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Reply to reviewer 1

The paper by Sartelet and co-workers describes the new developments in the established aerosol model "SSH" (Sartelet et
al., 2020), now termed SSH-2.0. The additions and changes to the model are comprehensive, which justifies publication of
this update. Code is provided on github and Zenodo. One of the biggest advantages of this very complete aerosol model is its
capability to be run both as box model to describe laboratory experiments, and as module in larger scale models. The authors
added functionalities that seem helpful for both tasks. The authors have a difficult task at hand with this paper to describe
the full capability of the model. This work details the development of advancements in gas-particle partitioning, viscosity and
particle-phase reactions into the model, which I think is a good choice. However, I think the paper would benefit from some
general clarifications about the SSH model and how it works (even though this has been established in previous work), possibly
aided by some diagrams. After the questions and comments below are addressed, this will be a nice paper that fits well within

the scope of GMD.
General Comments

Some of the new model capabilities advertised in Abstract and Conclusions are not sufficiently discussed in the paper, espe-
cially the treatment of new particle formation / nucleation and ultrafine particles. It would be good if these points would be
strengthened.

Our reply: To strengthen the section on ultrafine particles, more details about the treatment of coagulation have been added at
the beginning of section 5.

"For coagulation, the discretized equations governing aerosol dynamics involve partition coefficients that account for the pos-
sibility that the coagulation of particles from two given size sections may produce particle sizes spanning multiple sections.

The size mesh is assumed to remain fixed over time, so that these partition coefficients can be pre-computed. In previous model
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version, the coagulation partition coefficients were calculated using a Monte-Carlo approach. ..... Because the explicit formu-
lation has negligible computational cost compared with the Monte Carlo approach; only the explicit formulation is retained for
internally-mixed particles in v2.0."

More details on the size distribution are also added:

"Given the strong impact of coagulation on the growth of ultrafine particles, it should always be included in their modelling.
Consequently, the particle-diameter limits are held constant over the course of the simulations. Because nucleation corresponds
to the formation of nanometric particles from gas precursors, the lowest particle diameter bound of the size distribution should
be about 1 nm."

In the nucleation section, the following explanations are also added: "The nucleation parametrizations differ in the gas precur-
sors (sulfuric acid, ammonia, extremely-low volatile organic compounds) and/or in the formulation of the parameterization. ",

as well as the formula for organic nucleation:
J = scalyry [Organics]™“*Pers (D)

Nucleated particles are assigned to the first size bin, whose lower bound should be set to about 1 nm to represent freshly formed
clusters. The composition of the nucleation-size bin is determined by the precursor species involved in nucleation, and it is

estimated based on the properties of these precursors."

A section describing the growth of ultrafine particles has also been added. "To illustrate the growth of nucleated nanopar-
ticles, the nucleation test case presented in Sartelet et al. (2006) is simulated. The initial distribution corresponds to the hazy
conditions of Seigneur et al. (1986). The sulfuric acid production rate is 0.825 g m~3 h™?, the temperature is 288.15 K and
the relative humidity is 60%. The particles are initially assumed to be made of 70% sulfate and 30% ammonium. The initial
gas phase ammonia concentration is taken to be 8 g m~3. The concentrations of gas-phase ammonia and particulate-phase
ammonium evolve with time due to both condensation/evaporation and ternary nucleation. The simulation is run for 1 h with
output every 60 s. Fig. 1 shows the size distribution of particles at the initial time and after 1 h. The nucleated particles grow
under the effect of condensation of sulfuric acid and ammonia and coagulation. This growth can be accelerated by the pres-
ence of extremely low-volatility organic compounds (ELVOCs), such as the SSH-aerosol surrogate "Monomer", underlying

the importance of an accurate modelling of the formation of ELVOC:s for the growth of ultra-fine particles. "
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Figure 1. Size distribution of particles in the nucleation test case. Under hazy conditions, nanoparticles nucleated from water, sulfuric acid
and ammonia grow to larger size. A simulation adding ELVOCs (Monomer) to the initial conditions is performed to illustrate their effect on

the growth of ultrafine particles. Number (left panel, a) and volume (right panel, b) concentrations.

