Authors’ comments to Referees #1 and #2

The comments of the referee have been presented in blue font below, and our response as
plain black text. We have considered the comments of the reviewers point-by-point.

Response to Referee #1’s comments on gmd-2021-397

This paper is an extensive presentation and evaluation of version 2 of MAFOR, an open

source aerosol dynamics model coupled to a multiphase chemistry module (781 species

and 2220 reactions in the gas phase, as well as 152 species and 465 reactions in the

aqueous phase). First, the authors describe the structure of the model, the aerosol and
chemical processes and the main updates compared to the first publication of the model.

Then, they present the performance of the model with respect to its ability to predict

particle and mass number size distributions. The new features of the model investigated,
include the evaluation of (1) the model's sectional representation of the aerosol size

distribution in a scenario of new particle formation in urban areas (“Case 17); (2)

Brownian coagulation under the condition of continuous injection of nanoparticles (“Case

27); and (3) the dynamic treatment of semi-volatile inorganic gases by condensation and
dissolution (“Case 3”). They also tested the model in a real-world scenario of a street

canyon environment, in comparison with other aerosol process models (AEROFOR and
SALSA) and experimental data. The authors conclude that the model is well suited for studying
changes of the emitted particle size distributions by aerosol processes of organic vapours in
urban environments and also for the simulation of new particle formation over multiple days.
They also present some future developments of the model in view of application in urban
settings.

The structure of the model is presented with clarity, giving the necessary critical information to
the reader. The same goes for aerosol and chemical processes which are explained in sufficient
detail to prevent potential misconceptions. Methods and data used, as well as the definitions of
the scientific, regulatory and computational problem of interest are clearly stated and discussed.
The manuscript is well written, has important environmental message, and should be of great
interest to the readers. Overall, it is an important study, and should be considered for publication
in GMD.

Response:
We thank the reviewer for their positive evaluation of the manuscript.

I have only one remark. The authors support that the main advantage of MAFORV2.0 is the
consistent treatment of both the mass- and number-based concentrations of PM. | think that it
would be of great interest for the reader if this consistency was discussed in more detail.

Response:

The authors thank the reviewer for this valuable remark. The consistent treatment of mass- and
number-based concentrations of particulate matter in the model has several aspects: 1)
initialization of the aerosol size distribution, 2) the insertion of particles from aerosol source
emissions, 3) the mathematical solution of the aerosol dynamics processes, and 4) the
comparability to observed PM mass concentrations and number concentrations.



In the MAFOR model, the aerosol is initialized based on the modal mass composition, which is
then distributed over the size bins of the model (Eg. (21)) and converted to number based on
the material density of the different aerosol components, assuming spherical particles. This way,
it is assured that the initial aerosol is consistent in terms of mass and number. MAFOR v2.0
solves simultaneously for each size section, the number concentrations and mass
concentrations as they change with time due to different aerosol dynamics processes in a given
scenario. This has two advantages: 1) it takes into account the concurrent change of average
particle density during the evolution of an aerosol size distribution in the prediction of number
and mass concentrations, and 2) it represents the growth of particles in terms of number and
mass. Finally, the output of modelled particle number size distribution and mass concentration
size distribution can be directly compared to observed number and mass concentration size
distributions, respectively.

Some of the above-mentioned aspects have uncertainties and limitations, which will lead to a
certain deviation from the full consistency of number and mass.

The initialization based on mass concentrations of the PM components relies on a modal
distribution, which may smooth variations between size sections of an observed aerosol size
distribution. In addition, the mass composition in the nucleation, Aitken, Accommodation and
coarse modes of the aerosol is sometimes not known and has to be guessed based on literature
estimates.

In the real-world scenario of a street canyon environment, there is a problem that particle
emissions are reported on the basis of numbers, while emissions in the MAFOR model are
inserted on the basis of mass, and then converted to number based on density assumptions.
The total PN emission factor is dependent on the set-ups of the measurements (Kukkonen et
al., 2016): firstly it may include either only solid particles or solid and volatile PN, and secondly
has a variable lower patrticle size cut-off, depending on the instrumental method employed.

