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Authors’ response  1 

Regarding the updated manuscript based on the GMDD paper: GMD-2014-63, by Andersson et al. 2 
entitled “MATCH-SALSA – Multi-scale Atmospheric Transport and Chemistry model coupled to the 3 
SALSA aerosol microphysics model. Part 1 – model description and evaluation”. 4 

In this document follows comments and concerns by Referees #1 (pages 2-6), #2 (pages 7-10) and #3 5 
(pages 11-17). After each concern our original replies follow, as previously submitted. Our replies in 6 
these pages are exactly the same as previously submitted to GMDD; they are included here for the 7 
convenience of the readers. 8 

While working on updating the manuscript, we have decided to incorporate section 5 within the other 9 
sections (mainly section 4), thus section 5 is removed as suggested by two of the reviewers. A few of 10 
the formulations as we suggested them in the replies have been slightly modified for language. 11 
Otherwise our replies are still valid. For all changes between the new manuscript and the GMDD 12 
paper, see tracked changes at the end of this document (after page 17). 13 

  14 
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Reply to review 1 15 

 16 

We are happy for the positive response and we thank the reviewer for insightful comments and good 17 
suggestions that will help us improve our manuscript.  18 

 19 

Replies to major comments 20 

R1) Section 4 of the article focusses on comparing model results with measurements. Unfortunately, 21 
possible reasons for deviation of model results from measurements and corresponding suggestions for 22 
model improvements are mostly provided in section 5. This considerably affects the readability of the 23 
article since the reader already expects such information when reading section 4. Some explanations 24 
are provided in section 4 but the corresponding discussions are comparably sparse. For instance, the 25 
overestimation of PNC in Melpitz due to nucleation is briefly explained in section 4.2.1, but reasons 26 
for underestimation at other sites are not discussed. As another example, in section 4.2.3 it is discussed 27 
that the reason for the maximum occurring at too small sizes may be too little condensation onto 28 
nucleating particles in the model. However, the reader misses a subsequent discussion why 29 
condensation is too inefficient. The reader misses such information when reading section 4 but is 30 
surprised to find such details in section 5 later on. To enhance readability of the article I would suggest 31 
skipping section 5 and discussing the reasons for discrepancies and possible model improvements 32 
directly in the context of the model comparisons with the observations (section 4). A summary of the 33 
major improvements needed could be included in the Conclusions section. If the authors decide to 34 
refrain from merging section 4 and 5 in this manner, I would urgently change the title of section 5 35 
since ‘Identified issues’ sounds somewhat meaningless. A possible title could be ‘Major reasons for 36 
discrepancies and suggestions for model improvement’. Choosing such a title would show readers of 37 
the previous sections that this important information is given later in the paper. 38 

Answer, Remark 1: We chose to separate these into two sections in the paper for a clear overview of 39 
the discrepancies, as compared to the text in the supplement report which is integrated. We prefer to 40 
keep the two separated. However, we were not clear enough in pointing this out in the text. We will 41 
change the title of section 5 to Major discrepancies and suggestions for model improvements, and 42 
explain this in a leading text in section 4.  43 

There is an underestimation in all size ranges in Melpitz, Hyytiälä and Aspvreten. This may be due to 44 
problems with wet scavenging or a combination of problems. For the accumulation and Aitken modes 45 
the problem can be due to underestimated primary emissions. The underestimation in the nucleation 46 
mode implies either a low-biased nucleation mechanism or a too efficient removal (deposition). 47 
Further, EC is not included in the Aitken mode in the model (the mass and resulting particle number 48 
emissions are distributed on larger particle sizes). This is a model deficiency leading to underestimated 49 
total particle number concentration (in the Aitken mode and subsequently in larger sizes as well). 50 
Further organic nucleation is not included as a nucleation process in the evaluated base case 51 
simulation resulting in possible underestimation of nucleation in areas of high BSOA. Sensitivity tests 52 
including organic nucleation will be discussed in part 2 of the paper (Andersson et al., 2014) but a lot 53 
of the material is available in the Supplement  to the present manuscript (which is available for the 54 
reviewer). The sensitivity tests indicate increases of the PNC when including organic nucleation, but 55 
there is still underestimation at most sites.  56 

We will add a similar discussion on possible reasons for the underestimation of PNC at Melpitz, 57 
Hyytiälä and Aspvreten to the manuscript, including mentioning it in the abstract and conclusions.   58 

 59 

R2) It should also be discussed in the manuscript how the results of MATCH-SALSA compare to 60 
other European-scale aerosol model results described in the literature. This would show whether the 61 
discrepancies found by the authors are model specific or common features of regional aerosol models. 62 
If some of the discrepancies occur also in other models they could be due to external forcings, such as 63 
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an underestimation of emissions or general lacks of knowledge e.g. about SOA formation. Such 64 
analysis would help to evaluate the overall quality of MATCH-SALSA. 65 

Answer, Remark 2: Thank you for the suggestion; we will add a section, with a comparison of 66 
MATCH-SALSA performance to other aerosol models. 67 

 68 

Replies to minor comments 69 

R1. Abstract: The acronym SALSA should be explained. 70 

A1: The acronym SALSA (Sectional Aerosol module for Large Scale Applications) will be explained. 71 

R2. Page 3269, line 20: The statement ‘PNC was not described’ should be discussed in more detail. 72 
Since fixed particle sizes were assumed PNC could have been derived from total mass of the 73 
respective particles. The authors probably mean that prognostic equations for PNC were not included. 74 

A2. Yes, that is what we mean. The text will be modified to clarify this. 75 

R3. Page 3269, line 25: Is this really an iteration (i.e. are the different operations passed multiple times 76 
within each time step)? If not, the term ‘integration’ might be more appropriate. 77 

A3. Yes, integration is more appropriate. The sentence will be changed to: After initializations are 78 
completed the model integrates over time. 79 

R4. Figure 1: It should be specified which parts of the flow chart show MATCH and which parts 80 
characterize SALSA operations. It is also not clear why output from the aerosol microphysics module 81 
is needed as input for the meteorological part of the model. This should be specified in more detail and 82 
Figure 1 should be modified accordingly. 83 

A4. We will specify the SALSA components (the Aerosol Microphysics box) in the figure. We will 84 
clarify that the arrows show the model integration order rather than data flow; the figure caption will 85 
be changed to: Model integration and time stepping in MATCH-SALSA.  86 

Since the MATCH-SALSA model is an offline model, the aerosol microphysics output does not affect 87 
the meteorological processing. The calculated CDNC can however be coupled to the wet scavenging 88 
of particles, but that feature is not included in this base case simulation that is evaluated in this paper. 89 
Such a simulation is evaluated and described further in the supplement report. 90 

R5. Page 3271, lines 15-16, ‘. . .and a few heterogeneous reactions for nitrogen compounds are 91 
included in the model.’: Since no reference is provided here, some more details should be added 92 
(which nitrogen compound react on what kind of surfaces? Which uptake coefficients are used?). 93 

A5. A very simplified scheme is used for modelling heterogeneous loss of gaseous HNO3 and N2O5:  94 

HNO3(g) → NO3
-(pm, coarse mode) 95 

N2O5(g) → 2 HNO3(aq)  [the nitric acid formed in the reaction is assumed to immediately evaporate to 96 
the gas phase] 97 

The treatment is based on the original EMEP MSC-W model chemistry (see, e.g., Simpson et al., 98 
1992) with two adjustments:  99 

We apply the pressure-scaling factor [M]/2.55×10-19 for both reactions (Strand and Hov, 1994) and for 100 
the HNO3-reaction we use the reaction rate for low relative humidity conditions (RH<0.9), k=5×10-101 
6×[M]/2.55×10-19 s-1, regardless of the actual RH (as Strand and Hov, 1994).  102 

Note that the nitrate formed in this HNO3-reaction is considered as coarse mode nitrate. This coarse 103 
nitrate is treated as bulk particles in the MATCH-SALSA model.   104 

Ammonium chemistry is also handled by means of a simplified treatment:  105 

NH3(g) reacts instantaneously (and irreversibly) with available sulfate and form ammonium sulfate 106 
(NH4)2SO4, which is distributed over different particle sizes according to the sulfate distribution in 107 
MATCH-SALSA.  108 
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If there is excess NH3(g) available, ammonium nitrate can be formed via the reaction: 109 

NH3(g) + HNO3(g) ↔ NH4NO3(p).  110 

The ammonium nitrate is assumed to be in equilibrium and the dissociation constant of NH4NO3 is 111 
dependent on relative humidity and temperature, using the equations and parameters from 112 
Mozurkewich (1993).   113 

We will add this information, together with the full description of the gas-phase photochemistry 114 
scheme, in a Supplement to the article. We will also update the text in Section 2.2 as follows: 115 

Particulate nitrogen species are described by a simplified chemistry scheme (see Supplement X), 116 
currently handled outside SALSA. Ammonium bound to sulfate was distributed according to the size-117 
distribution of particulate sulfate. Ammonium nitrate was distributed according to the available 118 
aerosol surface area. Coarse nitrate was treated separately as a simple tracer compound (not included 119 
in the MATCH-SALSA particle modes). 120 

Further we will discuss the consequences of these simplifications in the revised manuscript:  This 121 
leads to underestimation of both condensational growth of the particle size distribution, and 122 
hygroscopicity and thus an underestimation of the cloud droplet number concentration (CDNC) as 123 
well as impacts on the PNC and PM.  124 

R6. Page 3272, lines 13-14: ‘. . . size bins with a constant internal volume ratio.’ Should be explained 125 
in more detail. What is meant exactly? 126 

A6: The description of the size bins will be clarified. The sentence will be changed to: … size bins 127 
with equidistant distribution of the bins on the log-normal scale.  128 

R7. Page 3272, line 15, ‘are that are’: Skip first ‘are’. 129 

A7: This will be corrected. 130 

R8. Page 3272, line 25, ‘shrinkage of particles’: It should be explained how particles can shrink in the 131 
model. Since semivolatile species as nitrate or ammonium seem to be neglected, this could only 132 
happen due to water evaporation. Or are other mechanisms relevant here? Are the simplified 133 
treatments of nitrate and ammonium (see next point) capable to simulate shrinkage? 134 

A8. The particles can not shrink in the present version of the model. We will update the text. 135 

R9. Aerosol nitrate and ammonium are included by means of a simplified treatment. Since these 136 
compounds can be quite important, possible consequences of this simplification need to be discussed. 137 
The simplified treatment should be explained in more detail. 138 

A9. See answer to remark 5.  139 

R10. Page 3274, line 6, ‘. . . sub-cloud scavenging is neglected for these species’: It should be 140 
discussed why this simplification is justified. 141 

A10. For ozone sub-cloud scavenging is likely to be negligible; O3 has a very low solubility in water 142 
and wet deposition is not an important sink process for this species – ozone concentrations typically 143 
also increase with altitude meaning that the falling raindrops are perhaps more likely to evaporate O3 144 
at lower altitudes than to scavenge it from the air. For SO2 the neglect of sub-cloud scavenging is 145 
likely leading to a slight underestimation of the wet-deposition losses; but SO2 also has a relatively 146 
low solubility and a modelling study of wet scavenging of sulfur Berge (1993) found that sub-cloud 147 
scavenging by precipitation was small (only about 1% of the total S-deposition was due to sub-cloud 148 
scavenging). The neglect of sub-cloud scavenging for hydrogen peroxide probably leads to a 149 
substantial underestimation of wet deposition for this species. In recent MATCH-model runs (without 150 
SALSA), that included sub-cloud scavenging of H2O2, it was found that sub-cloud scavenging 151 
contributed about 20-40% to the total wet deposition of H2O2.   We will add a discussion on this in the 152 
revised manuscript. 153 

R11. Page 3276, lines 3-8: In the description of the size distribution settings it is mentioned that 154 
different bins are used for soluble and insoluble particles but mixtures of these particle types seem to 155 



5 
 

be not considered. In the beginning of section 2, however, the authors mention that also mixed 156 
particles can be represented in the model. This is also suggested by Figure 2 where ‘aged’ particles are 157 
mentioned. Hence it is not clear how aged or mixed particles are considered in the model runs. It 158 
seems that the bins termed soluble here include also the mixed particles. This however would imply 159 
that the model is not capable to represent purely soluble particles. This should be explained in more 160 
detail in the manuscript. 161 

A11. We will take out term "aged" in Figure 2 to avoid confusion. We will also include a more 162 
detailed explanation on how mixing of compounds is handled in the model: Size distribution is divided 163 
into three subregions and for these different subregions the level of external mixing is different. In the 164 
smallest size bins (diameter < 50 nm), all particles are internally mixed. In the second subrange (50 165 
nm < diameter < 700 nm), there are two parallel externally mixed size bins for each size. In the largest 166 
subrange (diameter > 700nm), there are three externally mixed size bins: 1) soluble, where above-167 
mentioned soluble compounds are emitted, 2) cloud active insoluble particles, which are mainly 168 
composed of insoluble compounds, but which have enough soluble material to activate as cloud 169 
droplets, and 3) freshly emitted insoluble, where insoluble compounds are emitted to. 170 

R12. Page 3277, lines 1-2, ‘The emitted sulfate mass was distributed over particle sizes in the same 171 
manner as OM.’: It should be explained how these compounds are distributed over the different 172 
particle sizes and appropriate references should be given. 173 

A12. OM (and sulfate and EC) emissions are distributed over particle sizes according to emission 174 
source sector resolved mass size distributions from Visschedijk et al. (2009). This is explained and 175 
referenced on page 3276, lines 22-24. Details about the size distributions are also given in the 176 
Supplement (Table 4, page 16). Emissions from most SNAP sectors are described by uni-modal 177 
distributions; emission from two sectors (international shipping and SNAP sector 4: production 178 
processes) are described by bimodal distributions. We will add this information to the revised 179 
manuscript. 180 

 181 

Replies to editorial comments 182 

R1. Figures 1 and 8: Some fonts used are hardly visible even when the figure is enlarged. Larger fonts 183 
need to be used. 184 

A1. Figure 1 will be updated with larger font size in the revised manuscript. Figure 8 will be divided 185 
into 2 figures to achieve larger font.  186 

R2. Page 3279, line 2: Replace ‘is general’ by ‘in general’. 187 

A2. Ok, will be fixed! 188 

R3. Figure 5: The legend (description of colour bars) is hardly visible and should be enlarged. The 189 
colours are hard to distinguish and should be replaced. 190 

A3. We will make the legend text larger. We will change the color of the bars for the observed PNC to 191 
make them more visible and easier to distinguish from the model bars.  192 

R4. Figure 6: The legend (description of colour) is hardly visible and should be enlarged. 193 

A4. The figure will be updated to make the legend larger.  194 

 195 

References: 196 

Berge, E.: Coupling of wet scavenging of sulphur to clouds in a numerical weather prediction model, 197 
Tellus B, 45, 1–22, 1990. 198 

