[Borttaget: ,

N ‘[Borttaget: urban areas

are also seen along the shipping lartes modeled high nucleation in marine areas tsmo " { Borttaget: Belarus.

agreementvith observations (Heintzenberg et al., 2004). Metzged.g2010) found similar \{

nucleation mechanisms were used; their results witlew organic_activation mechanism

captured the observed lack of nucleation in maadreas, indicating that organic_molecules

may have a critical role in the nucleation.

The Aitken mode PNC patteffrigs. 3c and 3dis similar to the total PNC distributigffrig. -
3a). Thehighest concentrations are found in areas in Spainkey, Former Yugoslavia,

Bulgaria, and north-eastern Russia, and aroundidlemano Etna. The highest accumulation

relatively large emissions of primary fine partgland gaseous SOx, and partly due to less
precipitation in southern Europeompared to the north and weatlowing accumulation

mode particles to reside longer in the atmosphere.

We evaluate the model performar{seeFigs. 4- 6) in terms of total and accumulation mgde/{

v i Iy Py Y P Y A== I e ML Y M e e e Ay e A .

~

Borttaget: , as a result of relatively cle
air combined

)
)
)
)
)
]

_{ Borttaget: , and the

Borttaget: 1
<nr>Overall performancef

Borttaget: (see also the Supplement)

we separate performance during summer half-yegpsil{8eptember) from winter (OCtOber'\\\[Borttaget: between the seasons

March). For example, residential biomass burningssions are much higher during winter
than during summer, while biogenic VOC emissiores largest during summer. Both these
sources are associated with large uncertaintieardey the emissions and modeling. It
should be noted that the size ranges for PNC ard, RBry between the stations depending

on the measurement interval.

15

J
)
]
]
]




746 4.2.1 Spatial distribution

747 | Modeled total PNC shows moderate to poor agreemithtthe observations (Figla). At :/{Borttaget:,is general,

A

748 most sites the deviation between observed and mddakan is large both in summer and {B““aget”‘

749 | winter, and the correlation coefficients for daifyean PNC are low (range from 0.05 to - - -| Borttaget: 0.05-0.66). The relatively
777777777 poor agreement between model and

750 | 0.66). observations is not unexpected considering

the coarse resolution of the model.

751 | The model captures the geneslkervedeatures of lower total and accumulation mode PNC

752 | in the northern and north-western parts of Eurdfig. (3). Aspvreten a tidla have the _ - { Borttaget: Mace Head

753 | lowest modeled and observed PNE&). 4a).However, looking in more detail at the stations- {Borttaget:.

754 | (Fig. 4) there are some discrepangiielpitz clearly has the, highegtbserved total PNC - { Borttaget: 1

755 | (during both winter and summeFig 43; the model severely underestimates the PNC. at | Bottaget: ceary

756 | Melpitz and predicts much higher total PN® K-Puszta thanat Melpitz. The highest

\
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, { Formaterat: Teckensnitt:Kursiv

AN { Formaterat: Teckensnitt:Kursiv

757 | observed accumulation mode PNCs are found at K-Puszta and Melpitz (the PNC aigmilar \\\\:‘[Borttaget: in
{ Borttaget: in

~

758 | levels for both seasons and both siféig. 40; just as for total PNC, the model predicts much-
759 higher accumulation mode PNC at K-Puszta than dpikze

o U ) U

{ Formaterat: Teckensnitt:Kursiv

= { Borttaget: perfect ]

760 | Thus the spatial distribution of PNC in the model i4 impagreement with the observations:

761 There may be many reasons for this. One importagan for the high modeled total PNC at

762 | K-Puszta isa high rate of nucleatiofFig. 5¢),which is caused by the large emissions of SOx { Borttaget: the ]

763 | in the areaFor the other three northern and central Europ#as, $here is an underestimation

764 | in all size ranges. This may be due to too weakeation rate, too efficient wet scavenging or

765 | a combination of various problems. For the Aitked accumulation modes, the problem can

766 | also be due to underestimated primary emissions.uflderestimation in the nucleation mode

767 | implies either a low-biased nucleation mechanisniQa efficient removal (deposition) or

768 | underestimated precursor emissions. Further, Efbtisncluded in the Aitken mode in the

769 | model. This leads to underestimated total particisber concentration (in the Aitken mode

770 | and subsequently in larger sizes as well).