In the case of the street canyon simulation, the PN emission factor was adopted from the study
of Kurppa et al. (2020) and emissions were distributed over the particle size distribution so that
the modelled size distribution after 5.5 m distance from start matched with the measurement of
the particle size distribution on lane 2 of the street canyon. The attribution of particle emissions
to a modal distribution in MAFOR v2.0 is a limitation of the model. The MAFOR model
represented the variation of particle emissions between different size bins less well than the two
other models, SALSA and AEROFOR, which used a bin-wise representation, in particular for
the particles with sizes below 20 nm diameter.

When comparing the modelled total particle mass concentration distribution to observations
from ELPI in the street canyon scenario, we have assumed that all particles are spheres and
have the same density of 1000 kg/m3. The ELPI charging efficiency depends on particle mobility
diameter, whereas the ELPI measures the aerodynamic diameter of particles. This dilemma is
usually circumvented by assuming that the particles are unit density spheres, for which mobility
diameter equals aerodynamic diameter. For soot particles that form as agglomerates of
approximately spherical primary particles with 10-30 nm diameter, the effective density
decreases with particle growth. This in turn narrows their aerodynamic size distribution relative
to their mobility distribution. The uncertainty due to changes in effective density of soot particles
are estimated to cause a systematic error for the determination of PM with ELPI of about 20 %
(Maricq et al., 2006). Salo et al. (2019) compared ELPI+ to PM10 cascade impactors in
combustion emission measurements. ELPI+ mass concentrations were larger for most
combustion cases, probably because firstly, the effective density of the particles was not the



assumed unit density and secondly, volatile particles were measured by ELPI+, but not with the
cascade impactors.

DeCarlo et al. (2004) mention two issues that affect the conversion of particulate matter mass to
numbers: ultrafine particles with irregular shape and the internal void volumes of diesel soot
agglomerates. Therefore, the evaluation of modelled total mass concentration in comparison
against the measurements relies on the assumption of spherical particles without internal voids.

Text changes:
We will include the above discussion on the consistent treatment of mass- and number-based
concentrations of PM in a new section 4.2.3 in the revised manuscript.
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Responses to Referee #2’s comments on gmd-2021-397

The manuscript describes an open-source aerosol model, which includes all the basic
aerosol microphysical processes as well as multiphase chemistry. It is an updated and
extended version of an earlier published version MAFOR1.0. Such a model package can be
useful to the aerosol modeling community, as such open-source models are still rare. |
have some remarks that have to be addressed. Especially, | am concerned that the main
improvements of the model (compared with the earlier version) might not be tested in the
evaluation part.

Response:
We thank the reviewer for carefully evaluating our manuscript and for giving valuable comments
and suggestions.

Given the complexity of the model, which includes multiphase chemistry in addition to aerosol
dynamics, and can be operated in different ways, it is impossible to test and evaluate all new
features in one paper. The main improvements of MAFOR v2 (compared with the earlier version
v1l) were tested in three numerical experiments (“Case 17, “Case 27, and “Case 3”) that are
given in the Supplement. Case 1 is a hypothetical case of an urban environment based on
experimental data from the SAPPHIRE campaign in Helsinki (Hussein et al., 2007). This case
was designed as an experiment for the numerical diffusion problem, but also included the new
nucleation model of Maéttanen et al. (2018). Case 2 evaluated the extension of the Brownian
coagulation to consider the fractal geometry of soot particles, under the condition of continuous
injection of nanoparticles. Case 3 evaluated the dynamic treatment of semi-volatile inorganic
gases by condensation and dissolution. The improvement on the condensation/evaporation of
semi-volatile organic vapors with different properties was evaluated partly in the street canyon
case (“Urban Case”). An additional test will be performed that uses the Case 1 conditions to
evaluate the new nucleation mechanism (Maattanen et al., 2018) and particle growth in MAFOR
V2 in comparison to a simulation with the AEROFOR model.