Mozurkewich, M.: The dissociation constant of ammonium nitrate and its dependence on temperature, 199 
relative humidity and particle size, Atmos. Environ., 27A, 261–270, 1993. 200 
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Atmos. Environ., 26A, 1609–1634, 1992. 202 

Strand, A and Hov, Ø.: A two-dimensional global study of tropospheric ozone production, J. Geophys. 203 
Res. 99, 22877–22895, 1994. 204 
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Reply to review 2 206 

 207 

We are happy for the positive feedback and we thank the reviewer for helpful suggestions that will 208 
help us improve our manuscript. In particular we are grateful for the references provided; they will 209 
help in comparing our results to other models and drawing conclusions on what our future 210 
development work should focus on. 211 

 212 

Replies to general comments 213 

R1. Articles in GMD are required to represent a sufficiently substantial advance in modelling science; 214 
therefore the authors need to a better job of communicating the importance of this model and how it 215 
will extend/advance previous modelling work. For instance, what are existing regional/global sectional 216 
models lacking compared to MATCH-SALSA and what are the major benefits of using this model 217 
over the others available? At the very least, it would be good to get an idea of how the model set-up 218 
and performance (against observations) of MATCH-SALSA compare to other similar models 219 
(particularly the PMCAMx-UF model, which is also a regional sectional model focussed on the 220 
European domain). The authors have communicated the technical aspects of the model well, but 221 
discussion of how MATCH-SALSA fits in with and compares to existing aerosol models is lacking. 222 

A1.  The MATCH model contains a number of advanced features including variational data 223 
assimilation (Kahnert 2008) and inverse modelling of aerosol optics (Kahnert 2009) of both surface 224 
observations and satellite data. These assimilation techniques are uncommon in models that include 225 
advanced aerosol dynamics. The coupling of the aerosol dynamics model SALSA to MATCH leads to 226 
a unique modeling system at the scientific frontline. 227 

We will include a discussion of other models and how MATCH-SALSA compares to these (as also 228 
suggested by Referee#1).  229 

R2. The Introduction (Section 1) needs some further attention in terms of the number of citations and 230 
the quality of the written language. In comparison with the rest of the article, this section is not 231 
particularly well written and steps should be taken to make improvements. I have given some specific 232 
comments and technical corrections below for more guidance. 233 

A2. We will improve the language of the introduction and update the citations while seeing to remark 234 
1. We thank you for the particular comments and corrections which will help us in doing so. 235 

R3. I strongly agree with Referee 1’s comment regarding the layout and order of Sections 4 and 5. 236 
When reading through the article I made several comments regarding the lack of reasons given for the 237 
model discrepancies (particularly in Section 4.3.1), but realised when reading on to Section 5 that 238 
some of these discrepancies were discussed later in the article. To improve the readability of the article 239 
I would also suggest moving the discussion of model discrepancies into the relevant sub sections in 240 
Section 4 (or at the very least, add comments at appropriate points in the text to state that the model 241 
discrepancies are discussed further in Section 5). 242 

A3. We chose to separate these into two sections in the paper for a clearer overview of the 243 
discrepancies, as compared to the text in the supplement report which is integrated. We prefer to keep 244 
the two separated. However, we realize that we were not clear enough in pointing this out in the text. 245 
We have decided to change the title of section 5 (as suggested by reviewer 1) and include more 246 
references to this section in section 4 (as suggested by you).  247 

R4. Throughout the article there are numerous references to the supplementary material (report). The 248 
supplementary report is extensive and is an important accompaniment to the article. However, to aid 249 
the reader and prevent the need to go back and forth between the documents I suggest including some 250 
of the sections/tables/figures in the main paper. 251 

A4. We restricted the number of figures and tables in order to keep the manuscript from becoming too 252 
long. We also tried to keep down the number of references to the supplement. We may have been too 253 
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restrictive and we agree with the Referee that some material from the Supplement should be moved to 254 
the main article to aid the reader.  255 

 256 

Replies to specific comments 257 

R1. Abstract: The sentence on L12-13 “Elemental and organic carbon concentrations are 258 
underestimated at many of the sites.” contradicts sentence before. I suggest that you alter or combine 259 
the sentences on L11-13 e.g. “On the other hand the model performs well for inorganic particle mass 260 
(including secondary inorganic mass), but elemental and organic carbon concentrations are 261 
underestimated at many of the sites.” 262 

A1. We will revise the sentences as suggested by the referee. 263 

R2. Section 1, P3268, L16 L19: Please provide some references of previous studies that have 264 
used/described/developed bulk and modal models. See for example the models compared (and 265 
corresponding references) in Mann et al. (2014). 266 

A2. We will add the following text to the introduction:  267 

In bulk schemes, typically the total mass concentration of particles, or the mass in a certain size 268 
interval is modeled – which has been a method of choice in MATCH (before the present work). 269 
LOTUS-EUROS (Schaap et al., 2008) and DEHM (Christensen, 1997; Frohn et al., 2002) are two 270 
other examples of bulk scheme models.  271 

In modal schemes, the aerosol size distribution is represented with a small number of modes, typically 272 
assuming lognormal size distribution shapes for the modes. The description of new particle formation 273 
is limited in modal schemes. Modal schemes are computationally more expensive than the bulk 274 
approach, but less than the sectional, which is why they are common in regional and global CTMs and 275 
climate models, e.g. the Regional Particulate Model (Binkowski and Shankar, 1995), CMAQ (Byun 276 
and Schere, 2006), CAM5-MAM3 (Liu et al., 2012), TM5 (Aan de Brugh et al., 2011), GLOMAP-277 
mode (Mann et al., 2012), EMAC (Pringle et al., 2010), ECHAM5-HAM2 (Zhang et al., 2012), GISS-278 
MATRIX (Bauer et al 2008).  279 

The sectional scheme, in which the size distribution is represented by a large number of discrete bins, 280 
is the most flexible and accurate choice – but computationally the most expensive. Many modern 281 
CTMs and global climate models (GCMs) include the sectional approach, e.g. PM-CAMx (Fountokis 282 
et al., 2011), GLOMAP-bin (Spracklen et al., 2005a, 2011; Reddington et al, 2011), ECHAM5-283 
SALSA (Bergman et al., 2012), and GISS-TOMAS (Lee and Adams 2010). Mann et al. (2014) 284 
compare the performance of 12 global aerosol microphysics models using modal and sectional 285 
approaches. We will discuss our performance in relation to theirs. 286 

R3. Section 2.3, P3274, L24 – P3275, L6: The text describes that MATCH-SALSA can be coupled to 287 
an online cloud activation model. I assume this coupled model is only used for quantifying cloud drop 288 
number concentration and is not used in this study? Please clarify this. 289 

A3. The cloud activation model is used for quantifying the cloud droplet number concentration. The 290 
activated fraction of particles is coupled to one version of the wet scavenging scheme. We will explain 291 
this more clearly in the revised manuscript. 292 

R4. Section 3, P3276, L1: Are the vertical levels in the model terrain following? Please state this in 293 
the text. 294 

A4. We will include the following information in the revised manuscript: The vertical distribution is 295 
inherited from the meteorological model, which in this case is hybrid (η) coordinates, with shallow 296 
terrain following layers close to the ground and thicker pressure levels higher up. 297 

R5. Section 3, P3277, L1: Please include reference(s) after “95–100% in European scale models”. 298 

A5. This is by Spracklen et al. (2005), which will be clarified. 299 
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R6. Section 3 (general): How are oxidants treated in the model? Are they online or specified from 300 
offline fields? 301 

A6. The oxidants are calculated online in the model using the photochemistry scheme described in 302 
section 2.1. Some further details about the chemistry scheme will be added as Supplementary material 303 
as requested by Referee #3.  304 

R7. Section 4 (general): What model level is used to compare with observations? Is the model output 305 
interpolated to the location of the ground station? Please give details. 306 

A7. We will clarify that we use first model level results everywhere (with no interpolation to the 307 
height of the measurement stations).  308 

R8. Section 4.2.2, P3279, L4-6: Firstly, is the correlation coefficient quoted here r or r2? If these 309 
values are not squared, they indicate particularly low correlations between the model and observations. 310 
How do these values compare to other models (including ECHAM5-HAM-SALSA) that have been 311 
evaluated against observations from the same ground stations (e.g. Spracklen et al., 2006, 2010; 312 
Fountoukis et al, 2011; Reddington et al., 2011; Bergman et al., 2012)? In particular with regards to 313 
the comments on model resolution, do the global models (with grid sizes on the order of 200 km x 200 314 
km over Europe) show weaker correlation with these observations relative to MACTH-SALSA? 315 
Please add some discussion on this. 316 

A8. Our correlation coefficient is the Pearson r-value, and we agree that it is low. We will add a 317 
discussion on this and compare the MATCH-SALSA model performance to other models as 318 
suggested. 319 

R9. Section 4.2.4, P3280, L12-14: Again, can these results be compared to any of the modelling 320 
studies listed in the comments above? How does the performance of MATCH-SALSA at simulating 321 
nucleation events compare to e.g. the performance of the GLOMAP model (presumably on a coarser 322 
grid) at Hyytiala in Spracklen et al. (2006), which captures nucleation events relatively well? 323 

A9. We will revise the text regarding the problems with capturing nucleation events. Further, we will 324 
compare and discuss the MATCH-SALSA model performance of nucleation to that of other models.  325 

R10. Section 4.2.4, P3280, L14: The size of the grid cell is quoted here to be 2x103 km2, but in the 326 
description of the model set-up the spatial resolution of the model over Europe is quoted to be 44 km. 327 
Please clarify/explain this. 328 

A10. 44x44 km2 is ca 2000 km2, but to avoid misunderstandings we will keep to 44kmx44km instead. 329 

R11. Section 4.3.1, P3281, L23: The bias is defined in the supplementary report, but should be defined 330 
in the main text (or at the very least the reader should be directed to the supplementary material for the 331 
definition). 332 

A11. We will add a sentence in the beginning of Section 4 explaining that the definitions of all the 333 
statistical measures used in the article are given in the Supplement.  334 

R12. Section 6 (Conclusions), P3286, L17-18: “The model peak PNC occurs at the same or smaller 335 
particle size as the observed peak.” To be clearer that this sentence refers to the particle size 336 
distribution I suggest changing the sentence to the following: “The model peak in the particle number 337 
size distribution occurs at the same or smaller particle size as the observed peak.” 338 

A12. We will modify the manuscript as suggested. 339 

 340 

Replies to technical comments 341 

R1. Section 1, P3268, L1: “Especially” should be changed to “In particular,”. 342 

R2. Section 1, P3268, L2: Change “. . .importance for the health impacts..” to “. . .importance for 343 
impacts on human health. . .”. 344 
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R3. Section 1, P3268, L5-7: Sentence does not read well. I suggest changing it to the following: “As 345 
the dynamics of these ultrafine particles are particularly sensitive to the various aerosol microphysical 346 
processes, they need to be considered in as high detail as possible in order to describe PNC accurately 347 
(e.g. Adams and Seinfeld, 2002).” 348 

R4. Section 4.2.2, P3279, L2: “is general” should be “in general”. 349 

R5. Section 4.2.4, P3280, L9: “Especially” should be changed to “In particular,”. 350 

A1-5. We thank the referee for these corrections. We will change the text as suggested. 351 

R6. Figure 6 Figure 9: Please increase the text size of the legends to make them 352 

more visible. 353 

A6. We will improve the figures and make the legends more visible (as also discussed in the answer to 354 
Referee#1).  355 

 356 

References 357 

Kahnert, M. Variational data analysis of aerosol species in a regional CTM: background error 358 
covariance constraint and aerosol optical observation operators. Tellus 60B: 753-770, 2008 359 

Kahnert, M. On the observability of chemical and physical aerosol properties by optical observations: 360 
Inverse modelling with variational data assimilation. Tellus 61B: 747-755, 2009 361 
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Reply to review 3 363 

 364 

We thank the referee for a very careful and thorough review of the manuscript and for many comments 365 
and questions that will help us improve the paper.   366 

 367 

Answer to the general referee comments 368 

R1: The manuscript gives an overview of the new model, but many details on the respective processes 369 
are not provided in the manuscript. Instead, it is referred to the Supplement, which turns out be a 370 
rather long SMHI report by the same authors. This impairs the readability of the manuscript since one 371 
has to search for the corresponding parts in the Supplement. Even so, many details on the aerosol 372 
dynamics modelling are still missing. For instance, the description of condensation in the Supplement 373 
does not extend over what is already stated in the manuscript text. 374 

A1: Methods for solving aerosol microphysics are listed in Section 2.2. These methods are commonly 375 
used and we do not see it necessary to decribe them in detail in this manuscript. The full description of 376 
solving aerosol microphysical processes in SALSA are given by Kokkola et al. (2008), which is 377 
referred to in the end of Section 2.2. However, the method for solving condensation and nucleation 378 
when both sulphuric acid and organics are involved in the nucleation process has not been described 379 
previously. We have added the description for it as a supplement for the manuscript as well as to this 380 
response to the reviewer. 381 

R2: Unfortunately, all sensitivity tests that could help to evaluate the assumptions made in MATCH-382 
SALSA are presented in part 2 of the manuscript, not accessible to the reviewer. 383 

A2: The sensitivity tests will be discussed in part 2 of the paper (Andersson et al., 2014), as referred to 384 
in the manuscript, but a lot of the material is available in the Supplement to the present manuscript 385 
(which is available for the reviewer).    386 

R3: The SALSA model has some focus on the prediction of activating cloud droplets. However, the 387 
prediction of activating cloud droplets is not included in the current evaluation of MATCH-SALSA. It 388 
is mentioned that a more advanced cloud activation scheme can be coupled online, but I got the 389 
impression that this is computationally too expensive to be applied operationally. On the other hand, if 390 
the prediction of PNC and size distributions is the focus of the new model, then maybe an aerosol 391 
dynamics model better suited for prediction of new particle formation should have been preferred for 392 
the implementation in MATCH. 393 

A3: The reviewer questions our choice of SALSA for describing aerosol microphysics. SALSA has 394 
been developed with the focus of describing particle number concentration and e.g. includes several 395 
nucleation mechanisms. Especially the fact that SALSA uses sectional approach for describing aerosol 396 
size distribution gives it an advantage over modal aerosol models in simulating new particle formation 397 
(see e.g. Korhola et al., 2014). We will add a discussion of this in the introduction of the manuscript. 398 

SALSA was included for description of aerosol dynamics including PNC, size distirbution and for 399 
prediction of cloud droplet number concentration (CDNC). There is an option in MATCH-SALSA to 400 
couple the CDNC to wet scavenging of particles as described in the manuscript (section 2.3 401 
deposition). Presently there is no online coupling of MATCH-SALSA to a meteorological or climate 402 
model. We will clarify this in the manuscript (see also reply A6). 403 