771 | Spracklen et al. (2010) investigated the impadifiérent nucleation mechanisms, including

772 | the impact of using different nucleation rate ciéhts in the activation mechanism. They

773 | chose to investigate three rate coefficients, A€P%4*, 2x10° s* and 2x10@ s* for which

774 | they evaluated the bias to global observationshi free troposphere, and marine and

775 | continental boundary layers. In the continentalnatary layer the two lowest nucleation rate

776 | coefficients resulted in mean underestimations48f6 and -29% respectively, whereas the

777 | highest rate resulted in a slight overestimationtlom average (12%). The nucleation rate
16
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coefficient used in MATCH-SALSA in the present sjud near the lower end of the interval

(A=7.3*10" s1), which may explain our underestimation of nudtmatat the central and

northern sites. In fact, the nucleation rate coffit in the activation scheme should be site

and time dependent in the European boundary lagr Sihto et al., 2006; Riipinen et al.,

2007): observations of this coefficient vary by 54erders of magnitude for different

European measurement sites, ranging from 3.3%103.5*10* s (Riipinen et al., 2007).

Thus, a more advanced description of the nucleat#g. time and space-varying rate
coefficients, should be included in MATCH-SALSA.

Organic nucleation is not included as a nucleatiwacess in the evaluated base case

simulation, resulting in possible underestimatidnnacleation in _areas with high BVOC-

concentrations and possibly overestimated nucleatioregions with low concentrations of

organic aerosol precursors (similar to the ovemsstitd nucleation in the model in oceanic

high-SOx regions, discussed above). This may agsarbexplanation for the overestimated

nucleation at K-Puszta. Sensitivity tests includamganic nucleation will be discussed in the

companion paper (Andersson et al., 2014); a lotthef material is also available in

Supplement A.

4.2.2 Size distribution

Jhe modeled and observed size distributions afoalt stations are shown in Fig. 5. A - | Borttaget: At K-Puszta and Mace Head

’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ - ™K the accumulation mode is underestimated,
whereas the mean total PNC is
overestimated or close to the observed.

overestimated both during winter and sumyfféig. 5¢). At K-Puszta the mean total PNC i [ Borttaget: fo the smalest sizes
Borttaget: and Mace Head, which are

‘[Borttaget: . Overall ]
stations the shape of the size distribution is captueddtively well, but,during winter at K- ,W Borttaget: there is a tendency forashiw
n|

overestimated but the PNC in the accumulation misdenderestimated (Fig. 4). At all\\

””””””” of the distribution peak to smaller sizes i
the model than in the observations,

. N . . . . ~ ~ 1 Borttaget: Mace Head.
size distribution peaks at smaller sizes than éndbservationsThe reason for the maximum {

occurring at too small sizegh combination with underestimated accumulatioode PNC,

also evaluated the modeled particle nhumber sizehliion at measurement sites, including
Aspvreten, Melpitz and Hyytidla, and found that thedel ECHAM5-HAM underestimated
the number concentrations at all three measuresitgs for sizes larger than about 20nm,
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836 | both when using the aerosol dynamics modules oty SALSA. SALSA performed better

837 | than M7 for PNC above 100nm at the dirtier measerdrsites (e.q. Aspvreten and Melpitz)

838 | while M7 performed better at cleaner sites (e.gytléya), but the differences between the two
839 | models were not large. Bergman et al. (2012) cateduhat the growth in SALSA probably
840 | was too slow.

841

842 4.2.3 Temporal evolution

843 | Fig. 6 shows the modeled and observed temporaatiamiof the daily mean PNC at tfaur - { Borttaget: five

844 | sites. New particle formatign in the modelseenin the form ofpeak concentrations dhe - { Borttaget: is evident

845 | smallest particles sizes. Thgseakscoincide with the observed maximum total PNC omeo

846 | occasionssometimes there is tane shift of a few daydetween the modeled and observe { Borttaget: ,

847 | peaks. Many of the observed nucleation peskdyytiald(Fig. 6a),Aspvreten(Fig. 6b)and " { Borttaget: . Especially

N \‘[Borttaget:,

848 | Melpitz (Fig. 6d)arenot seerin the modglesults. Reddington et al (2011) simulated hourly (Borttagets 7
‘\’C\‘ orttaget: , there

849 | PNC with diameters larger than 15nm using the GL@MAodel and evaluated these aqaih§t Borttaget: peaks in the observations
\ | when there are none

Borttaget: . This illustrates that

850 | measurements from one month (May 2008). Dependmthe nucleation parameterization, {
nucleation is a