Something that would be really instructive in this study would be to give the reader an idea how much more time consuming
the model gets when the complexity is increased, e.g. by including more complex chemistry (e.g., Figs. 2, 3 etc.) or including
particle-phase effects (e.g., Fig. 8). Could you time the model and report the runtime?

Our reply: The runtime is now compared in the table 1 and discussed in the paper.The following lines are added in section
2.5, dedicated to the runtime.

As detailed in the appendix, many options are available, allowing the representation of the different physical processes with a
large range of complexity. It is illustrated with different test cases in this paper. Increasing complexity may often lead to a large
increase in computational time (CPU), as illustrated in Table 1. Near-explicit chemical schemes may be 3 to 65 times more
expensive than parameterized schemes (comparisons of simulation numbers 1, 2,3; numbers 4 and 7). Taking into account
ideality has a limited impact on CPU time, with an increase by a factor about 1.5-2 (comparisons of simulation numbers 4
and 5; numbers 4 and 6; numbers 9 and 10). The impact of oligomerisation on CPU time may be limited (comparison of
simulation numbers 12 and 13), while the impact of viscosity may be high, with an increase by a factor almost 8 (comparison
of simulation numbers 10 and 11). Dynamic gas/particle partitioning may lead to a large increase of CPU time, from a factor
2 to a factor 20 (comparisons of simulation numbers 13 and 14; numbers 15 and 16; numbers 17 and 18; numbers 19 and 20).
The relations between CPU time and model complexity presented here are only illustrative, and they may vary depending on

the environmental conditions specified in the model’s input.



Table 1. Runtime (in s) for different simulations presented in the Figures of this paper. Rdc. stands for reduced and Expl. for quasi-explicit.

Simulation number Simulation name Figures Runtime (s)
1 Rdc. SOA scheme 4,5and 6 20
2 Expl. SOA scheme 4,5and 6 65
3 H20 SOA scheme 4,5and 6 1
4 Expl. toluene SOA scheme - Ideal 8a 6
5 Expl. toluene SOA scheme - Unifac 8a 10
6 Expl. toluene SOA scheme - Aiomfac 8a 11
7 Rdc. toluene SOA scheme - SART24-1 8b 2
8 Rdc. toluene SOA scheme - SART24-2 8b 1
9 Naphthalene SOA scheme - Ideal 9 15
10 Naphthalene SOA scheme - Aiomfac 9 23
11 Naphthalene SOA scheme - Aiomfac-visc 9 162
12 Isoprene SOA - Without oligomerization 11 2
13 Isoprene SOA - With oligomerization 11 3
13 CaCOg equilibrium no HNOg 14 3
14 CaCO3 dynamic no HNOg3 14 28
15 CaCOg3 equilibrium with HNOg3 14 2
16 CaCOj3 dynamic with HNOj3 14 43
17 Kelvin dynamic 15 0.4
18 Kelvin equilibrium 15 0.2
19 Kelvin dynamic 16 2.7
20 Kelvin equilibrium 16 0.2

I think it would be generally worthwhile to add a short, general section on the numerical implementation of the model code
65 (also to prepare Sect. 4.1, which details some of the improvements in SSH-2.0):
Our reply: Section 2 (model structure and new features) is now divided into 4 subsections: Model structure, Physical pro-

cesses, New features and a new subsection on Numerical implementation, which has been added.

- I believe this is FORTRAN code?
70 Our reply: The code is written in FORTRAN, except for SOAP which is written in C++. This is now specified at the beginning

of section "Model structure and new features".
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- Which ODE solvers are being used?
Our reply: Different ODE solvers are used depending on the processes, this is now detailed in the "Numerical Implementa-

tion" section.

- How is numerical convergence assured? Can the user change numerical integration tolerances?
Our reply: For each process, the initial time step is set to the minimum value specified by the user, and it is subsequently ad-
justed adaptively according to the user-defined numerical tolerance. This is now specified in the "Numerical Implementation”

section.

- Are there problems with numerical stiffness, if yes, how can they be dealt with? For example, can evaporation lead to the
full vanishing of layers?
Our reply: Stiffness is handled using dedicated stiff solvers, as now detailed in the Numerical Implementation section. Evap-
oration can indeed lead to the complete depletion of certain size bins. To ensure numerical robustness in such cases, the model
employs mass-threshold parameters (TINYM and TINYN) that control accuracy and prevent the accumulation of non-physical

residual masses. For layers, the volume ratio of layers is assumed to remain constant. Therefore, a layer cannot vanish.