A previous study by Pirjola et al. (2015) on formation of particles in the exhaust of a diesel
engine equipped with an oxidative after-treatment system showed good agreement between
MAFOR v1 and AEROFOR, when using the homogeneous nucleation of sulfuric acid along with
heteromolecular nucleation between sulfuric acid and organic vapor molecules (HET). Both
models were able to predict the particle number size distributions in agreement with the
measured size distributions at different stages of dilution and ageing. Ship plume simulations
with MAFOR v1 (Karl et al., 2020) that considered classical binary homogeneous H2S04-H20
nucleation extended to high temperatures and coupling with gas-phase chemistry from MECCA
v3.0 showed that the model was able to predict total PN concentrations in most of the 14
different ship plume events within 50 % of the measurements. The basic photochemistry also
worked reasonably in the ship plumes, with fast formation of sulfuric acid by addition of water
molecules to the co-emitted SO3 in the first seconds of the simulation. The initial peak of sulfuric
acid quickly dropped to ambient levels, followed by in-plume photochemical formation through
oxidation of SO2 by OH radical during daytime, resulting in maximum H2S04 concentrations of
1-2x108 cm™ after the first minute in the ship plumes.

SOA formation with the new VOC chemistry (in CAABA/MECAA v4.0) has not been tested until
now, but it is planned in the near future to study secondary aerosol formation in the vehicle
exhaust with the updated model.



Text changes:

We will add a new section 4.2.4 in the discussion chapter that points out how each of the new
features of MAFOR v2.0 is evaluated and to make the numerical experiments of the
Supplement more visible.

Specific Comments

1) As a major advantage of the described model, “consistent treatment of both the
mass and number-based concentrations of particulate matter” is listed (already in the
abstract). If | have understood the details of MAFORL1.0 correctly, the choice of
solution was already similar, which means that this feature is not a novelty in 2.0?

Response:

The authors thank the reviewer for this valuable remark. The simultaneous solution of number
and mass-based concentrations was already implemented in the structure of MAFOR v1.0. As
the reviewer correctly states, this is not a new feature of the model. We think that the
simultaneous solution of number and mass-based concentration (in each size section) in this
model makes it rather unique, since there are only few other models with inherently consistent
solution of both aerosol number and mass (e.g., two-moment sectional models). The “consistent
treatment” refers to the simultaneous solution of the aerosol dynamics processes in terms of
number and mass. This will be mentioned more clearly in the manuscript. The MAFOR model
tracks for each size section, the total particle number concentration and the particles mass
concentration of each aerosol component. This has two advantages: 1) it takes into account the
concurrent change of average particle density during the evolution of an aerosol size distribution
in the prediction of number and mass concentrations, and 2) it represents the growth of particles
in terms of number and mass. In the MAFOR model, the particle emissions are input on mass
basis. This procedure introduces some inaccuracy, as emitted particles are not always spherical
and can contain internal void volume. This is a general problem for all aerosol process models.
The emission treatment in MAFOR also causes inaccuracies in reproducing the bin-resolved
emission distribution, in particular for particles with diameter smaller than 20 nm. We discuss
the problems related to the consistency of mass- and number-based particle concentrations in
more detail in our response to Referee #1.

Text changes:

We clarify the sentence (Abstract):

“An advantage of the model is the consistent treatment of both the mass- and number-based
concentrations of particulate matter, where the consistency refers to the simultaneous solution
of the aerosol dynamics processes allowing for changes in the average density of particles.“

Changed sentence on page 4, lines 3-5:

“The aerosol dynamics module of MAFOR simultaneously solves the time evolution of particle
number concentration and mass concentration of aerosol components in each size section in a
consistent manner. The model allows for the changes in the average density of particles and
represents the growth of particles in terms of number and mass.”

Changed sentence on page 53, lines 2-3:
“A strength of the model is the consistent treatment of particle number concentrations and mass
concentrations of each aerosol component through the simultaneous solution of aerosol



dynamics processes in terms of number and mass, allowing changes in the average density of
particles to affect the predicted number and mass size distributions.”

In addition, it is stated that this is a feature that is an advantage “compared to the
other sectional aerosol process models” (Summary, page 56, lines 28-30). Does this
mean the models that were compared against here (AEROFOR, SALSA), or more
generally? In either case, this is a strong statement, which needs more careful
justification.

Response:
The referred sentence on page 56 will be removed.

E.g., in SALSA, you state that “SALSA outputs volume size distributions of particle
components, which at known density can be translated to mass concentration” (page
53, lines 22-23). What is the inconsistency?