U JC U U U

851 | the correlations (B between model and measured PNC were less th&na.@spvreten,
852 | Hyytidla and Melpitz, and less than 0.10 at K-PasFor PNC with larger sizes (>100nm),
853 | the correlations were less than 0.01 at K-Puszth ldgher at the other sites (<0.13 at
854 | Aspvreten, <0.20 at Melpitz and <0.45 at HyytiaBpracklen et al. (2006) on the other hand
855 | captured the nucleation at Hyytiala very well with OMAP, however, they only studied a
856 | short period (22 days) in May with clear sky coiudis. With MATCH-SALSA the hourly
857 | correlations (R, for single months of 2007, for PNC with a diaetdrger than 50nm range
858 | from 0 to 0.17 for Hyytidl& (for May: 0), <0 - 0.26r Aspvreten (May: <0), <0 - 0.20 for K-
859 | Puszta (May: 0.01) and <0 - 0.41 for Melpitz (M&@y41). These low correlations illustrate

860 | that nucleation events ad#ficult jo capturgby models when running over long time periods- - Borttaget: process

861 | for a large region. Oneeason for this is the coarse scale of the modeheh grid cell is

862 | representative of a large ardar(MATCH-SALSA, ca44 x 44km?’ and for GLOMAP 2.8° x__ - { Borttaget: 2x10

863 | 2.8°). Another reason is that the simple activatigse nucleation scheme needs a site dnd{F°'mate'at: Upphoid

{ Borttaget: ).

J —

864 | time varying nucleation parameter to work well (fRien et al., 2007)Furthermore the

865 | wintertime nucleation peaks in the observatigimst are absent in the model may also be { Borttaget: are probably

866 | explained by a temperature dependence in the rioriedhat is not accounted for in the

18
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model (Dal Maso et al., 2005), or the observed geakild beof local origin that can not be

captured by a regional scale CTM.

The best correlation between modeled and obsededd meanPNC is found at Melpitz
(r=0.70Q_Fig. 69 but the model underestimates PNC most of the;tthobserved PNC is

N

the observations. At Hyytidlgcig. 6a)a lot of nucleation is observed; this is not cagduby -

Borttaget: 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 is

shifted in the model compared to the
observations and some model peaks are jnot
seen in the observations and vice versa.

) { Borttaget: ; ]
the model, possiblgue tothe lack of organic nucleation in_this simulatidhis will be - { Borttaget: because of ]
discussedn detail in the companion papekdersson et gl2014). "~ { Borttaget: as shown )

[ == ‘[Borttaget: ( ]

Spracklen et al. (2010) calculated the correlatig®fy between monthly mean modeled and

observed PNC for sites where the monthly meangddy more than a factor of two during

the year 2000 (Aspvreten was excluded due to tal srariation). K-Puszta was not included

in the assessment. Their results wefe@39 and 0.28 for the sites Hyytiala and Melpitz,
respectively. With MATCH-SALSA we get?R0.67 and 0.08, respectively, for the same sites

(for PNC with diameter >50nm). Using kinetic nudlea description Spracklen et al. (2010)

achieved higher monthly correlations than withaton type nucleation at most evaluated

sites, including Hyytiald and Melpitz.

4.3 Model evaluation of particle mass and compositi  on

Simulated annual average total RMand the chemical components that constitutg,Péte
displayed in Fig. 7. The largest concentrationstaifl PM;q (Fig. 7a) are found at
anthropogenic emission hotspots (e.g., northety, IMoscow and the eastern Ukraine) and
over the Atlantic Ocean and parts of the Meditezean Sea. The highest modeled

concentrations over land are due to large anth@piogemissions of primary anthropogenic

inorganic aerosolffig. 79, except in northern Italy, where there is a laggetribution from - { Borttaget: pusT )
ammonium nitrate(Figs. 7f-g), and_in southeastern Europe, and some sulfur_esnissi- { Borttaget )

hotspots, where sulfatéFig. 7e) dominates Pl Over the oceans (and in large parts of

western and northern Europe), the largest contabub PMy is from sea salt partic|g&ig. - | Borttaget: ]

7h); important sulfate contributions are also seengesgfly around Etna and the eastern

Mediterranean Sea. OlFig. 7c)gives the largest modeled non-sea salt contribsitio PM,
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in northern Europe and also in sormparts of southern/western Eurgpe the following :,/‘[Borttaget: and in

o ‘[Borttaget: Nordic region. In

4.3.1 Secondary inorganic aerosol (SIA)

Statistics from the evaluation for SIA componemiar{iculate sulfate, S@; nitrate, NQ;
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A32-A36). In order to avoid biases due to possible incorsegtaration of gas and partiglé\\\{“maget“

”””””””””””””””””””””””””””” N Borttaget: Fig

phase nitrogen in the measurements, we also inchw@duation results for total nitrate\\{Bomaget:_

(N D/ N

(TNO3: HNOs(g) + NOs'(p)) and total reduced nitrogen (TNHx: B) + NH;"(p)).