 404 

Replies to concerns 405 

R1. The authors state that they do not expect to model BSOA formation in a realistic way and justify 406 
this by the need to make progress in the model development. Instead of consequently using the best 407 
yield estimate available, the authors chose 30%. By doing so, they ignore yield values currently 408 
applied in other models or recommended in literature. The value of 30% would not be so critical if 409 
they had decided to use a reasonable saturation vapor pressure for the semi-volatile compounds, 410 
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instead of setting it to zero. The decision for treating SOA formation in this way might be motivated 411 
by the wish to match observed OC, but that is not a justification for making unrealistic assumptions. 412 
The SOA parameterization in the model should be revised for example by using the simple 413 
parameterization as applied in GLOMAP (Scott et al., 2014), with a fixed molar yield of 13% 414 
(equivalent to a 14.3% mass-based yield) of SOA from the oxidation of monoterpenes. 415 

A1. Unfortunately the description of the BSOA treatment was confusing and partly in error. An 416 
extremely simplified BSOA-scheme was chosen for the model development phase of MATCH-417 
SALSA, to be updated in future work with the model.  418 

The initial idea was to assume a 10% (instantaneous) yield of non-volatile BSOA from monoterpene 419 
oxidation by OH, O3 and NO3 (loosely based on Tunved et al., 2006). However, the BVOC-emissions 420 
were considered uncertain by (at least) a factor of three (see Langner et al., 2012, for an illustration of 421 
the range of model estimated isoprene emissions in Europe – four different chemical transport models 422 
predict emissions within about a factor of five; we do not expect the uncertainty in the monoterpene 423 
emissions to be lower than for isoprene). Furthermore, we included only the contribution of 424 
monoterpenes to BSOA, which means that we excluded some potentially important BSOA-precursors, 425 
such as sesquiterpenes and other BVOC emitted from stressed plants.  426 

Considering the large uncertainties in biogenic VOC emissions we performed tests with varying 427 
terpene emissions and found improved model performance when using three times larger emissions 428 
than those taken from the EMEP MSC-W model. This sensitivity test turned out to become the base-429 
case simulation for the present study.  Future development of the MATCH-SALSA model will include 430 
a more realistic treatment of SOA-yields from BVOC. 431 

We will clarify these assumptions in the text.  432 

R2. Why is a rather outdated isoprene chemistry scheme used instead of the detailed scheme which is 433 
included in the EMEP MSC-W model’s EmChem09 scheme? Further, isoprene is not included as 434 
SOA precursor in MATCH-SALSA. The authors should justify the use of an outdated isoprene 435 
scheme and state whether it is planned to include SOA formation from isoprene oxidation. 436 

A2. The isoprene chemistry scheme used in the MATCH-model is somewhat more condensed, i.e., 437 
uses fewer model species and reactions (7 species, 26 reactions) than the EMEP MSC-W scheme 438 
(currently, EmChem09: 19 species, 32 reactions). Both are, however, very small compared to more 439 
explicit chemical mechanisms, such as, e.g., the MCM scheme (http://mcm.leeds.ac.uk/) with 440 
hundreds of species and reactions for the isoprene chemistry.  441 

The EMEP isoprene scheme is based on the isoprene chemistry scheme by Paulson and Seinfeld 442 
(1992) (with a few reactions omitted, as described by Simpson et al., 1993); the scheme has been 443 
updated with new reaction rate constants and some other changes of the chemical mechanism during 444 
2008-2009 (Simpson et al., 2012).  445 

The MATCH model isoprene scheme was constructed in 1998 (Langner et al., 1998) and is based on 446 
the Carter 1-product scheme (Carter, 1996). The MATCH isoprene scheme was updated 447 
simultaneously as the EMEP scheme (EmChem09) taking into account the same new reaction rate 448 
data. We will add a detailed description of the MATCH chemistry scheme as a Supplement to the 449 
paper, including the isoprene chemistry with the reaction rates presently used. 450 

Thus, in our opinion, the MATCH isoprene scheme is not more outdated than the EmChem09 scheme. 451 
Both the EMEP and MATCH model isoprene schemes were chosen to be computationally efficient 452 
and still model ozone formation well (compared to larger chemical mechanisms). The compact 453 
MATCH isoprene scheme has been shown to yield comparable ozone concentrations as the somewhat 454 
larger EMEP scheme (Langner et al., 1998) and has been successfully used in many studies focused on 455 
ozone (e.g., van Loon et al., 2007). 456 

The isoprene emission scheme in the MATCH-SALSA model is different from the completely revised 457 
biogenic emission module in the EMEP MSC-W model. The emissions of isoprene in the MATCH 458 
and EMEP MSC-W models are compared in Langner et al. (2012); the total European isoprene 459 
emissions are about twice as large in the EMEP MSC-W model as in the MATCH model.  460 
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The MATCH SOA chemistry is presently under development. The new version of MATCH includes a 461 
new isoprene emission model and SOA formation from isoprene will be included in future versions of 462 
MATCH-SALSA. We will add information about this in the article.  463 

R3. A so-called "nitrogen gas-particle partitioning" is introduced in this manuscript. However no 464 
explanation on the nitrogen gas-particle partitioning and how it is solved in MATCH-SALSA can be 465 
found in the manuscript or in the Supplement. Furthermore, it needs to be stated which species are 466 
involved in the nitrogen gas-particle partitioning. 467 

A3. The description of the treatment of nitrogen chemistry in MATCH and its (missing) coupling to 468 
the aerosol microphysics module in MATCH-SALSA was not clear in the manuscript. We will clarify 469 
it in the revised manuscript.  470 

So far, particulate nitrogen species (ammonium, fine and coarse mode nitrate) are not directly included 471 
in the aerosol microphysics routines; the MATCH-chemistry routines calculate mass concentrations of 472 
these species as a bulk (not particle size-resolved). After the aerosol dynamics steps in the MATCH-473 
SALSA model they are partitioned to different particle-sizes. The model particle radii are not affected 474 
by this “post-dynamics” addition of nitrogen species and the partitioning on different sizes are only 475 
introduced as a way of describing the particulate nitrogen mass size distribution. 476 

The following particulate nitrogen-species are included in MATCH-SALSA: ammonium sulfate 477 
[(NH4)2SO4], ammonium nitrate [NH4NO3] and coarse mode nitrate.  478 

These species are all treated outside the SALSA-module and the ammonium chemistry scheme and 479 
gas-particle partitioning are very simplified:  480 

NH3(g) reacts instantaneously (and irreversibly) with available sulfate and form ammonium sulfate 481 
(NH4)2SO4, which is distributed over different particle sizes according to the sulfate distribution in 482 
MATCH-SALSA.  483 

If there is excess NH3(g) available, ammonium nitrate can be formed via the reaction: 484 

NH3(g) + HNO3(g) ↔ NH4NO3(p).  485 

The ammonium nitrate is assumed to be in equilibrium and the dissociation constant of NH4NO3 is 486 
dependent on relative humidity and temperature, using the equations and parameters from 487 
Mozurkewich (1993). Ammonium nitrate is distributed over different particle sizes according to the 488 
available aerosol surface area.  489 

We will add this information, together with the full description of the gas-phase photochemistry 490 
scheme, in a Supplement to the article. We will also update the text in Section 2.2 as follows: 491 

Particulate nitrogen species are described by a simplified chemistry scheme (see Supplement), 492 
currently handled outside SALSA. Ammonium bound to sulfate was distributed according to the size-493 
distribution of particulate sulfate. Ammonium nitrate was distributed according to the available 494 
aerosol surface area. Coarse nitrate was treated separately as a simple tracer compound (not included 495 
in the MATCH-SALSA particle modes).   496 

R4. More details on the treatment of the emission of primary particle components, in terms of mass 497 
and number need to provided, and how consistency between mass and number of emitted particles is 498 
ascertained. Elemental Carbon (EC) is not defined in the first size range (nucleation and Aitken 499 
modes) despite EC is emitted from various combustion sources (mainly from residential biomass 500 
burning and traffic) in the Aitken size range. The attribution of EC should be revised for the PNC 501 
modelling on the European scale where many regions are under the influence of combustion sources. 502 

A4. Particle number emissions are calculated based on the sectoral mass-based emission size 503 
distributions from Visschedijk et al. (2009), as referred to in the manuscript. We will add the 504 
following sentences to Section 3 of the manuscript to further clarify how the emissions were treated: 505 
Details about the size distributions are also given in the Supplement (Table 4, page 16). Emissions 506 
from most SNAP sectors are described by uni-modal distributions; emission from two sectors 507 
(international shipping and SNAP sector 4: production processes) are described by bimodal 508 
distributions.   509 
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EC is not included in the nucleation and Aitken modes in SALSA. The fact that EC is not included in 510 
the Aitken mode is a shortcoming in the model, which will be updated in future model versions of 511 
MATCH-SALSA. We will add a discussion of the missing EC-emissions in the Aitken mode in the 512 
revised manuscript. 513 

R5. Nucleation is solved concurrently with condensation using the methodology by Jacobson (2002). 514 
Coupling nucleation with growth avoids that one of these processes is favored over the other in the 515 
operator splitting. However, the manuscript states that several nucleation options exist in MATCH-516 
SALSA, including for example the activation of sulfuric acid and organic vapors, while the original 517 
methodology by Jacobson (2002) was derived for homogenous binary nucleation. Despite the authors 518 
mention that the alternative nucleation options are only used in part 2 of the manuscript, it is 519 
recommended to present the detailed algorithm for the coupling of sulfuric acid – organic nucleation 520 
with growth (give equations!) in part 1. 521 

A5. Since the organic nucleation scheme is not used in the model simulations presented in Paper 1 we 522 
will add the detailed algorithm in a Supplement to the article and as an appendix to this reply.  523 

R6. It is suggested to split section 2.3 into two sections, one that deals with deposition and one that 524 
deals with cloud droplet activation. If there is any interaction between the two processes in MATCH-525 
SALSA, it has to be stated more clearly as it is the case now. Based on the current description it is not 526 
obvious why there is a need for online calculation of cloud condensation nuclei, since the fraction of 527 
activated cloud droplets in the standard version of MATCH-SALSA is only inferred from the fraction 528 
of particles that are located in grid boxes covered with cloud. That can be done equally well in a 529 
simple post-processing of the model output. 530 

A6. One of the wet scavenging schemes (though not used in the evaluated version) is coupled to the 531 
CDNC formation, and for this reason it is needed online. This is also the reason for including this in 532 
the deposition section. We will make an effort to clarify this to avoid future confusion.  533 

R7. Provide reasons for the underestimation of total PNC at Northern and Central European sites and 534 
of accumulation mode particle numbers at all sites, in the Abstract and in the Conclusions. The list of 535 
planned developments given at the end of the manuscript is useful, but it does not replace a discussion 536 
on how missing processes or inadequate parameterizations have affected the presented model results. 537 
Specifically, it has to be assessed how the obvious shortcomings in the treatment of BSOA and 538 
nucleation mechanism affected the prediction of total PNC. 539 

A7. There is an underestimation in all size ranges in three of the northern and central European sites. 540 
This may be due to problems with wet scavenging or a combination of problems. For the accumulation 541 
and Aitken modes the problem can be due to underestimated primary emissions. The underestimation 542 
in the nucleation mode implies either a low-biased nucleation mechanism or a too efficient removal 543 
(deposition). Further, EC is not included in the Aitken mode in the model (the mass and resulting 544 
particle number emissions are distributed on larger particle sizes). This is a model deficiency leading 545 
to underestimated total particle number concentration (in the Aitken mode and subsequently in larger 546 
sizes as well). Further organic nucleation is not included as a nucleation process in the evaluated base 547 
case simulation resulting in possible underestimation of nucleation in areas of high BSOA. Sensitivity 548 
tests including organic nucleation will be discussed in part 2 of the paper (Andersson et al., 2014) but 549 
a lot of the material is available in the Supplement  to the present manuscript (which is available for 550 
the reviewer). The sensitivity tests indicate increases of the PNC when including organic nucleation, 551 
but there is still underestimation at most sites.  552 

We will add a similar discussion on possible reasons for the underestimation of PNC at Melpitz, 553 
Hyytiälä and Aspvreten to the manuscript, including mentioning it in the abstract and conclusions.   554 

 555 

Replies to technical comments 556 

P 3268 L17-20 when discussing modal vs. sectional schemes, examples for the application of both in 557 
aerosol dynamics models and the corresponding literature references should be given. How does the 558 
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sectional approach compare with the modal approach? Mention some advantages and disadvantages of 559 
both. 560 

A. We will update the text as follows (partly also based on comments by Referee#2):  561 
 562 
In bulk schemes, typically the total mass concentration of particles, or the mass in a certain size 563 
interval is modeled – which has been a method of choice in MATCH (before the present work). 564 
LOTUS-EUROS (Schaap et al., 2008) and DEHM (Christensen, 1997; Frohn et al., 2002) are two 565 
other examples of bulk scheme models.  566 
 567 
In modal schemes, the aerosol size distribution is represented with a small number of modes, typically 568 
assuming lognormal size distribution shapes for the modes. The description of new particle formation 569 
is limited in modal schemes. Modal schemes are computationally more expensive than the bulk 570 
approach, but less than the sectional, which is why they are common in regional and global CTMs and 571 
climate models, e.g. the Regional Particulate Model (Binkowski and Shankar, 1995), CMAQ (Byun 572 
and Schere, 2006), CAM5-MAM3 (Liu et al., 2012), TM5 (Aan de Brugh et al., 2011), GLOMAP-573 
mode (Mann et al., 2012), EMAC (Pringle et al., 2010), ECHAM5-HAM2 (Zhang et al., 2012), GISS-574 
MATRIX (Bauer et al., 2008). 575 
 576 
The sectional scheme, in which the size distribution is represented by a large number of discrete bins, 577 
is the most flexible and accurate choice – but computationally the most expensive. Many modern 578 
CTMs and global climate models (GCMs) include the sectional approach, e.g. PM-CAMx (Fountokis 579 
et al., 2011), GLOMAP-bin (Spracklen et al., 2005a, 2011; Reddington et al, 2011), ECHAM5-580 
SALSA (Bergman et al., 2012), and GISS-TOMAS (Lee and Adams 2010). Mann et al. (2014) 581 
compare the performance of 12 global aerosol microphysics models using modal and sectional 582 
approaches. We will discuss our performance in relation to theirs. 583 

 584 

P3268 L21-23 PM-CAMx and GLOMAP are mentioned as two examples of CTMs that include 585 
aerosol dynamics and are applied on the European scale. Give a short summary of the shortcomings of 586 
these models with respect to their capability to predict observed PNC in Europe. 587 