Response:

In the SALSA model, particle mass concentrations can only be determined from the volume
distribution output. This involves the assumption of a constant average particle density during
the simulation. However, the average density of particles is changing during the calculation, for
instance by condensation of less dense particulate matter. In addition, the average density of
particles can vary between different particle sizes.

And, further-furthermore, how about two-moment sectional models such as TOMAS
(e.g. Lee and Adams, 2012) or GLOMAP (Spracklen et al., 2005)? Are they also
prone to inconsistency regarding both mass and number-based concentrations?

Response:

The authors thank the reviewer for bringing those two-moment sectional models to our attention.
While the single-moment sectional approaches usually only track either number or mass in each
section, the two-moment sectional approach explicitly tracks both aerosol number (the zeroth
moment) and mass (first moment) in each size section. The two-moment approach can
conserve both number and mass very accurately (e.g. Adams and Seinfeld, 2002). Clearly, all
two-moment models that track aerosol number and mass are unaffected by the inconsistency
arising from representing particle growth only in terms of changes in particle number in each
bin.

Text change:
We will include the explanations on single-moment and two-moment sectional approaches in
section 2.1 (“Review of current aerosol process models”).

“First attempts to solve the stochastic collection equation for a droplet size distribution have
used a single-moment sectional approach, where either particle number or particle mass is
being tracked. Later, two-moment sectional models were developed, which explicitly track both
particle number (i.e., zeroth moment) and the mass concentration of aerosol components (i.e.,
first moment) in each size bin, to predict the particle number and mass size distributions
(Tzivion et al., 1987). The two-moment sectional approach can conserve both number and mass
very accurately (Adam and Seinfeld, 2002). Two-moment sectional models have been



implemented in global aerosol microphysics models for improving the understanding of the
processes that control concentrations of cloud condensation nuclei (CCN), for example the
climate model GISS-TOMAS (Lee and Adams, 2010) and the global offline-CTM model
GLOMAP (Spracklen et al., 2005).”

2) Page 4, lines 7-10, statement about integrating aerosol dynamics with gas phase
chemistry. It is true that many of the aerosol dynamics models do not contain gas
phase chemistry. However, many of them are designed to be coupled with a
separate gas phase chemistry model. One example is the HAM-model (Bergman et
al., 2021), which includes SALSA, and has been implemented into the ECHAM5
climate model. Would it thus be more ‘fair’ to compare the contents of MAFOR to
HAM (and other such models) instead of the pure aerosol dynamic packages, when
considering what they contain (Tablel)?

Response:

The focus of the paper is on the evaluation of aerosol dynamics processes implemented in
MAFOR v2 and their numerical solution. There are only a few other sectional aerosol dynamics
models for use in atmospheric studies that are inherently coupled to a gas-phase chemistry
scheme in their stand-alone version, as referred in the mentioned text on page 4 of the
Introduction. It is noted that the Hamburg Aerosol Model (HAM) (Stier et al., 2005) which
handles the emissions, removal and microphysics of aerosol particles model within ECHAM5
basically includes a chemistry scheme for the oxidation of DMS. In the previous publication of
Karl et al. (2011), the coupling of aerosol dynamics with gas-phase chemistry, mainly with
respect to gas-phase reaction products from DMS chemistry using a comprehensive reaction
scheme, has been evaluated in a marine transport scenario under clear sky conditions for the
sectional models MAFOR v1, AEROFOR and the monodisperse model MONO32. However,
such large-scale experimental field-data with publicly available observations for both the
particulate phase and the gas-phase constituents under favorable meteorological conditions
(clear sky and stably stratified boundary layer) are rare. Moreover, we feel that it is beyond the
scope of this study to compare to the aerosol microphysical modules that are used in large
scale 3-D modelling and climate models. Such a comparison would certainly require a dedicated
study, entailing the implementation of different aerosol dynamics modules in the same climate
model. We will add a statement in the manuscript, saying that many aerosol dynamics models
are designed to be coupled with a separate gas phase chemistry module, when implemented in
3-D models.