Sulfate has a low mean bias (4%) whereas the ra&@nnsquare error normalized to the

observed mean (CV(RMSE)) is around 50%. The ave(Rgarsoj correlation coefficient _ - { Borttaget: pearson

(averager, at the different siteshased on daily megnss 0.52 and the spatial correlation - { Borttaget: mean

777777777777777777777777777777777777777777777777777777777 B ‘[ Borttaget:

-

coefficient (“spatial” r for the annual mean concentrationadit the stations) is 0.57. TQe\\

’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ AN Borttaget: at the included sites

model performance for the nitrogen compounds {NEINOs+NOs, NH," and NHXx) at \?;{Bomaget:(

individual stations is of similar qualitgs that of sulfate. The model underestimates thefBofttaget:,spatialr

-

777777777777777777777777777777777 - ‘[Borttageh 0

”””” - ‘[Borttaget: in most cases

lower than for sulfate (range from 36 to 49% fae ftbur N-components). Thaverage atthe { Borttaget: mean
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Jhe organic aerosol measurements used for modelagicm in this study arerganic carbon _ - ‘{Borttaget: While the atmospheric
777777777777777777777777777777777777777777777777 observation measure

o J

mean concentrations of HEigs. 8a-b)and OC(Figs. 9a-b)at individual measurement sites,
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Borttaget: for EC and OC

Both EC and OC are underestimated at many of the.sThe underestimation is especially\{

Borttaget: A20 and time series plots in
Figs. 15, A37-A38

Iarge at the Italian sites and Payerne (Switzejlalling winte[ for both EC(Fig. 8b)and 1

Borttaget: ,

oA

Borttaget: . There is a generally

than OC; OC is more complicated to model than H@esit is a combination of primary and 1

(N /N U, N,

Borttaget: correlation

secondary components, many of them semi-volatilee Teasons for the model —

measurement differences are likely to vary betwsemsons and locations; e.g., wintertime/
2007,

2012)rimiy the summer half-year biogenic VOC

!

emissions from residential combustion are oftenevestimated (e.g. Simpson et al.,

Gilardoni et al., 2011; Bergstrom et al.,

emissions and wildfires may be more important sesiaf carbonaceous patrticles. )

/

combustion emissions (e.g. Bergstrém et al., 201[!293 model also underestimates ;_l\(@y ”‘

43% in summer and 51% in winter). Both the obséowatand the model results show a Clé‘

seasonal cycle with higher concentrations duringtevifor NQ as well as for EC and Od““,
lh“

However, for EC and OC the model underestimatioinduwinter is much larger (-74 and '

M‘\“‘
‘ \

87%, respectively) than during summer (-20 and -Sv%pectlvely) (Supplemem Flg.

emissions from one or more emission sectors, widatgr emissions of EC and OC durln ‘
« ““‘w‘]

winter, but relatively small contribution to NOThis work therefore supports the results‘dfv

||| representation of PNC. Here, in this secti

| related to model development an(" 1]

Borttaget: 1

Total particulate matter (PMand PMs)1
Evaluation of PMand PM; at 28
measurement sites is presented in Fig 9. |and
in the Supplement Table A21 and Fig. A39;
detailed time series plots are given in the
Supplement Figs. 17, A40-A41. For PM
the annual means at the sites with the
lowest concentration (Scandinavian sites
NOO1, FI17, DK41) are overestimated by
the model. On the other hand, at the cenfral
European sites the RMoncentrations are
much better captured. The model
underestimates PM by 14% (spatial
average) and the spatial correlation
coefficient is 0.64. Out of the 35 evaluate
annual means (PMand PM5) at the 28
stations, six means (at five stations) devig
by more than 50%. The largest
underestimations of PMare seeat the
measurement sites with the highest
observed annual mean. The underestimation
of PMyscan be due to a number of reasons
including underestimated 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 underestimated emissions. |

1

<nr>ldentified issues

During this work we found that further
improvement is needed for a better

te

on

we would try to address some of the issugs

previous studies (e.g. Gilardoni et al., 2011) thave concluded that residential woqd‘

Flyttad neddt [6]: Total particulate
Evaluation of PMand PM; at 28
measurement sites is presented (" 2]

combustion emissions are likely underestimatediiment emission inventories, at least in thé
\ »‘m

area around Ispra. vy

Flyttad nedat [7]: On the other hand,
at the central European sites the PM
concentrations are much better ¢ 73]

Flyttad neddt [8]: There is probably
too little EC and OC in the model(" | 14

Flyttad neddt [9]: The treatment of se
spray needs to be further evalua” 5] he

underestimation of OC in PMand PM, (but not PM) during winter and overestimation for

|
pIne

Flyttad neddt [10]: This seems to be
partly due to overestimation of sea salt.
Evaluation scores for modeled P[" | 6]

OC in PMy5 and underestimation (-25%) in Rjtduring summer (SupplemeAt Fig. A38). y

Part of the reason for the relatively high EC measients at Melpitz is that the measurement!'