A. We will add a description on the performance of other models and compare these to our 588 
own. 589 

P 3269 L2 Exemplify briefly what the new model features of MATCH-SALSA are. 590 

A. We will specify that the new features are the description of aerosol microphysics and 591 
particle number size distribution. 592 

P 3269 L22-23 "makes it possible to describe PNC and the mixing state of the particles." Revise 593 
language. It has to be explained more precisely what this entails: physical treatment, computation, 594 
model output, etc. It should also be stated briefly which size distributions are defined, with reference 595 
to section 3 where this is explained in more detail. 596 

B. We will update the manuscript: The coupling of SALSA to MATCH introduces a 597 
model description of particle microphysics and aging in the model. New features include particle 598 
nucleation, condensation, coagulation and activation; leading to a description of the temporal 599 
evolution of the particle number size distribution in a number of bins, through the sectional approach. 600 
Further the model describes the mixing state of the particles. For further details on the new physical 601 
treatment of aerosol microphysics and the particle size distribution see Section 2.2 as well as further 602 
details on the specific set up in this study in Section 3. SALSA was chosen for this task since it was 603 
developed with the focus of describing the particle number concentration and e.g. includes several 604 
nucleation mechanisms. Especially the fact that SALSA uses the sectional approach for describing the 605 
aerosol size distribution gives it an advantage over modal aerosol models in simulating new particle 606 
formation (e.g. Korhola et al. 2014). 607 

P3269 L26 "New emissions are emitted"; revise language of this sentence. 608 
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A. We will change the sentence to: The integrations are based on the meteorological time 609 
step (dtmet) starting with reading or interpolation of weather data, reading emissions, and setting of 610 
lateral and top boundary concentrations of chemical species. 611 

P3270 L2 Replace "model chemistry" by "model gas-phase chemistry". 612 

A. Not only gas-phase chemistry is included, also a few aqueous phase and heterogenous reactions are 613 
included in the chemistry scheme. These are described in section 2.1 and we will add a complete list of 614 
the chemical reactions included in the model in a Supplement to the article. 615 

P3270 Footnote 1 The footnote should be included in the main text because otherwise it is difficult 616 
for the reader to comprehend the statement on P. 3286, line 1; which explains the underestimation of 617 
OC and PM peaks at Melpitz by a vegetation fire episode. 618 

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

P3271 L5. Describe the coupling between gas-phase chemistry and aerosol dynamics. How frequently 620 
are gas-phase concentrations of the relevant species (e.g. sulfuric acid) updated by the changes due to 621 
condensation and nucleation? 622 

A. The chemistry (e.g. oxidation of SO2 to H2SO4) is solved prior to SALSA using the 623 
kinetic pre-processor (KPP).  There is no sub-time-step in SALSA. Some further details are given in 624 
the Supplement on the model time steps, in addition to what is given in the manuscript. We will add a 625 
reference to the Supplement in the manuscript, and clarify that there is no internal sub-time stepping 626 
between the chemistry and SALSA or within SALSA itself.   627 

P3271 L17-19. A complete list of the reactions of the MATCH-SALSA model is missing in the 628 
manuscript and in the Supplement. 629 

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

P3273 L5 The reference to the paper by Lehtinen et al. (2007) is missing in the list of References. 633 

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

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

A.  The reviewer is correct in that Jacobson (2002) has demonstrated the scheme to be 639 
accurate over time step length of 7200 s, when condensation is the only operative aerosol 640 
dynamical process. We will clarify that it is meant for condensation as the only operative 641 
process in the manuscript. 642 

P3277 L7 Replace "(PM2.5 and PM1)" by "(PM1 and PM2.5)". 643 

A. Ok, the order will be changed. 644 

P3277 L18 Why was Mace Head chosen as a station for evaluation of PNC? It is known that new 645 
particle formation at Mace Head occurs via nucleation of iodine oxides (e.g. Saiz-Lopez et al., 2006). 646 
Therefore it cannot be reproduced by a model that uses nucleation parameterizations for sulfuric acid 647 
clusters. 648 

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

P3278 L9 High PNC in nucleation mode along shipping lanes are probably artificial since kinetic and 650 
activation nucleation parameterizations tend to overestimate the nucleation rate in the ship plume (e.g. 651 
Metzger et al., 2010). 652 

A. We will add the following sentence to the manuscript: Metzger et al. (2010) have 653 
shown that the high PNC found in oceanic regions with large ship emissions could be caused by 654 
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overestimated nucleation when traditional activation type nucleation schemes are used; they found that 655 
a nucleation scheme involving both organic molecules and sulfuric acid led to much lower PNC over 656 
oceans in better agreement with observations. 657 

P3280 L4-5. This explanation is in contradiction with the fact that the formation of <3 nm particles is 658 
parameterized as J3 according to Lehtinen et al., 2007 (see P. 3273, line 4-5). 659 

A. Here we refer to the fact that 3nm particles do not grow to large enough sizes by 660 
condensation. This is why we do not see the contradiction between us using the 3nm particle 661 
formation according to Lehtinen et al. (2007) and a modelled maximum occurring at too small 662 
sizes compared to observations being explained by underestimated condensation in the model.    663 
 664 
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Abstract 18 

We have implemented the sectional aerosol dynamics model SALSA (Sectional Aerosol 19 

module for Large Scale Applications) in the European scale chemistry-transport model 20 

MATCH (Multi-scale Atmospheric Transport and Chemistry). The new model is called 21 

MATCH-SALSA. It includes aerosol microphysics, with several formulations for nucleation, 22 

wet scavenging and condensation.  23 

The model reproduces observed higher particle number concentration (PNC) in central 24 

Europe and lower concentrations in remote regions. The modeled PNC size distribution peak 25 

occurs at the same or smaller particle size as the observed peak at four measurement sites 26 

spread across Europe. Total PNC is underestimated at Northern and Central European sites 27 
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and accumulation mode PNC is underestimated at all investigated sites.  The low nucleation 31 

rate coefficient used in this study is an important reason for the underestimation. On the other 32 

hand the model performs well for particle mass (including secondary inorganic aerosol 33 

components), while elemental and organic carbon concentrations are underestimated at many 34 

of the sites.  35 

Further development is needed, primarily for treatment of secondary organic aerosol, in terms 36 

of biogenic emissions and chemical transformation. Updating the biogenic SOA scheme will 37 

likely have a large impact on modeled PM2.5 and also affect the model performance for PNC 38 

through impacts on nucleation and condensation.  39 

 40 

1 Introduction 41 

Most aerosol properties relevant to climate are both size and chemical composition dependent. 42 

Thus, there is a need to resolve the size distributions of particle mass, number and chemical 43 

composition in climate models (e.g. Chen and Penner, 2005; Roesler and Penner, 2010). 44 

Aerosol particles also have adverse effects on human health (e.g. Pope and Dockery, 2006), 45 

which depend on particle size and chemical composition (WHO, 2013). In particular, ultrafine 46 

particles (with diameter less than 100nm) may be important for impacts on human health (e.g. 47 

Oberdörster et al., 1995; Peters et al., 1997; Knol et al., 2009), but there is still limited 48 

epidemiological evidence on their effects on health (WHO, 2013). The ultrafine particles do 49 

not contribute significantly to the particle mass concentration (PM) but they constitute a large 50 

proportion of the particle number concentration (PNC). Aerosol microphysical processes need 51 

to be considered in greater detail in order to describe PNC and size distributions accurately 52 

(e.g. Adams and Seinfeld, 2002). This has led to an increased need for realistic treatment of 53 

aerosols in atmospheric models. 54 

A number of CTMs, which are used operationally for simulating atmospheric chemistry in 55 

Europe, were recently reviewed by Kukkonen et al. (2012). The aerosol descriptions in such 56 

models can be classified into three main categories: bulk schemes, modal schemes (Whitby 57 

and McMurry, 1997) and sectional schemes (Gelbard et al., 1980). In bulk schemes, typically 58 

the total mass concentration of particles, or the mass in a certain size interval, is modeled. 59 

LOTUS-EUROS (Schaap et al., 2008), DEHM (e.g.  Frohn et al., 2002) and the EMEP MSC-60 

W model (Simpson et al., 2012) are examples of bulk type models.  61 
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In modal schemes, the aerosol size distribution is represented by a small number of modes, 106 

typically assuming lognormal size distribution for the modes. The description of new particle 107 

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

than simple bulk schemes, but less than the sectional approach, which is why they are 109 

commonly used in regional and global CTMs and climate models, e.g. the Regional 110 

Particulate Model (Binkowski and Shankar, 1995), CMAQ (Byun and Schere, 2006), CAM5-111 

MAM3 (Liu et al., 2012), TM5 (Aan de Brugh et al., 2011), GLOMAP-mode (Mann et al., 112 

2012), EMAC (Pringle et al., 2010), ECHAM5-HAM2 (Zhang et al., 2012), GISS-MATRIX 113 

(Bauer et al 2008).  114 

The sectional scheme, in which the size distribution is represented by a large number of 115 

discrete bins, is the most flexible and accurate choice – but computationally the most 116 

expensive. Many modern CTMs and global climate models (GCMs) include the sectional 117 

approach, e.g. PM-CAMx (Fountoukis et al., 2011), GLOMAP-bin (e.g. Reddington et al., 118 

2011), ECHAM5-SALSA (Bergman et al., 2012), and GISS-TOMAS (Lee and Adams 2010). 119 

PM-CAMx and GLOMAP-bin make the assumption of internally mixed particles, in 120 

GLOMAP described by 20 size bins, whereas GISS-TOMAS includes externally mixed 121 

particles described by 30 size bins. Such a high size bin resolution is computationally 122 

demanding. GLOMAP uses prescribed monthly-mean oxidant fields. Mann et al. (2014) 123 

compared the performance of 12 global aerosol microphysics models using modal and 124 

sectional approaches.  125 

The standard version of the MATCH (Multi-scale Atmospheric Transport and Chemistry) 126 

model (Robertson et al., 1999; Andersson et al., 2007) uses a simple bulk scheme for treating 127 

aerosols, with four size bins for primary particles, without any aerosol dynamics treatment 128 

(except hygroscopic growth in some model versions), but with dry and wet deposition of 129 

primary particles being dependent on particle size. The particle species considered in previous 130 

applications (e.g. Andersson et al., 2007; Andersson et al., 2009) were primary anthropogenic 131 

elemental carbon (EC), organic carbon (OC) and non-carbonaceous particles, as well as 132 

secondary inorganic aerosol (sulfate, nitrate, ammonium) and sea salt particles. Secondary 133 

organic aerosol was not included in the model. PNC formation and growth was not described.  134 

MATCH was adapted to assess anthropogenic ultrafine particles in an urban environment in a 135 

previous study (Gidhagen et al., 2005); seven monodisperse sizes were used and the aersosol 136 
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dynamics considered water uptake, coagulation and dry deposition, but without inclusion of 193 

nucleation or condensation processes.  194 

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

for online coupling to oxidation of organics and sulphur compounds, resulting in a coupled 196 

photo-chemistry and aerosol dynamics description. Further, MATCH contains a number of 197 

advanced features, including data assimilation (Kahnert 2008) and inverse modeling of 198 

aerosol optics of both surface observations and satellite data (Kahnert 2009). These 199 

assimilation techniques are uncommon in models that include advanced aerosol dynamics. 200 

We have implemented the sectional aerosol dynamics model SALSA (Sectional Aerosol 201 

module for Large Scale Applications; Kokkola et al., 2008) in the European scale CTM 202 

MATCH (Robertson et al., 1999; Andersson et al., 2007). SALSA was chosen since it was 203 

developed to describe the PNC well; it includes several nucleation mechanisms and the 204 

sectional approach used in SALSA, to describe the aerosol size distribution, is an advantage 205 

for simulating new particle formation (e.g. Korhola et al. 2014). The coupling of SALSA to 206 

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

features include particle nucleation, condensation, coagulation and activation; leading to a 208 

description of the temporal evolution of the particle number size distribution in a number of 209 

bins, through the sectional approach. The model also describes the mixing state of the 210 

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

described in Section 2.2; further details about the specific set-up used in this study are given 212 

in Section 3.  We discuss the performance of MATCH-SALSA in relation to other models in 213 

Section 4. 214 

This paper presents the resulting new aerosol dynamics version of the MATCH model; the 215 

new model is called MATCH-SALSA. The model was detailed in a report from SMHI 216 

(Andersson et al., 2013), which is included as Supplement to this paper (Supplement A). In 217 

this paper, we highlight the main new features and present the results from evaluation tests. In 218 

a second paper (Andersson et al., 2014) results from various sensitivity tests will be presented. 219 

The aim of MATCH-SALSA is to describe particle mass and number concentrations, and 220 

particle size distribution on the European scale. The new model features – inclusion of 221 

sectional descriptions of aerosol microphysics and particle number size distributions – are 222 

developed with the aim to couple the MATCH-SALSA model to climate models and radiative 223 

Flyttad (infogning) [1]

Flyttad (infogning) [2]
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transfer calculations; the new model can also be utilized for the estimation of human exposure 231 

to particles of different sizes.  232 

 233 

2 Description of MATCH-SALSA  234 

The layout of MATCH-SALSA is illustrated in Fig. 1. After initializations are completed the 235 

model integrates over time. The integrations are based on the meteorological time step 236 

(dtmet), starting with reading or interpolation of weather data, reading emissions, and setting 237 

lateral and top boundary concentrations of the chemical species. After this, the emissions are 238 

injected and model transport fluxes are calculated with the internal sub-stepping time steps. 239 

Subsequently, the model gas- and wet-phase chemistry, aerosol microphysics and cloud 240 

droplet number concentrations are calculated. Meteorological data are read at regular 241 

intervals, typically every three or six hours. Boundary conditions may be updated at 242 

compound dependent time intervals.  243 

Natural and anthropogenic emissions are included in the model. Sea salt and isoprene 244 

emissions are calculated online, whereas anthropogenic and other emissions (volcanic sulfur, 245 

marine DMS and biogenic monoterpenes) are given as input data to the model in the set-up 246 

used in the present study. All primary particle components are emitted both as mass and 247 

number. Sea salt emissions are modeled as described by Foltescu et al. (2005) but modified to 248 

allow arbitrary size bins. For the smallest bins (diameter ≤ 1 µm) the description by 249 

Mårtensson et al. (2003) was used; for larger sizes the sea salt generation function was taken 250 

from Monahan et al. (1986). Biogenic emissions of isoprene are calculated using the E-94 251 

isoprene emission methodology proposed by Simpson et al. (1995). Emissions from wildfires 252 

and agricultural burning are not included in the present version of the model. 253 

The transport model includes advective and turbulent transport. Particle number and mass are 254 

transported independently in MATCH-SALSA. The transport scheme is described in detail in 255 