Text changes:

The sentences on page 4, lines 7-10, mentioned by the reviewer will be changed as follows:
“The aerosol dynamics in MAFOR are coupled to a detailed gas-phase chemistry module, which
offers full flexibility for inclusion of new chemical species and reactions. Many aerosol dynamics
models are designed to be coupled with a separate gas-phase chemistry module, when
implemented in atmospheric 3-D models. However, there exist only a few other aerosol
dynamics models for use in atmospheric studies that inherently integrate gas-phase chemistry
together with aerosol processes as a function of time.”

The text regarding implementation of SALSA in 3-D models in section 2.1 (“Review of current
aerosol process models”) will be changed as follows:

M7 (Vignati et al., 2004) and SALSA (Kokkola et al., 2008), partly owing to their
computationally efficiency, have been implemented into the 3-D aerosol-climate model



ECHAMS (Bergman et al., 2012). SALSA is a sectional aerosol module, developed with the
specific purpose for implementation in large scale models. It is part of the Hamburg Aerosol
Model (HAM) (Stier et al., 2005) that handles the emissions, removal and microphysics of
aerosol particles, and the gas-phase chemistry of dimethyl sulphide (DMS) within ECHAMS5.”

In section 4.3.2 (“Integration in 3-D atmospheric models”) we add the following sentence:

“The MAFOR box model inherently includes coupling to a detailed gas-phase chemistry.
However, the aerosol dynamics solver can be applied as a separate module in 3-D atmospheric
models.”

3) | really appreciate the clarity by which the differences between versions 2.0 and 1.0
are explained (section 2, page 5). However, what remains unclear is what is the role
of these new developments in improving the results presented in this manuscript
(section 4), where dilution and aerosol dry deposition seem to dominate the
dynamics, and, e.g. the new nucleation models seem to play no role. It feels like very
little of the listed novelties are actually tested here???

Response:

We were aware of this difficulty when we selected the street canyon case (“Urban Case”) for the
evaluation of the model. The street canyon case was selected due to its relevance for defining
the aerosol processes that need to be considered in urban dispersion models. The plume
dispersion simulation considers the scale between the release of exhaust and the roadside, for
which the aerosol dynamics processes are typically not resolved in city-scale dispersion models.
Semi-volatile organic vapours can grow nucleation mode particles with a non-volatile core that
formed in the vehicle exhaust before the dilution process (Ronkko et al., 2007; Pirjola et al.,
2015), without any significant chemical transformation in the atmosphere (R6nkko et al., 2013).
The treatment of condensable organic compounds plays a role in the evaluation (e.g., Figure
13) and the influence of different volatility was tested in section 4.1.3 (“Effect or influence of
condensation/evaporation of organics”). Unfortunately, it was not possible to test the new
development on formation of SOA from VOC oxidation (i.e. absorptive partitioning of organic
vapours) in the street canyon case, because the gas-phase concentrations of VOC have not
been measured. Note, that the new features of the nucleation model (sulphuric acid-water
nucleation parameterization of Maattanen et al., 2018) and of the coagulation kernel (fractal
aggregates of soot) were applied to constrain the uncertainties of the street canyon case, but
did only have an limited effect on total PN concentrations and particle size distributions.

We have presented results from three numerical experiments in the Supplementary Materials, in
which some of the new features of the model were evaluated in comparison to data from the
literature.

In addition, we have now performed an evaluation of the implemented new nucleation model of
Maattanen et al. (M2018) in a simulation of new particle formation in comparison to the
AEROFOR model (that also applies M2018). Simulation of nucleation and particle growth was
compared in a numerical experiment under clear sky conditions with zero background particles,
mimicking conditions over the high Arctic in summer. The numerical experiment allows for
comparing the rate of ion-induced and neutral nucleation, formation and growth of new particles
between the two models.



SOA formation with coupled photochemistry and aerosol dynamics has been evaluated in a
smog chamber experiment for the OH-initiated oxidation of 2-aminoethanol (Karl et al., 2012). In
that version of the MAFOR v1 model, the coupling was with the gas-phase chemistry scheme of
MECCA v3.0. The main advantage of using the new version 4.0 of MECCA in MAFOR V2 is the
much more detailed VOC chemistry of the Mainz Organic Mechanism (MOM). In a study of the
oxidation processes in the Mediterranean atmosphere, simulated atmospheric hydroxyl radical
(OH) concentrations with the CAABA/MECCA box model using MOM chemistry were in good
agreement with in situ OH observations (Mallik et al., 2018).