Flyttad neddt [11]: and A39) gives
higher correlation coefficients for daily
mean PMs or PM at 22 of the 287 17]

technique used at this site, to separate OC from &S no charring correction and is

Borttaget: Fig. 15

expected to lead to too high EC values and to w@stienate OC (see Genberg et al., 2013,

Borttaget: due to ]

i
i
o
\
{
(

Borttaget: 15 ]
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and references therein). There are large peakaglggring and late autumn of OC (and EC)
in PM,s and PMo, which are clearly underpredicted. The peak in ltkginning of April
coincides with a vegetation fire episode (Genbérgl.e 2013); the earlier peaks and the late

autumn peaks are perhaps more likely due to resadercombustion or other

2013). Stern et al. (2008) compared five differeimémical transport models to observations
from northern and eastern Germany during highlyyupedl conditions. None of the models
could reproduce the very high EC concentrationseiesl at Melpitz. Stern et al. (2008)
suggested that the large underestimations of EC lmagn indication that emissions in the

central European region were underestimated dthiese episodes.

_{ Fiyttad (infogning) [6]

4.3.3 JTotal particulate matter (PM; and PMps) | -

Evaluation of PM and PMs at 28 measurement sites is presented in E@d and in

Supplement A (Table A21 and Fig. A39); detailedetigeries plots are given in Supplement
A Figs. A17, A40-A41. For PMthe annual means at the sites with the lowestrobde

other hand, at the central European sites the &centrations are much better captured.

The model underestimates PMby 14% (spatial average) and the spatial corgaiati
coefficient is 0.64Six of the 35 evaluated annual means {RWd PMs) deviate by more

than 50% from the measured concentrations. Thesatgnderestimations of BNare seeat

the sites with the highest observed annual meag ufiderestimation of PMcan be due to a

number of reasons, including underestimated enmissioo short aerosol lifetime or too small

secondary aerosol productighhere is probably too little EC and OC in the mipdeleast at - - { Fiyttad (infogning) [8]

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

1 Fiyttad (infogning) [9]

coefficients for daily mean PM or PM,; at 22 of the 28 sites (and lower at only one $fieh

when sea salt is included. This is an indicatiotoof much sea salt at the wrong time. It may
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be due to too strong sea salt emissions and/owéak sink processes for the sea salt, since

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

5 Conclusions

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

microphysics with several options for nucleatioet wcavenging and condensation.

In general, the model reproduces observed loweticamumber concentration (PNC) in

nucleation rate coefficient used in this study i®bably one important factor for the

underestimation, although other reasons may alstribate, e.g. organic nucleation is not

included and EC are not emitted in the Aitken motlee model performs well for particle

mass, including secondary inorganic aerosol compisndarticulate elemental and organic

carbonconcentrationgire underestimated at many of the sites.

. . . . _ { Borttaget: The model can be used i
Before using the model for simulatingtal PM,s the SOA formulation needs further-~ | aopicatons knowing the restrictions of

777777777777777777777777777777777777777777777777777777777777777 what the model manages well and what

improvements. MATCH-SALSA is computationally heavtean MATCH, which also puts needs further improvements.

restrictions on when the model can be used.

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

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

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

coefficients.
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- Nitrogen gas-particle partitioning should be coupled to the microphysics. This may increase

condensational growth, which is underestimated in the present version of the model.

- Emissions from open fires (wildfires and agricultural burning activities) will be added to the - {Borttaget: Open fire emissions ]

- ‘[Borttaget: (biomass burning) should J

model.