Robertson et al. (1999). 256 

 257 

2.1 Chemistry 258 

The original MATCH photochemistry scheme (Langner et al., 1998) was, to a large extent, 259 

based on the EMEP MSC-W (European Monitoring and Evaluation Programme 260 
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Meteorological Synthesizing Centre - West) scheme (Simpson, 1992; Simpson et al., 1993), 271 

but with an alternative treatment of isoprene chemistry, using an adapted version of the Carter 272 

1-product mechanism (Carter, 1996; Langner et al., 1998). A simplified mixture of a dozen 273 

representative compounds (“lumped molecules”) is used to model all organic molecules 274 

emitted to the atmosphere (e.g., o-xylene represents all emitted aromatic species). 275 

The gas-phase chemistry scheme in MATCH has remained mostly the same since 1998, but a 276 

number of reaction rates have been updated, taking into account new recommendations from 277 

IUPAC (Atkinson et al., 2006) and the Master Chemical Mechanism, MCM v3 (Jenkin et al., 278 

1997; Saunders et al., 2003, via website: http://mcm.leeds.ac.uk/MCM); a few new gas phase 279 

components have also been added to the scheme. The revision of the MATCH chemistry 280 

scheme was based closely on the updates done in the EMEP MSC-W model, during 2008-281 

2009, as documented by Simpson et al. (2012); the updated gas-phase reaction scheme in 282 

MATCH is mostly identical to the EMEP MSC-W EmChem09 scheme of Simpson et al. 283 

(2012), but, for isoprene the scheme from Langner et al. (1998) is retained (with some 284 

reaction rates updated to new recommended values from IUPAC (Atkinson et al., 2006), see 285 

Supplement B). 286 

In addition to gas-phase chemistry, aqueous-phase oxidation of SO2 in cloud water (based on 287 

Berge, 1992) and a few heterogeneous reactions for nitrogen compounds are included in the 288 

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

been made and the scheme used in the present work consists of ca 140 thermal, wet and 290 

photolysis reactions, including ca. 60 different chemical species.  291 

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

from biogenic monoterpene emissions; α-pinene is used as a surrogate for all monoterpenes. 293 

In the present study, we assume rapid formation of condensable SOA after gas-phase 294 

oxidation of α-pinene (by O3, OH or NO3; oxidation rates are based on MCM v3.2, 295 

http://mcm.leeds.ac.uk/MCM); we assumed that all oxidation paths for α-pinene produce low-296 

volatility SOA-forming compounds, with 10% (mass-based) yield. These compounds are 297 

included in the condensation scheme for organic compounds in SALSA. The SOA-yield used 298 

here for α-pinene is relatively high compared to some reported SOA-yields for this 299 

monoterpene in smog-chamber experiments (e.g., Mentel et al., 2009, find about 5% yield). 300 

However, recent findings by Ehn et al. (2014), regarding formation of extremely low-301 

volatility organic compounds from ozonolysis of α-pinene, indicate that SOA-yields from this 302 
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process may be higher than 10% above forest canopies. We also note that there are recent 319 

studies that indicate that SOA-yields based on smog-chamber studies may be underestimated 320 

by up to a factor of four, due to wall losses of gas-phase semi-volatile organic (Kokkola et al., 321 

2014; Zhang et al., 2014). Note that the simplified BSOA “scheme” used in the present study 322 

is included to test the organic-aerosol parts of MATCH-SALSA, with minimal changes to the 323 

standard photochemistry scheme; it is not expected to model BSOA formation in a very 324 

realistic way compared to real-world conditions but, given the high uncertainties in 325 

monoterpene emissions and the neglect of other BSOA-forming emissions, it was considered 326 

a reasonable approach for the development phase of MATCH-SALSA.  327 

The chemical equations are solved prior to SALSA. There is no internal sub-stepping between 328 

the chemistry and SALSA (cf. Figure 1). For a detailed description of the MATCH chemistry 329 

scheme, including a full list of the reactions and reaction rates, see Supplement B. 330 

 331 

2.2 Aerosol microphysics 332 

The SALSA model was designed to obtain a balance between computational efficiency and 333 

numerical accuracy. This was reached by keeping the number of tracer variables low, by 334 

using a relatively coarse particle size resolution, and including only the relevant chemical 335 

compounds in different particle size ranges (see Kokkola et al., 2008). The size resolution is 336 

varying across the size spectrum, with higher resolution for particles that are crucial in cloud 337 

activation and for aerosol radiative properties.  338 

Aerosol number and mass concentrations are described by three size ranges, divided into size 339 

bins with equidistant distribution of the bins on the log-normal scale. The number of bins in 340 

each subrange and the size limits of the subranges are flexible. The level of mixing differs 341 

between the subranges: 342 

i.  In the smallest subrange, all particles are internally mixed.  343 

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

In this subrange, we assume that soluble compounds (sulfate, sea salt, and soluble 345 

organics) are emitted to so called soluble bins whereas insoluble compounds (black 346 

carbon, mineral dust, and insoluble organics) are emitted to the insoluble bins.  347 
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iii.  In the largest subrange, there are three externally mixed size bins: 1) soluble, into 353 

which the above-mentioned soluble compounds are emitted, 2) cloud active insoluble 354 

particles, which are mainly composed of insoluble compounds, but which have enough 355 

soluble material to activate as cloud droplets, and 3) freshly emitted insoluble range, 356 

into which insoluble compounds are emitted.  357 

In addition, the chemical compounds that are treated in each size range are chosen depending 358 

on the compounds that are relevant to that size of particles in the atmosphere (for details, see 359 

Kokkola et al., 2008): 360 

i. The first size range (nucleation and Aitken modes) includes sulfate (SO4
2-) and OC  361 

ii.  The second (accumulation mode) size range includes SO4
2-, EC, OC, sea salt (NaCl) 362 

and mineral dust in two externally-mixed parallel size bins for each size section. 363 

iii.  The third (coarse mode) size range also includes SO4
2-, EC, OC, sea salt (NaCl) and 364 

mineral dust in three externally-mixed particle types: sea salt, “insoluble dust” and 365 

“soluble dust”; all water soluble compounds, including SO4
2- and OC, are combined in 366 

the “soluble dust” type.  367 

Note that EC is not included in the Aitken mode, which is a shortcoming of MATCH-368 

SALSA. The reason for this choice in SALSA was to reduce the CPU burden.  369 

The hygroscopicity of the aerosol is calculated using the Zdanowskii-Stokes-Robinson 370 

method (Jacobson, 2002). At the end of each microphysical time step the size distribution is 371 

updated to take into account growth of particles due to dynamic and chemical transformation 372 

processes.  373 

Nitrate in coarse mode particles is treated separately as a simple tracer compound. Other 374 

particulate nitrogen species are described by a simplified chemistry scheme (see Supplement 375 

B), currently handled outside SALSA, i.e. ammonium salts (e.g. ammonium nitrate) are not 376 

taken into account in the modeling of the aerosol microphysical processes. After the aerosol 377 

microphysical processes have taken place, ammonium bound to sulfate is distributed 378 

according to the size-distribution of particulate sulfate and ammonium nitrate is distributed 379 

according to the available aerosol surface area. However, this condensation of ammonium and 380 

nitrate do not affect the particle radius in the model, thus they do not influence shape of the 381 

size distribution. A possible consequence of the simplified treatment can be underestimation 382 

of condensational growth, which may cause overestimation of nucleation, due to a too small 383 
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condensational sink for the nucleation mode particles. The lack of ammonium nitrate 407 

condensation in the aerosol microphysics could cause underestimation of cloud droplet 408 

number concentration (CDNC).   409 

In this study nucleation is simulated through an activation type nucleation formulation 410 

(Kulmala et al., 2006; Riipinen et al., 2007) and the formation rate of 3 nm particles (J3) is 411 

calculated according to Lehtinen et al. (2007). Nucleation is solved concurrently with 412 

condensation, using the methodology of Jacobson (2002); this takes into account the 413 

competition of nucleation and condensation in the mass transfer of volatile species between 414 

gas and particle phase. The MATCH-SALSA model also includes other nucleation schemes, 415 

for example binary nucleation (Vehkamaki et al., 2002), ternary nucleation (Napari et al., 416 

2002a, 2002b) and activation of both H2SO4 and organic vapors (Paasonen et al., 2010; 417 

Supplement C). Tests of these alternative nucleation schemes will be presented in the 418 

companion paper (Andersson et al., 2014). 419 

The scheme used for gas-to-particle transformation is the Analytical Predictor of 420 

Condensation scheme, with saturation vapor pressure set to zero (Jacobson 1997). The 421 

scheme solves condensation and evaporation of semi-volatile compounds over a discrete time 422 

step. It is very well suited for large scale atmospheric models, such as MATCH, since it 423 

requires no iteration, it is mass conserving, and it has been shown to be accurate over time 424 

step length of 7200s when condensation is the only active process (Jacobson, 2005). 425 

Coagulation is described using a semi-implicit scheme (Jacobson 1994). Similarly to the 426 

condensation scheme, a semi-implicit coagulation scheme does not require iteration and it is 427 

mass conserving. Since coagulation is the (computationally) most time consuming 428 

microphysical process, it is neglected between aerosol pairs for which the coagulation 429 

efficiency is low. The detailed list of selected collision pairs accounted for in the coagulation 430 

routine is given in Kokkola et al. (2008). 431 

Further details of the SALSA model is given by Kokkola et al. (2008) and Bergman et al. 432 

(2012). 433 

 434 
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2.3 Deposition 449 

Dry deposition of trace gases is calculated with a simple resistance approach (Chamberlain 450 

and Chadwick, 1965), which depends on land use and season. Wet scavenging of most 451 

gaseous species is proportional to the precipitation intensity. For ozone, hydrogen peroxide 452 

and sulfur dioxide, in-cloud scavenging is calculated assuming Henry’s law equilibrium; sub-453 

cloud scavenging is neglected for these species.  For ozone sub-cloud scavenging is likely to 454 

be negligible; O3 has a very low solubility in water and wet deposition is not an important 455 

sink process for this specie. For SO2 the omission of sub-cloud scavenging is likely leading to 456 

a slight underestimation of the wet-deposition losses; but SO2 also has a relatively low 457 

solubility and a modeling study of wet scavenging of sulfur (Berge, 1993) found that sub-458 

cloud scavenging by precipitation was small (only about 1% of the total S-deposition was due 459 

to sub-cloud scavenging). The absence of sub-cloud scavenging for H2O2 probably leads to a 460 

substantial underestimation of wet deposition for this compound. In recent MATCH-model 461 

simulations, that included sub-cloud scavenging of H2O2, it was found that sub-cloud 462 

scavenging contributed about 20-40% to the total wet deposition of H2O2. Wet and dry 463 

deposition of gases in the MATCH-model is described in detail by Andersson et al. (2007).  464 

Particle dry deposition (including the effects of hygroscopic growth) is calculated using a 465 

scheme based on Zhang et al. (2001), adapted to a smaller set of land use classes (Water, 466 

Forest, Low vegetation and Vegetation-free land areas). More details regarding the dry 467 

deposition of particle species are given in Supplement A. 468 

Particles are wet deposited through incloud and subcloud scavenging. The incloud scavenging 469 

depends on the fraction of cloud water (or ice) that is precipitated in each grid box, the 470 

fraction of the box that is cloudy, the concentration of particles and the fraction of particles in 471 

each particle size bin that are inside the cloud droplets. MATCH-SALSA includes a 472 

simplified scheme, based on Seinfeld and Pandis (1997), to estimate the fraction of particles 473 

that are activated as cloud droplets (and thus are located inside the droplets) – in-cloud 474 

particles larger than 80nm in diameter are considered activated as cloud droplets. This 475 

simplified description is used in the present study. 476 

A more advanced (and CPU-time consuming) formulation for cloud activation is also 477 

implemented in MATCH-SALSA. The model can be run coupled to an online cloud 478 

activation model that computes CDNC based on the prognostic parameterization scheme of 479 

Abdul-Razzak and Ghan (2002). The number of activated particles in each size bin is 480 
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determined by the particle size distribution, their number concentration and chemical 517 

composition, as well as the updraft velocity and the maximum supersaturation of the air 518 

parcel. Running the model with particle activation is optional. Optionally, the resulting 519 

activated particle fraction in each size bin can be used for calculation of incloud scavenging of 520 

particles. In this formulation the activated fraction of each particle class is calculated in each 521 

time step for each grid point. The online cloud-activation scheme was not used in the present 522 

study, but in Supplement A it is compared to the simplified scheme used here. 523 

The subcloud scavenging in the model is treated in a similar way as by Dana and Hales 524 

(1976). In MATCH-SALSA, a simplified approach is used, where a monodisperse washout 525 

coefficient is calculated for each particle bin, and a standard rain drop spectrumb is assumed 526 

for all precipitation. The washout coefficient (i.e., the fraction of a species that is removed by 527 

precipitation below clouds) depends on precipitation amount and takes into account particle 528 

collection by Brownian diffusion, inertial impaction and interception. The total wet deposition 529 

is the sum of the incloud and subcloud scavenging. 530 

Further details on the wet scavenging of particles are given in Supplement A and in the 531 

companion paper Andersson et al. (2014).  532 

 533 

3 Model set up 534 

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

Section 4.  536 

Meteorological data is input at regular time intervals; here we used three-hourly fields from 537 

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

model. The meteorological data are interpolated to hourly resolution. The model domain 539 

covers Europe with a spatial resolution of ca 44km. The lowest model level is ca. 60m thick, 540 

and, in total, 22 vertical levels are used; the top level is at about 5km height. The vertical 541 

structure of MATCH-SALSA is the same as in the meteorological model; in this case hybrid 542 

(η) coordinates, with shallow terrain following layers close to the ground and thicker pressure 543 

levels higher up.  544 

                                                 
b
 A representative frontal rain spectrum is used, Rg=0.02 cm, Σg=1.86 (Dana and Hales, 1976). 
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For the aerosol size distribution, the following settings were used (see Fig. 2): The first 561 

subrange covered the diameter interval 3-50nm, with three log-normally distributed size bins; 562 

the second subrange covered the diameter interval 50-700nm, with four bins each for soluble 563 

and insoluble particle types; the third subrange covered the diameter size range 700nm-10µm, 564 

with three size bins for each of the following three particle types: seasalt, soluble particles and 565 

insoluble particles.  566 

The top and lateral boundary concentrations of gaseous and particle species, including 567 

seasonal variation for some species, were set as described in Andersson et al. (2007). 568 

However, boundary concentrations of particulate organic matter (OM) on the southern, 569 

western and northern boundary were set based on marine OM measurements (O’Dowd et al. 570 