Vehicles contribute to atmospheric PM concentrations not only through direct, primary PM
emissions, but also even more significantly through gas-to-particle conversion of initially
gaseous exhaust components and the photo-oxidation of emitted VOC (Nordin et al., 2013).
While the gas-to-particle conversion of the semi-volatile vapours in the exhaust was evaluated
in the simulation of the street canyon case, it was not possible to evaluate SOA formation
through VOC photo-oxidation, as stated above. There is a need for investigation of the role of
aromatic VOC and other gaseous precursors in the formation of SOA from gasoline and diesel
vehicles. In a follow-up work, it is planned to simulate with MAFOR v2 the secondary aerosol
formation in aged vehicle exhaust in a smog chamber experiment or in an oxidation flow reactor
(OFR) that gives the potential aerosol mass. The model evaluation will be designed to consider
the production of SOA-precursors from photochemical VOC oxidation using the mass-based
formulation from the 2-D VBS framework for organic aerosol phase partitioning.

Text changes:
We will add a new section 4.2.4 on the evaluation of the model improvements in the revised
manuscript that details the evaluation of the new features one by one.

The results from the evaluation of the M2018 nucleation code in comparison against the
AEROFOR model will be included in the manuscript (new section 4.2.4 and new Appendix H).

4) Table 5, page 40: As dry deposition is stated as the other major process (in addition
to dilution) affecting the size distribution, and each of the models compared have a
different dry deposition parameterization, is it possible that it is these differences (as
well as how the particles are introduced into the beginning of the simulation) that
explain much of the differences in the results.

Response:

In addition to dry deposition, the way particles are introduced in the beginning of the simulation
(initial size distribution) and the numerical solver cause differences between the models. As
already stated in the original manuscript (page 47, lines 3-4), the change of PN in simulations
with AEROFOR was more strongly controlled by dilution than in simulations with the other
models. The AEROFOR model solves the set of stiff differential equations of aerosol dynamics
processes and dilution in one step with the NAG library, whereas SALSA and MAFOR use
operator splitting. To assess the differences in the model results due to the application of
different deposition schemes (as given in Table 5), additional model runs including all processes
for the “Urban Case” scenario were performed with the MAFOR model using first SPF1985
(deposition scheme in AEROFOR) and second ZH2001 (deposition scheme in SALSA). The
comparison of the final particle size distribution (at point D, after 78.5 s plume transport time)
obtained from MAFOR runs with different dry deposition parameterizations is shown in the
Figure C1 below.



after 78.5 s (D)

dN/dlogDp (particles.’cms}
=)

1 10 100 1000

Particle diameter (nm)
Figure C1: Modelled size distribution with MAFOR using different dry deposition parameterizations at
point D (after 78.5 s plume transport time). HU2012 is the reference configuration as shown in
Figure 11 of the manuscript.

The HU2012 deposition scheme that was used in the reference run with MAFOR is more
efficient in removing particles > 10 nm diameter than the other two deposition schemes.
However, differences between using SPF1985 or ZH2001 are very small, which means that the
application of different dry deposition parameterizations was not the only reason for differences
in the results.

Text changes:
Figure 4 and the text belonging to this figure was revised to consider the dry deposition
velocities calculated with the ZH2001 parameterization for urban rough surfaces.

The following text on the effect of different dry deposition schemes on model results will be
added in section 4.1.2 (“Importance of aerosol processes”):

“Differences in the relative contribution of deposition in the models are most probably due to the
fact that different schemes for dry deposition were employed (Table 5). To assess the
differences in the model results due to the application of different deposition schemes,
additional model runs including all processes were performed with the MAFOR model using first
SPF1985 (deposition scheme in AEROFOR) and second ZH2001 (deposition scheme in
SALSA). The comparison of the final particle size distribution at point D, obtained from MAFOR
runs with different dry deposition parameterizations is shown in Figure E2 (Appendix E). The
HU2012 deposition scheme that was used in the reference run with MAFOR is more efficient in
removing particles >10 nm diameter than the other two deposition schemes. However,
differences between using either SPF1985 or ZH2001 are very small, which means that the
application of different dry deposition parameterizations was not the only reason for differences
of the predicted particle size distributions.”