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

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

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

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

observed concentrations. Average results cover\'va@adole measurements for the year 2007

the SIA components also the total nitrate (TNO3=H(#>*NOs(p)) and total reduced
nitrogen (TNHx=NH(g)+NH;"(p)) are evaluatedr: the Pearson correlation coefficient,
CV(RMSE): the coefficient of variation of the Rddean Square Error (RMSE normalized to

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

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

Globalltemporal Spatial - Ft|>rmaterad tabell
Measure: | Mean Mean Rel. _Bias | mean® | mean® | #obs. |Rel. |r, | CV(RMSE) L #stn{ Borttaget: %
Obsvd | Model  |e______|r____|CVRMSE)| ____|Bias | ___ ;;;;;;;j { Borttaget: %
0, .
Unit: pgSINm= | pgSINm=> | (o w | FON 7/‘1 SO | \\\\ {Borttaget-
j‘ 3 ‘( Borttaget: Obs
SO.% 0.63 0.65 4| o052 46 | 16033 6| 0.57 53*\\\\\ \e{somaget: Mod
NOs' 0.40 0.32 21| 044 49 | 7249 | 22083 48 | \\\\\\‘ % gorttaget:
TNO; 0.49 0.40 19 | 059 36 | 11039 | -21|0.85 a1 \\“‘{ Formaterat: Teckensnitt:2 pt
\ LBorttaget %
NH," 0.72 0.64 12 | 057 39 | 9728 -11 | 0.79 37 Formaterat: Justerat
TNH, 1.27 1.01 21 0.53 40 | 10137 -20 | 0.87 38 \ E{ Borttaget: %

e
\ Borttaget: .
%

\\\ [ Formaterad tabell

\\ {Borttaget 1

{ Formaterat: Upphdjd

b fBorttaget

o 0 A O L N

) { Borttaget: 1
1

... [10]
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2032 | Table 2. Statistics of the comparison of MATCH-SA Sesults to daily observed

2033 | concentrations of elemental carbon (EC) and orgeenibon (OC) in PM PM, s and PM, for

2034 | the year 2007. Obs = Measured concentration, Mdtbdeled concentration, MAE = mean

2035 | absolute error, r = Pearson correlation coeffic{enty calculated for sites with more than 10

2036 | measurements). Relative bias and MAE are givereeseptage of the observed average. For

2037 | further information about the measurement statises, Table A5 in Supplement A.

Stations Obs  Mod bias(%) MAE MAE r  fimeas Obs Mod bias MAE MAE r fimeas
m® m ug %, ug ug % ug %.
m o
InPM;,  Melpitz 054 021 60 033 60 060 32 065 076 18 023 36 083 32
winter
InPM,; Birkenes 0.12 018 47 0.11 8/ 058 73 0.60 0.88 46 046 76  0.45 73
winter G ertom 075 054 27 027 36 076 27 243 115 48 125 57 059 28
I Melpitz 128 029 77 099 77 060 182 181 121 33 095 52 059 182
I Payerne 145 033 73 106 73 067 23 561 133 76 428 76 052 23
| 1spra 367 093 75 276 75 028 173 141 204 86 121 8 024 173
| Puyde Dome 0.05 036 556 031 556 043 33 0.99 135 36 046 46 060 21
| Montelibretti  1.10  0.40  -64 070 64 060 32 172 122 93 160 93 053 32
| Montseny 047 049 181 032 181 060 17 164 174 6 048 29 068 17
I Campisabalos 016 027 65 010 6 - 9 173 101 42 072 42 - 9
InPM;, Birkenes 014 019 38 010 75 062 73 076 092 22 048 63 043 13
et rwell 106 093 1 068 64 050 56 323 167 48 165 51 070 56
I Melpitz 165 032 80 133 80 063 182 277 140 49 148 53 056 182
I Kosetice 036 025 30 013 37 042z 30 19 086 56 113 58 062 30
| Montelibretti 130  0.44 66 0.86 66 047 31 155 129 92 142 92 065 31
I Montseny 021 051 143 030 143 073 17 161 203 26 057 35 080 17
| Campisabalos  0.17 029 71 0z 11 - 8 192 125 35 069 36 - )
InPM,;  Birkenes 003 o011 27 003 40 081 51 074 085 14 031 42 073 51
SUMMEL 5 ertoom 057 037 36 024 42 034 37 166 117 =29 062 38 076 37
I Melpitz 095 017 82 078 82 054 183 126 178 41 083 66 047 183
I Ispra 087 068 21 035 40 048 165 380 254 33 191 50 034 169
I PuydeDome 009 026 171 018 192 009 33 218 205 6 157 72 008 11
| Montseny 017 047 172 029 172 060 21 182 272 43 091 50 060 21
I Campisabalos 010 014 46 005 53 - 5 224 133 41 128 57 - 5
InPMy, Birkenes 011 o012 10 004 37 076 52 104 090 13 027 26 081 52
SUMMEL " Melpitz 160 019 88 141 88 059 183 258 193 25 087 34 051 183
| Montseny 009 049 162 030 162 051 21 166 289 74 123 74 062 21
I Campisabalos 015 014 -9 008 52 - 10 226 148 35 113 50 - 9
2038
2039
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2082 | mean PNC. Note that the size intervals differ betwéhe stations: theamesize interval is
2083 | used for both modeled and observed vahtesach site. Unit: # cfn
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2131 correlation coefficients of daily mean concentmasi@re indicated below the bars. The
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2133 coefficients were calculated for measurement sii#s more than 10 daily observations. Site
2134 | codes as defined by EMEP, see SupplerAehable 5.
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2146 correlation coefficients (unit: m above sea lev&)ation codes as defined by EMEP, see
2147 | SupplemenA Table 5.
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| Sid. 21: [1] Borttaget Andersson Camilla 2014-11-27 11:27:00