2004). 571 

In the present study, biogenic emissions of monoterpenes (MT) were based on monthly 572 

emissions of MT taken from the EMEP MSC-W model (Bergström et al., 2012; Simpson et 573 

al., 2012). The BVOC-emissions are highly uncertain. With four different chemical transport 574 

models Langner et al. (2012) predicted European isoprene emissions within about a factor of 575 

five; we do not expect the uncertainty in the monoterpene emissions to be lower than for 576 

isoprene. Considering the large uncertainties, emissions tests with varying terpene emissions 577 

were performed; decreased underestimation in March and July 2007 for PNC and 578 

accumulation mode PNC, and improved temporal variation in March 2007 was found at the 579 

four measurement sites (see Supplement A) when using three times larger emissions than 580 

those taken from the EMEP MSC-W model. For this reason, the MT emissions in the base-581 

case simulations in the present study were chosen to be three times higher than the 582 

corresponding emissions in the EMEP MSC-W model. We stress once more that the biogenic 583 

SOA description in the present MATCH-SALSA model set-up is incomplete and simplified – 584 

the aim is to test the first versions of MATCH-SALSA without introducing a complex and 585 

uncertain SOA scheme at the same time as introducing the aerosol dynamics module. The fact 586 

that model performance improved when the MT-emissions were tripled should not be 587 

interpreted as an indication that the MT-emissions are underestimated in the EMEP MSC-W 588 

model. A number of BVOC-emissions are missing in the MATCH-SALSA model (e.g., 589 

sesquiterpenes and other VOCs emitted by plants subject to stress; e.g. Bergström et al., 590 

2014). We also miss some other potentially important OA sources, such as wild fires (and 591 

other open burning), anthropogenic secondary OA and multigenerational aging of organic 592 
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compounds in the atmosphere. The increased BVOC-emissions in the model may lead to 601 

improved model results by compensating for other missing sources of OA or for too low SOA 602 

yields from BVOC-oxidation.  603 

The anthropogenic emissions of gases and primary aerosols are taken from the TNO-MACC 604 

emission inventory (Kuenen et al., 2011; Pouliot et al., 2012; see also the MACC - 605 

Monitoring the Atmospheric Composition and Climate - project web page http://www.gmes-606 

atmosphere.eu/). The TNO-MACC emissions are given as annual totals. Seasonal, weekday 607 

and diurnal variations of the emissions are based on results from the GENEMIS project 608 

(http://genemis.ier.uni-stuttgart.de/; Friedrich and Reis, 2004).  609 

The particle emissions of EC and OMc are distributed over different particle sizes according 610 

to sector resolved mass size distributions described by Visschedijk et al. (2009). Details about 611 

the size distributions are given in Supplement A (Table 4, page 16). Emissions from most 612 

SNAP sectors are described by uni-modal distributions, while emission from two sectors 613 

(international shipping and SNAP sector 4: production processes) are described by bimodal 614 

distributions.  615 

The emissions of oxidized sulfur (SOx) were split into 99% SO2 and 1% H2SO4. The split is 616 

intended to account for subgrid scale processes of gas phase transformation and gas-to-617 

particle partitioning. The distribution of SOx emissions between SO2 and more oxidized 618 

compounds is discussed in Spracklen et al. (2005b) – the fraction of SO2 increases with grid 619 

resolution and it is typically set to between 95-100% in European scale models. The assumed 620 

fractions have large uncertainties and it is not clear from the literature how to better partition 621 

SOx emissions between SO2(g), H2SO4(g) and particulate sulfate in modeling studies. The 622 

best distribution depends on model resolution (Spracklen et al., 2005b). Lee et al. (2013) have 623 

shown that the uncertainties in the sub-grid production of sulfate particles in plumes are more 624 

important for CCN uncertainty than the uncertainties in the total anthropogenic SO2 625 

emissions. Since we expect that the choice of distribution of SOx emissions has a large impact 626 

on the model results, we investigate this further in a companion paper (Andersson et al., 627 

2014). The size distribution of the emitted sulfate is the same as for OM. NOx and NMVOC 628 

emissions were handled in the same way as in Andersson et al. (2007). 629 

                                                 
c
 OM emissions are assumed to be distributed over different particle sizes in the same way as OC. 
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 646 

4 Evaluation of MATCH-SALSA  647 

In this section we compare our model results to observations at a number of measurement 648 

sites throughout Europe. The evaluated model results are extracted from the lowest model 649 

level. The statistical measures used are defined in Supplement A. We evaluate the PNC, both 650 

in terms of total number concentration, accumulation mode number concentration, and 651 

temporal and spatial distribution. We also evaluate the particle mass, including speciation of 652 

secondary inorganic aerosol, EC and OC.  653 

4.1 Measurement data  654 

Most measurement data were extracted from EBAS (http://ebas.nilu.no). Details of the 655 

stations used in the evaluation of particle number size distribution, PM1, PM2.5, EC and OC 656 

are given in Supplement A (Table 5). The secondary inorganic aerosol (SIA) components 657 

(nitrate, sulfate and ammonium) were evaluated against available measurements in the EMEP 658 

network for 2007 (http://www.emep.int).  659 

For evaluation of PNC, four stations from EBAS were chosen to represent different parts of 660 

Europe; all classified as rural background sites. Two of the measurement sites: Melpitz (in 661 

eastern Germany) and K-Puszta (in central Hungary), are relatively close to regions with large 662 

emissions. Hyytiälä (in the inland of southern Finland) and Aspvreten (ca 70 km south west of 663 

Stockholm, in south eastern Sweden) were chosen as regional background stations 664 

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

Europe.  666 

 667 

4.2 Model evaluation of PNC 668 

Fig. 3 shows the modeled annual mean PNC in Europe; both total PNC (Fig. 3a) and the PNC 669 

in the different model size bins up to 700nm are shown (Fig 3b-g). Corresponding measured 670 

annual mean PNC at the four measurement sites are also displayed in circles, for particle sizes 671 

where measurements are available.  672 

The largest modeled total PNC (Fig. 3a) are found in areas with high SOx emissions (e.g., 673 

areas around large point sources in Spain, Poland, south-eastern Europe, the Ukraine, Russia 674 
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and the area around Etna; as well as along shipping routes around the Iberian Peninsula and 702 

the Gibraltar strait). These results are in line with other model studies (e.g. Yu and Luo, 2009; 703 

Spracklen et al., 2010; Ahlm et al., 2013).  704 

Most of the total PNC in the model resides in the Aitken mode bins (particle diameters 7-705 

20nm and 20-50nm; Figs. 3c and 3d). The highest PNCs in the smallest bin (Fig. 3b), 706 

indicating recent nucleation, are found in in Russia and Ukraine Increased values in this bin 707 

are also seen along the shipping lanes; the modeled high nucleation in marine areas is not in 708 

agreement with observations (Heintzenberg et al., 2004). Metzger et al. (2010) found similar 709 

nucleation over oceanic regions with large sulfur emissions when traditional activation type 710 

nucleation mechanisms were used; their results with a new organic activation mechanism 711 

captured the observed lack of nucleation in marine areas, indicating that organic molecules 712 

may have a critical role in the nucleation.  713 

The Aitken mode PNC pattern (Figs. 3c and 3d) is similar to the total PNC distribution (Fig. 714 

3a). The highest concentrations are found in areas in Spain, Turkey, Former Yugoslavia, 715 

Bulgaria, and north-eastern Russia, and around the volcano Etna. The highest accumulation 716 

mode (50-700nm) PNCs (Figs. 3e-h) are found in southern Europe. This is partly due to 717 

relatively large emissions of primary fine particles and gaseous SOx, and partly due to less 718 

precipitation in southern Europe, compared to the north and west, allowing accumulation 719 

mode particles to reside longer in the atmosphere. 720 

We evaluate the model performance (see Figs. 4 - 6) in terms of total and accumulation mode 721 

particle number concentration (PNC and PNCa, respectively) against observations at the four 722 

European surface sites.  Due to seasonal differences in emissions and atmospheric processes, 723 

we separate performance during summer half-years (April-September) from winter (October-724 

March). For example, residential biomass burning emissions are much higher during winter 725 

than during summer, while biogenic VOC emissions are largest during summer. Both these 726 

sources are associated with large uncertainties regarding the emissions and modeling. It 727 

should be noted that the size ranges for PNC and PNCa vary between the stations depending 728 

on the measurement interval.  729 

 730 
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4.2.1 Spatial distribution  746 

Modeled total PNC shows moderate to poor agreement with the observations (Fig. 4a). At 747 

most sites the deviation between observed and modeled mean is large both in summer and 748 

winter, and the correlation coefficients for daily mean PNC are low (r range from 0.05 to 749 

0.66).  750 

The model captures the general observed features of lower total and accumulation mode PNC 751 

in the northern and north-western parts of Europe (Fig. 3). Aspvreten and Hyytiälä have the 752 

lowest modeled and observed PNCs (Fig. 4a). However, looking in more detail at the stations 753 

(Fig. 4) there are some discrepancies. Melpitz clearly has the highest observed total PNC 754 

(during both winter and summer; Fig 4a); the model severely underestimates the PNC at 755 

Melpitz and predicts much higher total PNC at K-Puszta than at Melpitz. The highest 756 

observed accumulation mode PNCs are found at K-Puszta and Melpitz (the PNC are at similar 757 

levels for both seasons and both sites; Fig. 4b); just as for total PNC, the model predicts much 758 

higher accumulation mode PNC at K-Puszta than at Melpitz.  759 

Thus, the spatial distribution of PNC in the model is not in agreement with the observations. 760 

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

K-Puszta is a high rate of nucleation (Fig. 5c), which is caused by the large emissions of SOx 762 

in the area. For the other three northern and central European sites, there is an underestimation 763 

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

a combination of various problems. For the Aitken and accumulation modes, the problem can 765 

also be due to underestimated primary emissions. The underestimation in the nucleation mode 766 

implies either a low-biased nucleation mechanism, a too efficient removal (deposition) or 767 

underestimated precursor emissions. Further, EC is not included in the Aitken mode in the 768 

model. This leads to underestimated total particle number concentration (in the Aitken mode 769 

and subsequently in larger sizes as well).  770 

Spracklen et al. (2010) investigated the impact of different nucleation mechanisms, including 771 

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

chose to investigate three rate coefficients, A=2×10-7 s-1, 2×10-6 s-1 and 2×10-5 s-1 for which 773 

they evaluated the bias to global observations in the free troposphere, and marine and 774 

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

coefficients resulted in mean underestimations by -48% and -29% respectively, whereas the 776 

highest rate resulted in a slight overestimation on the average (12%). The nucleation rate 777 
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coefficient used in MATCH-SALSA in the present study is near the lower end of the interval 792 

(A=7.3*10-7 s-1), which may explain our underestimation of nucleation at the central and 793 

northern sites. In fact, the nucleation rate coefficient in the activation scheme should be site 794 

and time dependent in the European boundary layer (e.g. Sihto et al., 2006; Riipinen et al., 795 

2007): observations of this coefficient vary by ~4-5 orders of magnitude for different 796 

European measurement sites, ranging from 3.3*10-8 to 3.5*10-4 s-1 (Riipinen et al., 2007). 797 

Thus, a more advanced description of the nucleation, e.g. time and space-varying rate 798 

coefficients, should be included in MATCH-SALSA. 799 

Organic nucleation is not included as a nucleation process in the evaluated base case 800 

simulation, resulting in possible underestimation of nucleation in areas with high BVOC-801 

concentrations and possibly overestimated nucleation in regions with low concentrations of 802 

organic aerosol precursors (similar to the overestimated nucleation in the model in oceanic 803 

high-SOx regions, discussed above). This may also be an explanation for the overestimated 804 

nucleation at K-Puszta. Sensitivity tests including organic nucleation will be discussed in the 805 

companion paper (Andersson et al., 2014); a lot of the material is also available in 806 

Supplement A.  807 

 808 

4.2.2 Size distribution 809 

The modeled and observed size distributions at all four stations are shown in Fig. 5. A 810 

common feature for the PNC size distribution is that PNC are underestimated, or on the same 811 

level as the measurements, except at K-Puszta, where the PNC of the smallest particles is 812 

overestimated both during winter and summer (Fig. 5c). At K-Puszta the mean total PNC is 813 

overestimated but the PNC in the accumulation mode is underestimated (Fig. 4). At all 814 

stations, the shape of the size distribution is captured relatively well, but during winter at K-815 

Puszta (Fig. 5c) and during summer at Aspvreten (Fig. 5a) and Hyytiälä (Fig. 5b) the modeled 816 

size distribution peaks at smaller sizes than in the observations. The reason for the maximum 817 

occurring at too small sizes, in combination with underestimated accumulation mode PNC, 818 

may be too weak condensation onto nucleating particles in the model. Bergman et al. (2012) 819 

also evaluated the modeled particle number size distribution at measurement sites, including 820 

Aspvreten, Melpitz and Hyytiälä, and found that the model ECHAM5-HAM underestimated 821 

the number concentrations at all three measurement sites for sizes larger than about 20nm, 822 
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both when using the aerosol dynamics modules of M7 and SALSA.  SALSA performed better 836 

than M7 for PNC above 100nm at the dirtier measurement sites (e.g. Aspvreten and Melpitz) 837 

while M7 performed better at cleaner sites (e.g. Hyytiälä), but the differences between the two 838 

models were not large. Bergman et al. (2012) concluded that the growth in SALSA probably 839 

was too slow.  840 

 841 

4.2.3 Temporal evolution 842 

Fig. 6 shows the modeled and observed temporal variation of the daily mean PNC at the four 843 

sites. New particle formation in the model is seen in the form of peak concentrations of the 844 

smallest particles sizes. These peaks coincide with the observed maximum total PNC on some 845 

occasions; sometimes there is a time shift of a few days between the modeled and observed 846 

peaks. Many of the observed nucleation peaks at Hyytiälä (Fig. 6a), Aspvreten (Fig. 6b) and 847 

Melpitz (Fig. 6d) are not seen in the model results. Reddington et al (2011) simulated hourly 848 

PNC with diameters larger than 15nm using the GLOMAP model and evaluated these against 849 

measurements from one month (May 2008). Depending on the nucleation parameterization, 850 

the correlations (R2) between model and measured PNC were less than 0.03 at Aspvreten, 851 

Hyytiälä and Melpitz, and less than 0.10 at K-Puszta. For PNC with larger sizes (>100nm), 852 

the correlations were less than 0.01 at K-Puszta and higher at the other sites (<0.13 at 853 

Aspvreten, <0.20 at Melpitz and <0.45 at Hyytiälä). Spracklen et al. (2006) on the other hand 854 

captured the nucleation at Hyytiälä very well with GLOMAP, however, they only studied a 855 

short period (22 days) in May with clear sky conditions. With MATCH-SALSA the hourly 856 

correlations (R2), for single months of 2007, for PNC with a diameter larger than 50nm range 857 

from 0 to 0.17 for Hyytiälä (for May: 0), <0 - 0.20 for Aspvreten (May: <0), <0 - 0.20 for K-858 