The final size distribution plot (figure C1) will be included in Appendix E.



5) Page 30, discussion about numerical diffusion: The authors acknowledge that the
fixed sectional discretization chosen is prone to numerical diffusion. They also state
that this is circumvented by using enough bins. However, if the model is to be used
in 3D atmospheric, or even climate models, one can typically not afford to use a very
big number of bins, and this is why other methods, such as the moving center
method (which is mentioned) has been proven useful. This, | believe, needs more
clarification, especially since in the summary (page 58) MAFOR2.0 is envisioned “a
state-of-the-art benchmark model” to be also implemented into earth system models.

Response:

It is true that large 3-D atmospheric models and climate models cannot afford to use a large
number of size sections, and this has already been mentioned in the original manuscript in
section 4.3.2 (“Integration in 3-D atmospheric models”). The reviewer suggests to use the
moving center method due to its good performance when the size distribution is represented by
a fewer number of size sections. This has already been stated in section 2.6 (“Numerical
solution of the aerosol dynamics”) on page 30, lines 12-20, of the original manuscript.

The fixed sectional grid has been chosen for the MAFOR model because of the advantages
when simulating continuous new particle formation. Numerical diffusion of the fixed sectional
method in the MAFOR model was addressed in section 2.6. An evaluation of the fixed sectional
discretization has been performed in the numerical experiment Case 1, presented in the
Supplement section S2. Notify that Case 1 shows that the 16 size bins causes ~10% error and
32 bins only ~3% error for the final total PN concentrations under those conditions. This small
error is considered still acceptable when compared to measurement errors of the observed total
PN concentrations. Further, the computational demand increases only slightly when using a
larger number of size sections. In addition, we suggest to develop a mapping procedure
between the aerosol dynamics module that attributes the higher number of size sections to the
advection routine of the large scale model that uses a smaller number of size sections.

Text changes:
Based on the above, we have modified the text on integration of the aerosol dynamics module
into 3-D models in section 4.3.2 as follows:

“With regard to implementation of the aerosol dynamics code into large scale atmospheric
models it is of special interest to assess how much one can lower the accuracy of the size
distribution description without compromising on the accuracy of the model results. The
evaluation of the sectional size representation in Case 1 (Supplement Sect. S2) revealed that
the use of 16 size sections causes ~10% error, and 32 size sections only ~3% error in the final
total PN concentrations under those conditions. The error of both representations is considered
still acceptable when compared to measurement errors of observed total PN concentrations.
Further, the computational demand increases only slightly when using a larger number of size
sections. Overall, the size representation using 32 size sections is adequate for the simulation
of long periods, as the accuracy in terms of size distribution changes and total number
concentration is sufficiently high, while the computational demand is only 2% higher compared
to the lowest tested resolution of 16 size sections.

Aerosol representations in large scale models are often limited to less than 20 size classes, as
the particles in each size section have to be included in the advection routine and a higher
number of advected species increases the computing time. Therefore, methods need to be
developed for the mapping of the size representation used in the aerosol dynamics code and



the advected particle species. The effect of changing the number of size classes in the 3-D
model needs to be tested thoroughly.”

6) The theory in Appendix B is a bit hard to follow. Is B2 a time-differenced result of B1?
(together with B4?) And, where does B3 come from? For the reader, it would be
clearer to first show the differential equation, the mention how it is discretized, and
finally show the discretized equation.

Response:

We agree with the reviewer that the equations in Appendix B were difficult to follow. The
description of the Analytical Predictor of Condensation in Appendix B was incomplete and also
includes the solution for the growth by dissolution (equation B3). Appendix B will be revised
according to the suggestions from the reviewer. We first present the differential equations that
form the Ng+1 ordinary differential equations for condensation and also for dissolution. We then
explain the integration to obtain a discretized equation for the mass concentration of compound
g in size bin i. Next, we obtain the discrete equation for the final gas concentration with respect
to the mass-balance equation. Finally, the limits are introduced to prevent negative values of the
resulting mass concentrations.
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