Total particulate matter (PMand PM s)

Evaluation of PM and PM s at 28 measurement sites is presented in Fig inattg Supplement Table A21 and Fig. A39; detaiietk series plots are given
in the Supplement Figs. 17, A40-A41. For PMe annual means at the sites with the lowesteamgration (Scandinavian sites NOO1, FI17, DK41) are
overestimated by the model. On the other hanitheatentral European sites the Pddncentrations are much better captured. The moagdrestimates PM

by 14% (spatial average) and the spatial correlataefficient is 0.64. Out of the 35 evaluated admieans (PWland PM s) at the 28 stations, six means (at
five stations) deviate by more than 50%. The largeslerestimations of PMare seemt the measurement sites with the highest obseamadal mean. The
underestimation of Pp can be due to a number of reasons including untimi@ed emissions, too short aerosol lifetime ar little secondary aerosol

production. There is probably too little EC and {DG@he model, at least at some of the sites, wbazhbe explained by underestimated emissions.

Identified issues

During this work we found that further improveménteeded for a better representation of PNC. Herthis section we would try to address some ef th
issues related to model development and measursittetttcould be relevant. The three of these issileke further investigated in Andersson et aD14):

Distribution of SOx. In atmospheric models, given fractions of SOx emissions are assumed as gaseous SO,, H,SO, and primary sulfate, which is intended to account

for subgrid scale processes of gas phase transformation and gas-to-particle partitioning. The assumed fractions have large uncertainty and it is not clear from the
literature how to divide SOx emissions between SO,(g), H,S0.(g) and particulate sulfate in modeling studies. Spracklen et al. (2005) discussed that the distribution
depends on model resolution. Lee et al. (2013) have shown that the sub-grid production of a few per cent mass of sulfate particles in plumes is much more
important for CCN uncertainty than the SO2 emissions themselves. Since we suspect this choice to have impact on the model results, we investigate this further in
Andersson et al. (2014).

SOA condensation and nucleation. This version of MATCH-SALSA contains a scheme of formation of SOA, in which SOA precursors are assumed to condense on

particles as non-volatile compounds. The SOA formation scheme is simplified and needs further development. For example, atmospheric SOA compounds have a



1 wide variety of volatilities that would affect their partitioning between gas and particles. Also, biogenic emissions are highly uncertain, and the chemistry of SOA

2 formation is complex and modelling of SOA is fraught with great difficulty (e.g. Hallquist et al., 2009; Bergstrém et al., 2012). For these reasons we test the model
3 sensitivity on the amount of SOA available for condensation in Andersson et al. (2014). Further, MATCH-SALSA contains a scheme including organic nucleation that
4 was not used in this study. In Andersson et al. (2014) the impact of including organic nucleation on modeled PNC is also tested.

5 Wet scavenging is the most important sink for accumulation mode particles. At many sites particle concentrations are underestimated by the MATCH-SALSA model
6 when the standard wet deposition scheme is used. Several other, more and less advanced, formulations of wet scavenging are implemented in the MATCH model
7 and in the companion paper we also investigate the sensitivity of the of the modeled particle mass and PNC on the wet scavenging formulation.

The treatment of sea spray needs to be furtheuatesd and the model scheme for sea salt particdgsneed to be updated. For Pi¥le annual means at the
sites with the lowest concentration (ScandinavieesNOO1, FI17, DK41) are overestimated by the ehofihis seems to be partly due to overestimation o
10 sea salt. Evaluation scores for modeled; RiMd PM s excluding sea salt aerosol in the total PM mass Gupplement Table A21, Figs. 18 and A39) gives
11 higher correlation coefficients for daily mean Pyr PM, at 22 of the 28 sites (and lower at only one siteh when sea salt is included. This is an inghoat
12 of too much sea salt at the wrong time. It may be tb too strong sea salt emissions and/or too gedk processes for the sea salt, since substantial
13 improvements in correlation are seen also at samland sites.