Puszta (May: 0.01) and <0 - 0.41 for Melpitz (May: 0.41). These low correlations illustrate 859 

that nucleation events are difficult to capture by models when running over long time periods 860 

for a large region. One reason for this is the coarse scale of the model – each grid cell is 861 

representative of a large area (for MATCH-SALSA, ca 44 × 44 km2 and for GLOMAP 2.8º x 862 

2.8º). Another reason is that the simple activation type nucleation scheme needs a site and 863 

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

wintertime nucleation peaks in the observations that are absent in the model may also be 865 

explained by a temperature dependence in the nucleation, that is not accounted for in the 866 
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model (Dal Maso et al., 2005), or the observed peaks could be of local origin that can not be 884 

captured by a regional scale CTM. 885 

The best correlation between modeled and observed daily mean PNC is found at Melpitz 886 

(r=0.70; Fig. 6d) but the model underestimates PNC most of the time; the observed PNC is 887 

almost always high at this site. The model grossly overestimates the total PNC at K-Puszta 888 

(Fig. 6c) during summer, but the temporal variation for particles sizes >20nm follows the 889 

measurements fairly well (r=0.32); during winter the model PNC is in better agreement with 890 

the observations. At Hyytiälä (Fig. 6a) a lot of nucleation is observed; this is not captured by 891 

the model, possibly due to the lack of organic nucleation in this simulation; this will be 892 

discussed in detail in the companion paper (Andersson et al., 2014).  893 

Spracklen et al. (2010) calculated the correlations (R2) between monthly mean modeled and 894 

observed PNC for sites where the monthly means varied by more than a factor of two during 895 

the year 2000 (Aspvreten was excluded due to too small variation). K-Puszta was not included 896 

in the assessment. Their results were R2=0.39 and 0.28 for the sites Hyytiälä and Melpitz, 897 

respectively. With MATCH-SALSA we get R2=0.67 and 0.08, respectively, for the same sites 898 

(for PNC with diameter >50nm). Using kinetic nucleation description Spracklen et al. (2010) 899 

achieved higher monthly correlations than with activation type nucleation at most evaluated 900 

sites, including Hyytiälä and Melpitz. 901 

 902 

4.3 Model evaluation of particle mass and compositi on 903 

Simulated annual average total PM10, and the chemical components that constitute PM10, are 904 

displayed in Fig. 7. The largest concentrations of total PM10 (Fig. 7a) are found at 905 

anthropogenic emission hotspots (e.g., northern Italy, Moscow and the eastern Ukraine) and 906 

over the Atlantic Ocean and parts of the Mediterranean Sea. The highest modeled 907 

concentrations over land are due to large anthropogenic emissions of primary anthropogenic 908 

inorganic aerosol (Fig. 7d), except in northern Italy, where there is a large contribution from 909 

ammonium nitrate (Figs. 7f-g), and in southeastern Europe, and some sulfur emission 910 

hotspots, where sulfate (Fig. 7e) dominates PM10. Over the oceans (and in large parts of 911 

western and northern Europe), the largest contribution to PM10 is from sea salt particles (Fig. 912 

7h); important sulfate contributions are also seen, especially around Etna and the eastern 913 

Mediterranean Sea. OM (Fig. 7c) gives the largest modeled non-sea salt contributions to PM10 914 
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in northern Europe and also in some parts of southern/western Europe. In the following 929 

subsections we present evaluation statistics for the different particle components. 930 

 931 

4.3.1 Secondary inorganic aerosol (SIA) 932 

Statistics from the evaluation for SIA components (particulate sulfate, SO4
2-; nitrate, NO3

-; 933 

and ammonium, NH4
+) are shown in Table 1 and in Supplement A (Tables A15-A19 and Figs. 934 

A32-A36). In order to avoid biases due to possible incorrect separation of gas and particle 935 

phase nitrogen in the measurements, we also include evaluation results for total nitrate 936 

(TNO3: HNO3(g) + NO3
-(p)) and total reduced nitrogen (TNHx: NH3(g) + NH4

+(p)). 937 

Sulfate has a low mean bias (4%) whereas the root mean square error normalized to the 938 

observed mean (CV(RMSE)) is around 50%. The average (Pearson) correlation coefficient 939 

(average r at the different sites, based on daily means) is 0.52 and the spatial correlation 940 

coefficient (“spatial” r for the annual mean concentration at all the stations) is 0.57. The 941 

model performance for the nitrogen compounds (NO3
-, HNO3+NO3

-, NH4
+ and NHx) at 942 

individual stations is of similar quality as that of sulfate. The model underestimates the 943 

concentration of the nitrogen components by about 10-20%, while the CV(RMSE)s are a bit 944 

lower than for sulfate (range from 36 to 49% for the four N-components). The average r at the 945 

measurement sites vary between 0.44 and 0.59 for the N-components, whereas the spatial 946 

correlation coefficients are higher (between 0.79 and 0.87).  947 

 948 

4.3.2 Elemental and organic carbon  949 

The organic aerosol measurements used for model evaluation in this study are organic carbon 950 

(OC) measurements. The model describes organic matter (OM). In the evaluation we assume 951 

an OM:OC ratio of 1.4. The actual ratio varies with location and season (e.g., Simon et al., 952 

2011) and is usually between 1.25 and 2.5, with a greater ratio for more aged OM (Turpin et 953 

al., 2000; Kupiainen and Klimont, 2007; Aiken et al., 2008). The choice of a fixed OM:OC 954 

ratio for the evaluation will lead to model under- or overestimation, depending on the 955 

measurement site and time of year. Fig. 8 and Fig. 9 show the annual observed and modeled 956 

mean concentrations of EC (Figs. 8a-b) and OC (Figs. 9a-b) at individual measurement sites, 957 
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as well as the associated correlation coefficients, based on daily data; detailed results are 980 

given in Table 2.  981 

Both EC and OC are underestimated at many of the sites. The underestimation is especially 982 

large at the Italian sites and Payerne (Switzerland) during winter, for both EC (Fig. 8b) and 983 

OC (Fig. 9b), and for EC at Melpitz (Figs. 8a-b). Correlation coefficients are higher for EC 984 

than OC; OC is more complicated to model than EC, since it is a combination of primary and 985 

secondary components, many of them semi-volatile. The reasons for the model – 986 

measurement differences are likely to vary between seasons and locations; e.g., wintertime 987 

emissions from residential combustion are often underestimated (e.g. Simpson et al., 2007; 988 

Gilardoni et al., 2011; Bergström et al., 2012), during the summer half-year biogenic VOC 989 

emissions and wildfires may be more important sources of carbonaceous particles.  990 

At Ispra (IT04) in northern Italy, the model performs fairly well for carbonaceous aerosol 991 

during summer but greatly underestimates both EC and OC during wintertime (Fig. 8, Fig. 9 992 

and Fig. A15 in Supplement A). One reason may be the underestimation of residential wood 993 

combustion emissions (e.g. Bergström et al., 2012). The model also underestimates NO2 (by 994 

43% in summer and 51% in winter). Both the observations and the model results show a clear 995 

seasonal cycle with higher concentrations during winter for NO2 as well as for EC and OC. 996 

However, for EC and OC the model underestimation during winter is much larger (-74 and -997 

87%, respectively) than during summer (-20 and -37%, respectively) (Supplement A, Fig. 998 

A15). The poor model performance for EC and OC during winter is likely due to lacking 999 

emissions from one or more emission sectors, with greater emissions of EC and OC during 1000 

winter, but relatively small contribution to NO2. This work therefore supports the results of 1001 

previous studies (e.g. Gilardoni et al., 2011) that have concluded that residential wood 1002 

combustion emissions are likely underestimated in current emission inventories, at least in the 1003 

area around Ispra.  1004 

For the German site Melpitz, the model grossly underestimates EC throughout the year 1005 

(Supplement A, Fig. A37). OC is generally captured fairly well at the station, with 1006 

underestimation of OC in PM2.5 and PM10 (but not PM1) during winter and overestimation for 1007 

OC in PM2.5 and underestimation (-25%) in PM10 during summer (Supplement A, Fig. A38). 1008 

Part of the reason for the relatively high EC measurements at Melpitz is that the measurement 1009 

technique used at this site, to separate OC from EC, has no charring correction and is 1010 

expected to lead to too high EC values and to underestimate OC (see Genberg et al., 2013, 1011 
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and references therein). There are large peaks during spring and late autumn of OC (and EC) 1415 

in PM2.5 and PM10, which are clearly underpredicted. The peak in the beginning of April 1416 

coincides with a vegetation fire episode (Genberg et al., 2013); the earlier peaks and the late 1417 

autumn peaks are perhaps more likely due to residential combustion or other 1418 

missing/underestimated sources, possibly, also due to fires in eastern Europe (Jönsson et al., 1419 

2013). Stern et al. (2008) compared five different chemical transport models to observations 1420 

from northern and eastern Germany during highly polluted conditions. None of the models 1421 

could reproduce the very high EC concentrations observed at Melpitz. Stern et al. (2008) 1422 

suggested that the large underestimations of EC may be an indication that emissions in the 1423 

central European region were underestimated during these episodes. 1424 

 1425 

4.3.3 Total particulate matter (PM1 and PM2.5) 1426 

Evaluation of PM1 and PM2.5 at 28 measurement sites is presented in Fig. 10 and in 1427 

Supplement A (Table A21 and Fig. A39); detailed time series plots are given in Supplement 1428 

A Figs. A17, A40-A41. For PM1 the annual means at the sites with the lowest observed 1429 

concentration (three Nordic sites: NO01, FI17, DK41) are overestimated by the model. On the 1430 

other hand, at the central European sites the PM1 concentrations are much better captured. 1431 

The model underestimates PM2.5 by 14% (spatial average) and the spatial correlation 1432 

coefficient is 0.64. Six of the 35 evaluated annual means (PM1 and PM2.5) deviate by more 1433 

than 50% from the measured concentrations. The largest underestimations of PM2.5 are seen at 1434 

the sites with the highest observed annual mean. The underestimation of PM2.5 can be due to a 1435 

number of reasons, including underestimated emissions, too short aerosol lifetime or too small 1436 

secondary aerosol production. There is probably too little EC and OC in the model, at least at 1437 

some of the sites, which can be explained by underestimated emissions.  1438 

The treatment of sea spray needs to be further evaluated and the model scheme for sea salt 1439 

particles may need to be updated. For PM1 the annual means at the sites with the lowest 1440 

concentrations are overestimated by the model. This seems to be partly due to overestimation 1441 

of sea salt. Evaluation scores for modeled PM1 and PM2.5 excluding sea salt aerosol in the 1442 

total PM mass (see Supplement A: Table A21, Figs. A18 and A39) gives higher correlation 1443 

coefficients for daily mean PM2.5 or PM1 at 22 of the 28 sites (and lower at only one site) than 1444 

when sea salt is included. This is an indication of too much sea salt at the wrong time. It may 1445 
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be due to too strong sea salt emissions and/or too weak sink processes for the sea salt, since 1447 

substantial improvements in correlation are seen also at some far inland sites. 1448 

 1449 

5 Conclusions 1450 

We have implemented the sectional aerosol dynamics model SALSA (Kokkola et al., 2008) in 1451 

the European scale CTM MATCH (Multi-scale Atmospheric Transport and Chemistry; 1452 

Robertson et al., 1999). The new model is called MATCH-SALSA. It includes aerosol 1453 

microphysics with several options for nucleation, wet scavenging and condensation.  1454 

In general, the model reproduces observed lower particle number concentration (PNC) in 1455 

northern and north-western Europe and remote regions than in central Europe. The model 1456 

peak in the particle number size distribution occurs at the same or smaller particle size as the 1457 

observed peak.  Total PNC is underestimated at northern and central European sites. The low 1458 

nucleation rate coefficient used in this study is probably one important factor for the 1459 

underestimation, although other reasons may also contribute, e.g. organic nucleation is not 1460 

included and EC are not emitted in the Aitken mode. The model performs well for particle 1461 

mass, including secondary inorganic aerosol components. Particulate elemental and organic 1462 

carbon concentrations are underestimated at many of the sites.  1463 

Before using the model for simulating total PM2.5, the SOA formulation needs further 1464 

improvements. MATCH-SALSA is computationally heavier than MATCH, which also puts 1465 

restrictions on when the model can be used. 1466 

The development of the MATCH-SALSA model is continuing and in the near future focus 1467 

will be on the following areas:  1468 

- An updated biogenic emission module is needed for realistic treatment of BSOA formation.  1469 

Updating the biogenic SOA scheme will likely have a large impact on modeled PM2.5 and also 1470 

affect the model performance for total PNC through impacts on nucleation and 1471 

condensation. 1472 

- Updating the nucleation rate coefficients possibly with time- and space-varying rate 1473 

coefficients. 1474 
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- Nitrogen gas-particle partitioning should be coupled to the microphysics. This may increase 1482 

condensational growth, which is underestimated in the present version of the model.  1483 

- Emissions from open fires (wildfires and agricultural burning activities) will be added to the 1484 

model. 1485 

- Dust emissions from road traffic, agricultural activities and non-vegetated soils including 1486 

desert areas should be included in the model.  1487 

- Processes affecting sea salt need further work and evaluation. This study has shown large 1488 

modeled sea salt peaks that are not seen in the measurements. Both emissions and 1489 

deposition of sea salt particles should be investigated.  1490 

- Emission inventories need to be improved, especially for EC and OC emissions.  1491 
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Tables 1998 

 1999 

Table 1. Comparison of modeled secondary inorganic aerosol (SIA) components to daily 2000 

observed concentrations. Average results covering available measurements for the year 2007 2001 

(results for individual stations are given in Tables A15-A19 in Supplement A). In addition to 2002 

the SIA components also the total nitrate (TNO3=HNO3(g)+NO3
-(p)) and total reduced 2003 

nitrogen (TNHx=NH3(g)+NH4
+(p)) are evaluated. r: the Pearson correlation coefficient, 2004 

CV(RMSE): the coefficient of variation of the Root Mean Square Error (RMSE normalized to 2005 

the observed mean concentrations), #obs: the total number of observations included in the 2006 

evaluation, #stns: the number of measurement stations included in the evaluation. 2007 

 2008 

 Global/temporal Spatial 

Measure:  

 

Unit: 

Mean  

Obsvd   

µµµµgS/N m -3 

Mean  

Model  

µµµµgS/N m -3 

Rel. Bias  

 

(%) 

mean a 

r 

 

mean a 

CV(RMSE) 

 (%) 

#obs . Rel. 