For many of the examples, only the primary model output (e.g., SOA mass) is provided. I think this paper would be showing
the capabilities of SSH-2.0 better if you would also show other model output, such as the concentrations of certain product or
intermediates, particle size distributions, or diffusion gradients inside the particles. Our reply: In the manuscript, we present
different types of model outputs depending on the purpose of each test case. While Figures 1-8 focus on SOA mass, providing
detailed speciation for these cases would require an extensive discussion of the chemical schemes and intermediates, which
would detract from the clarity of the comparison. However, several other figures already illustrate the additional outputs sug-
gested by the reviewer.

— Chemical composition and intermediates: Figure 9 explicitly demonstrates the role of composition through its impact on
viscosity. Figure 12 presents the formation of organosulfates and methyltetrols alongside SOA mass, and Figure 13 further
details particle chemical composition.

— Particle size distributions: Size-resolved outputs are shown in multiple test cases, including Figures 14, 15, and 16, which
illustrate the evolution of ultrafine particle size distributions.

In summary, while SOA mass is highlighted in some examples for clarity, the manuscript already includes several cases where
product concentrations, intermediates, and size distributions are analyzed to demonstrate the broader capabilities of SSH-

aerosol v2.0.

It does not become clear enough how far the model can be customized by defining one’s own particle-phase chemistry, or if
only the four types of particle-phase chemistry that is described in section 4.3 and 4.4 can be used.

Our reply: The model can be customized by implementing user-defined particle-phase chemistry, provided it is expressed
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using the five reaction types described in Section 4.3. Additional reaction types can in principle be accommodated, but their

inclusion would require further code development.

The English language could be improved at times (especially singular and plural nouns - for example, "dynamics" and
"physics" are used as plural nouns in the English language), but language copy-editing will take care of that. Overall, the
methods in the paper are a bit difficult to understand at times or remain unexplained. I tried to outline the concepts which I

find difficult in the specific comments below.
Specific Minor Comments

L. 47 - The sectional approach is not well described in this paper (despite being mentioned in the abstract). Is the approach to
size distributions in this model using fixed or moving bins? This is important for discussing the implementation of nucleation in
Sect. 5.1 later. In . 342, I think size bins are mentioned for the first time without prior introduction. It would be good to clarify
how size distributions work in the model.

Our reply: To clarify the size distribution, the following paragraph was added at the beginning of section 2: "The size distribu-
tion is represented using a sectional approach (Debry et al., 2007), in which the particle population is approximated by discrete
size sections characterized by their mass, number, and mean diameter. Depending on user settings, the section boundaries may
either remain fixed or evolve in time, and the mean diameter may be constrained to the geometric midpoint of the section or
allowed to vary within its bounds. Particles are assumed to be spherical, so that the mass M, number N, and mean diameter d,,
in each section satisfy M = N pr/6d3,, with p the particle density, which can be fixed or vary with the particle composition."

l. 68 "oftheir" -> "of their"
Our reply: Modified

l. 106 What is this "collision factor"?
Our reply: In the coagulation formulation, the collision factor represents the probability that a particle—particle encounter

leads to effective coalescence. It multiplies the collision kernel to give the actual coagulation rate. This is added in the text.

l. 162 "isoprene SOAs prefer to condense onto aqueous phase" - I believe this is not clear. With "SOAs" you mean oxidation
products here?
Our reply: "In this paper, the term SOA is used in a broad sense to refer to the compounds involved in the formation of or-
ganic particles, regardless of whether they are in the gas or particle phase." This is now added in the introduction. Furthermore

"isoprene SOAs" is replaced by "isoprene oxidation products”.

. 211-224: This paragraph is hard to read for people not deeply familiar with these reaction schemes. What I find most
confusing is the use of "oxidant" in quotation marks, describing the schemes (?), alongside oxidant without quotation marks.