14 For EC and OC, there is probably a combinationegfchfor model development, uncertainties in measemnés and emission inventories.

12 ’ Sid. 21: [2] Flyttad till sidan 22 (Flytta #6) Andersson Camilla 2014-11-27 11:27:00
17 Total particulate matter (Pvand PM 5)

18 Evaluation of PM and PM s at 28 measurement sites is presented in Fig

19

20 ‘ Sid. 21: [3] Flyttad till sidan 22 (Flytta #7) Andersson Camilla 2014-11-27 11:27:00 I

21  On the other hand, at the central European sie$M concentrations are much better captured. The maotigrestimates PM by 14% (spatial average)

22 and the spatial correlation coefficient is 0.64.

23
24 ‘ Sid. 21: [4] Flyttad till sidan 22 (Flytta #8) Andersson Camilla 2014-11-27 11:27:00
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There is probably too little EC and OC in the nlpdeleast at some of the sites, which can beagxptl by underestimated emissions.

’ Sid. 21: [5] Flyttad till sidan 22 (Flytta #9) Andersson Camilla 2014-11-27 11:27:00
The treatment of sea spray needs to be furthevated and the model scheme for sea salt particdgseed to be updated.

| Sid. 21: [6] Flyttad till sidan 22 (Flytta #10) Andersson Camilla 2014-11-27 11:27:00 |
This seems to be partly due to overestimatioreaf salt. Evaluation scores for modeled;Riid PM s excluding sea salt aerosol in the total PM mass (s

Supplement

| Sid. 21: [7] Flyttad till sidan 22 (Flytta #11) Andersson Camilla 2014-11-27 11:27:00 |
and A39) gives higher correlation coefficients daily mean PMs or PM, at 22 of the 28 sites (and lower at only one sftal when sea salt is included. This

is an indication of too much sea salt at the wrbngp. It may be due to too strong sea salt emissard/or too weak sink processes for the seassadie

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

| Sid. 32: [8] Formaterat Andersson Camilla 2014-11-27 11:27:00
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Total PNC

8000
7000
6000
5000
4000
3000
2000
1000
0

obs mod| obs mod| obs mod| obs mod| obs mod| obs mod| obs mod| obs mod| obs mod| obs mod

0.1 0.05 0.31 0.31 0.58 0.66 0.24 0.36 0.27 0.52
winter | summer | winter |summer| winter |summer | winter |summer | winter |summer
20-374 3-700 3-700 7-700 7-374
Aspvreten Hyytidla Melpitz K-Puszta Mace Head
PNC d>50nm

3000
2500
2000
1500
1000
500
0

obs mod| obs mod| obs mod| obs mod|obs mod| obs mod| obs mod| obs mod| obs mod| obs mod

0.26 0.46 0.53 0.59 0.4 0.6
winter |summer summer summer summer summer
50-374 50-700 50-700 50-700 50-374
Aspvreten Hyytidla Melpitz K-Puszta Mace Head
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1.8
1.6 EC
1.4
1.2
1
0.8
0.6
0.4
0.2
0
0.760.59|0.51
NOOINL114DEA4|1TO4 |FR30ES1778ES09 |NOO1 DE44ES1778ESO9
(51) |(37) |(183)[(165)|(33) |(21) (52) ((183)|(21) |(10)
In PM2.5 summer In PM10 summer
4 5
3
2.5 m Mod-
2
1.5
1
05 HE ]
o n o I W |
0.6 |0.58(0.76| 0.6 |0.67|0.28/0.43/06 (06| - |0.62 0.5 |0.63/0.42/0.47/0.73, -
DE4ANOONL114DE44CHO2/ITO4 [FR30|ITOIBES17 7&ESOONO0IGB36DE44|CZ03| ITOIES17 7&SO9
(32) [(73) [(27) (182)(23) (173)((33) |(32) |(17) | (9) |(73) |(56) (182)((30) |(31) |(17) | (8)
In PM1 winter In PM2.5 winter In PM10 winter




M Obs

* OC summer
3
2
1
0
0.73|0.76 | 0.47 | 0.34 -0.08| 0.6 0.81|0.51 | 0.62
NOO1|NL114| DE44 | ITO4 | FR30ES1778 ESO9 [NOO1| DE44ES1778 ESO9
(51) | (37) |(183) |(169) | (11) (52) (183) | (21) | (9)
In PM2.5 summer In PM10 summer
» OCwinter
15
10
5
0
(32) 1(73) 1(28) (182)(23) (173)[(21) |(32) [(17) | (9) |(73) |(56) (182)((30) |(31) |(17) | (8)
In PM1 winter In PM2.5 winter In PM10 winter