Bias  

(%) 

r  CV(RMSE) 
 

(%) 

#stns 

SO4
2- 0.63 0.65 4 0.52 46 16033 -6 0.57 53 52 

NO3
- 0.40 0.32 -21 0.44 49 7249 -22 0.83 48 23 

TNO3 0.49 0.40 -19 0.59 36 11039 -21 0.85 41 35 

NH4
+ 0.72 0.64 -12 0.57 39 9728 -11 0.79 37 31 

TNHx 1.27 1.01 -21 0.53 40 10137 -20 0.87 38 32 

a Weighted average of correlation coefficients and CV(RMSE) at individual stations. 2009 

 2010 

2011 
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Table 2. Statistics of the comparison of MATCH-SALSA results to daily observed 2032 

concentrations of elemental carbon (EC) and organic carbon (OC) in PM1, PM2.5 and PM10 for 2033 

the year 2007. Obs = Measured concentration, Mod = Modeled concentration, MAE = mean 2034 

absolute error, r = Pearson correlation coefficient (only calculated for sites with more than 10 2035 

measurements). Relative bias and MAE are given as percentage of the observed average. For 2036 

further information about the measurement stations, see Table A5 in Supplement A. 2037 

  EC OC 

 Stations
 

Obs  

µg m
-3

 

Mod  

µg m
-3

 

bias (%) MAE 

µg 

m
-3

 

MAE 

(%) 

r #meas Obs   

µg 

m
-3

 

Mod  

µg 

m
-3

 

bias 

(%) 

MAE 

µg 

m
-3

 

MAE 

(%) 

r #meas 

In PM1 

winter 

Melpitz 0.54 0.21 -60 0.33 60 0.60 32 0.65 0.76 18 0.23 36 0.83 32 

In PM2.5 

winter 

Birkenes 0.12 0.18 47 0.11 87 0.58 73 0.60 0.88 46 0.46 76 0.45 73 

Overtoom 0.75 0.54 -27 0.27 36 0.76 27 2.19 1.15 -48 1.25 57 0.59 28 

Melpitz 1.28 0.29 -77 0.99 77 0.60 182 1.81 1.21 -33 0.95 52 0.59 182 

Payerne 1.45 0.39 -73 1.06 73 0.67 23 5.61 1.33 -76 4.28 76 0.52 23 

Ispra 3.67 0.93 -75 2.76 75 0.28 173 14.1 2.04 -86 12.1 86 0.24 173 

Puy de Dome 0.05 0.36 556 0.31 556 0.43 33 0.99 1.35 36 0.46 46 0.60 21 

Montelibretti 1.10 0.40 -64 0.70 64 0.60 32 17.2 1.22 -93 16.0 93 0.53 32 

Montseny 0.17 0.49 181 0.32 181 0.60 17 1.64 1.74 6 0.48 29 0.68 17 

Campisabalos 0.16 0.27 65 0.10 65 - 9 1.73 1.01 -42 0.72 42 - 9 

In PM10 

winter 

Birkenes 0.14 0.19 38 0.10 75 0.62 73 0.76 0.92 22 0.48 63 0.43 73 

Harwell 1.06 0.93 -11 0.68 64 0.50 56 3.23 1.67 -48 1.65 51 0.70 56 

Melpitz 1.65 0.32 -80 1.33 80 0.63 182 2.77 1.40 -49 1.48 53 0.56 182 

Kosetice 0.36 0.25 -30 0.13 37 0.42 30 1.96 0.86 -56 1.13 58 0.62 30 

Montelibretti 1.30 0.44 -66 0.86 66 0.47 31 15.5 1.29 -92 14.2 92 0.65 31 

Montseny 0.21 0.51 143 0.30 143 0.73 17 1.61 2.03 26 0.57 35 0.80 17 

Campisabalos 0.17 0.29 71 0.12 71 - 8 1.92 1.25 -35 0.69 36 - 8 

In PM2.5 

summer 

Birkenes 0.09 0.11 27 0.03 40 0.81 51 0.74 0.85 14 0.31 42 0.73 51 

Overtoom 0.57 0.37 -36 0.24 42 0.34 37 1.66 1.17 -29 0.62 38 0.76 37 

Melpitz 0.95 0.17 -82 0.78 82 0.54 183 1.26 1.78 41 0.83 66 0.47 183 

Ispra 0.87 0.68 -21 0.35 40 0.48 165 3.80 2.54 -33 1.91 50 0.34 169 

Puy de Dome 0.09 0.26 171 0.18 192 0.09 33 2.18 2.05 -6 1.57 72 -0.08 11 

Montseny 0.17 0.47 172 0.29 172 0.60 21 1.82 2.72 49 0.91 50 0.60 21 

Campisabalos 0.10 0.14 46 0.05 53 - 5 2.24 1.33 -41 1.28 57 - 5 

In PM10 

summer 

Birkenes 0.11 0.12 10 0.04 37 0.76 52 1.04 0.90 -13 0.27 26 0.81 52 

Melpitz 1.60 0.19 -88 1.41 88 0.59 183 2.58 1.93 -25 0.87 34 0.51 183 

Montseny 0.19 0.49 162 0.30 162 0.51 21 1.66 2.89 74 1.23 74 0.62 21 

Campisabalos 0.15 0.14 -9 0.08 52 - 10 2.26 1.48 -35 1.13 50 - 9 
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Figures 2040 
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 2041 

Figure 1. Model integration and time stepping in MATCH-SALSA. 2042 

Formaterat: Bredd:  29.7 cm, Höjd: 
21 cm

Borttaget: Data flow
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 2044 

Figure 2. Aerosol division into bins in the three SALSA subranges in the base case set up of 2045 

MATCH-SALSA. 2046 

 2047 
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Figure 3. Calculated annual mean (2007) particle number concentration (PNC) in Europe. Total PNC (sum of all sizes; panel a), and PNC in size bins 2050 

PNC3<d<7nm (panel b), PNC7<d<20nm (panel c), PNC20<d<50nm (panel d), PNC50<d<98nm (panel e), PNC98<d<192nm (panel f), PNC192<d<360nm (panel g), 2051 

PNC360<d<700nm(panel h). Observed annual mean PNC (filled circles) at the observation sites: Hyytiälä (Finland), Aspvreten (Sweden), Melpitz (Germany) and 2052 

K-Puszta (Hungary) when observed numbers exist in the indicated interval. Unit: # cm-3.2053 
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 2066 

 2067 

Figure 4. Mean particle number concentration (PNC) during winter (Jan-March; Oct-Dec) and 2068 

summer (April-September) half years at four sites in Europe. Top panel (a): mean observed 2069 

and modeled total PNC.  Bottom panel (b): mean observed and modeled PNC in the 2070 

accumulation mode. The interval above the site name indicates the particle size interval (unit: 2071 

nm). The number above the season shows the (Pearson) correlation coefficient (r) of daily 2072 

Borttaget: in

Borttaget: five observation

Borttaget: :

Borttaget: :

Borttaget: Unit: # cm-3. 

Borttaget: observation 
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45 

 

mean PNC. Note that the size intervals differ between the stations: the same size interval is 2082 

used for both modeled and observed values at each site. Unit: # cm-3. 2083 

2084 
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 2085 

2086 

 2087 

Figure 5. Modeled and measured winter (Jan-March, Oct-Dec) and summer (April-2088 

September) half year mean particle number concentration size distribution at four 2089 

measurement sites in Europe during 2007. Unit: # cm-3.2090 

Borttaget: five
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Figure 6. Observed and modeled daily mean particle number concentrations (PNC) at four sites in Europe during 2007 (panels a-d). Modeled 2094 

(surfaces) size resolved and observed total (filled circles) daily mean PNC are displayed as a time series. See legend for colors representing the 2095 

different size bins. Observed PNC limit diameters are: 3.2nm-1µm for Hyytiälä, 11-418nm for Aspvreten, 5.6-1 µm for K-Puszta and 3-859nm 2096 

for Melpitz. Unit: # cm-3. 2097 
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 2105 



 

50 

 

Figure 7. Modeled annual mean concentrations (for 2007) of PM10 (panel a; peak at 37 µg/m3 in Moscow) and its particle components: elemental 2106 

carbon (panel b), organic matter (panel c), anthropogenic primary inorganic aerosol (panel d), sulfate (panel e), nitrate (panel f), ammonium 2107 

(panel g) and sea salt (panel h). Unit: µg m-3. 2108 

2109 
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2127 

 2128 

Figure 8. Evaluation of elemental carbon (EC) for 2007 (panel a: April-September mean; 2129 

panel b: October-March mean). Observed and modeled mean concentrations (unit: µg m-3), 2130 

correlation coefficients of daily mean concentrations are indicated below the bars. The 2131 

number of daily mean values is indicated by the numbers in the parentheses. Correlation 2132 

coefficients were calculated for measurement sites with more than 10 daily observations. Site 2133 

codes as defined by EMEP, see Supplement A Table 5.2134 

Borttaget: EC (top) and OC (bottom) for 
2007.
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2137 

 2138 

Figure 9. As Figure 8 but for organic carbon (OC). 2139 

2140 
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2141 

 2142 

Figure 10. Evaluation of PM1 and PM2.5 for 2007. Observed and modeled mean 2143 

concentrations (unit: µg m-3); correlation coefficients of daily mean concentrations are 2144 

indicated below the bars within parentheses. The elevation of each site is included below the 2145 
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correlation coefficients (unit: m above sea level). Station codes as defined by EMEP, see 2146 

Supplement A Table 5. 2147 
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Sid. 21: [1] Borttaget   Andersson Camilla   2014-11-27 11:27:00 1 

 2 

 Total particulate matter (PM1 and PM2.5) 3 

Evaluation of PM1 and PM2.5 at 28 measurement sites is presented in Fig 9. and in the Supplement Table A21 and Fig. A39; detailed time series plots are given 4 

in the Supplement Figs. 17, A40-A41. For PM1 the annual means at the sites with the lowest concentration (Scandinavian sites NO01, FI17, DK41) are 5 

overestimated by the model.  On the other hand, at the central European sites the PM1 concentrations are much better captured. The model underestimates PM2.5 6 

by 14% (spatial average) and the spatial correlation coefficient is 0.64. Out of the 35 evaluated annual means (PM1 and PM2.5) at the 28 stations, six means (at 7 

five stations) deviate by more than 50%. The largest underestimations of PM2.5 are seen at the measurement sites with the highest observed annual mean. The 8 

underestimation of PM2.5 can be due to a number of reasons including underestimated emissions, too short aerosol lifetime or too little secondary aerosol 9 

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.  10 

 11 

 Identified issues  12 

During this work we found that further improvement is needed for a better representation of PNC. Here, in this section we would try to address some of the 13 

issues related to model development and measurements that could be relevant. The three of these issues will be further investigated in Andersson et al. (2014): 14 

 Distribution of SOx. In atmospheric models, given fractions of SOx emissions are assumed as gaseous SO2, H2SO4 and primary sulfate, which is intended to account 15 

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 16 

literature how to divide SOx emissions between SO2(g), H2SO4(g) and particulate sulfate in modeling studies. Spracklen et al. (2005) discussed that the distribution 17 

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 18 

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 19 

Andersson et al. (2014). 20 

 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 21 

particles as non-volatile compounds. The SOA formation scheme is simplified and needs further development. For example, atmospheric SOA compounds have a 22 



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

formation is complex and modelling of SOA is fraught with great difficulty (e.g. Hallquist et al., 2009; Bergström et al., 2012). For these reasons we test the model 2 

sensitivity on the amount of SOA available for condensation in Andersson et al. (2014). Further, MATCH-SALSA contains a scheme including organic nucleation that 3 

was not used in this study. In Andersson et al. (2014) the impact of including organic nucleation on modeled PNC is also tested. 4 

 Wet scavenging is the most important sink for accumulation mode particles. At many sites particle concentrations are underestimated by the MATCH-SALSA model 5 

when the standard wet deposition scheme is used. Several other, more and less advanced, formulations of wet scavenging are implemented in the MATCH model 6 

and in the companion paper we also investigate the sensitivity of the of the modeled particle mass and PNC on the wet scavenging formulation. 7 

The treatment of sea spray needs to be further evaluated and the model scheme for sea salt particles may need to be updated. For PM1 the annual means at the 8 

sites with the lowest concentration (Scandinavian sites NO01, FI17, DK41) are overestimated by the model. This seems to be partly due to overestimation of 9 

sea salt. Evaluation scores for modeled PM1 and PM2.5 excluding sea salt aerosol in the total PM mass (see Supplement Table A21, Figs. 18 and A39) gives 10 

higher correlation coefficients for daily mean PM2.5 or PM1 at 22 of the 28 sites (and lower at only one site) than when sea salt is included. This is an indication 11 

of too much sea salt at the wrong time. It may be due to too strong sea salt emissions and/or too weak sink processes for the sea salt, since substantial 12 

improvements in correlation are seen also at some far inland sites.  13 

For EC and OC, there is probably a combination of need for model development, uncertainties in measurements and emission inventories.  14 

 15 
Sid. 21: [2] Flyttad till sidan 22 (Flytta #6)   Andersson Camilla   2014-11-27 11:27:00 16 

 Total particulate matter (PM1 and PM2.5) 17 

Evaluation of PM1 and PM2.5 at 28 measurement sites is presented in Fig 18 

 19 
Sid. 21: [3] Flyttad till sidan 22 (Flytta #7)   Andersson Camilla   2014-11-27 11:27:00 20 
 On the other hand, at the central European sites the PM1 concentrations are much better captured. The model underestimates PM2.5 by 14% (spatial average) 21 

and the spatial correlation coefficient is 0.64.  22 

 23 
Sid. 21: [4] Flyttad till sidan 22 (Flytta #8)   Andersson Camilla   2014-11-27 11:27:00 24 



 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 
 2 
Sid. 21: [5] Flyttad till sidan 22 (Flytta #9)   Andersson Camilla   2014-11-27 11:27:00 3 
The treatment of sea spray needs to be further evaluated and the model scheme for sea salt particles may need to be updated.  4 

 5 
Sid. 21: [6] Flyttad till sidan 22 (Flytta #10)   Andersson Camilla   2014-11-27 11:27:00 6 
 This seems to be partly due to overestimation of sea salt. Evaluation scores for modeled PM1 and PM2.5 excluding sea salt aerosol in the total PM mass (see 7 

Supplement  8 

 9 
Sid. 21: [7] Flyttad till sidan 22 (Flytta #11)   Andersson Camilla   2014-11-27 11:27:00 10 
 and A39) gives higher correlation coefficients for daily mean PM2.5 or PM1 at 22 of the 28 sites (and lower at only one site) than when sea salt is included. This 11 

is an indication of too much sea salt at the wrong time. It may be due to too strong sea salt emissions and/or too weak sink processes for the sea salt, since 12 

substantial improvements in correlation are seen also at some far inland sites. 13 
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