Why are they called "oxidant" schemes?
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Our reply: These "oxidant" schemes correspond to chemical schemes describing the formation of oxidants. For simplicity,
this term has been removed, and the paragraph rewritten: "The inorganic reactions governing oxidant formation do not always
need to be included in the reaction list. Depending on the user’s settings, oxidant concentrations can either be prescribed using
constant input profiles, or they can be computed using existing gas-phase chemistry mechanism, such as CB05, RACM2 or
MELCHIOR2. These schemes can be complemented with SOA chemical schemes describing the degradation of VOCs leading
to SOA formation. To offer flexibility, the model allows users to construct customized chemical mechanisms, covering both
gas-phase and SOA chemistry, by combining a chosen gas-phase mechanism with one or more SOA schemes (typically one per
SOA precursor class). For VOCs already represented explicitly in the selected gas-phase mechanisms (e.g. toluene, monoter-
penes), the associated SOA scheme can be added without modifying oxidant concentrations. However, some VOCs are not
included in these gas-phase mechanisms, in which case the inclusion of specific reactions for radicals, oxidants as well as SOA
formation may be necessary. For example, the impact of naphthalene on ozone and radical production is not represented in the

CBO05, RACM?2 or MELCHIOR?2 mechanisms."

l. 254 "The influence of the RO2 pool option is low for BCARY." - Why is this the case?
Our reply: The RO, + RO, pathways, i.e., the part influenced by the background RO4 pool, is not the dominant pathway for
BCARY SOA formation. This has been added in the paper.

Figure 2 - "SOA yield" is not defined in the manuscript.
Our reply: Its definition has been added (the fraction of th BCARY’s reacted mass that is converted into SOA).

Figure 3 - Please explain "Rdc" and "Expl." somewhere.

Our reply: Added.

. 282 "This is partly attributed to the impact of molecular rearrangement present in the near-explicit scheme, but which
is missing in the H20 scheme." - This information does not help the reader understand what is going on. I would suggest to
explain it briefly so it can be understood, or only refer to the original study.

Our reply: Explanation has been added: "with ring opening of a bicyclic peroxy radical (BPR) with an O-O bridge (Iyer et al.,
2023)"

l. 294 - "(upper left panel of Fig4)" - I believe this should read "(upper right panel of Fig. 4)". Because you explain first the
upper right panel in the figure caption, I believe the order was reversed at some stage in the paper writing process. I think it
would be good to discuss the figures from left to right.

Our reply: The figures are indeed discussed from left to right, and thank you for pointing out the mistake in the labeling.
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Figure 6 - Since this chapter is about wall losses: what is the effect of the gas and particle wall loss parameterizations here?
Our reply: This chapter does not focus on wall losses; rather, it presents comparisons with chamber experiments. Wall-loss
processes are briefly described at the beginning of the section solely to document the implementation used in the simulations.
The core of the section examines SOA formation from various precursors against chamber data, and Fig. 6 specifically shows

the results for a-pinene.

l. 364 - What is "radical equilibrium"?

Our reply: This has been removed.

l. 381-385 - Figure 8 is hardly discussed in the paper. Figure 8 shows a better model-experiment agreement when using
AIOMFAC-visc. Can this be understood? Is Naphthalene SOA expected to be more viscous than toluene SOA (Fig. 7)? What
would the effect of using AIOMFAC-visc be on the calculations shown in Fig. 7, does it also affect this calculation?

Our reply: For naphthalene SOA, the agreement with experiments is marginally improved when using AIOMFAC-visc com-
pared with AIOMFAC. When accounting for viscosity, diffusion inside the particles limits the condensation of semivolatile
species because the particles are semisolid. However, both simulations remain very close to the experimental data, one slightly
overestimating and the other slightly underestimating, so this difference is not considered meaningful in regard of uncertainties
on simulation parameters (such as the initial diameter of particles). For toluene SOA, viscosity has only a minor influence,

likely because their oxidation products are less multifunctional. These sentences have been added to the paper.

l. 394 - "As in Couvidat and Sartelet (2015) and in SSH-aerosol vi.1, it does not represent the exchange of compounds
between layers but assumes a characteristic time to reach the interface.” - Can the authors comment why this implicit layer-to-
interface approach has been chosen over a more explicit layer-to-layer diffusion approach? Do I understand correctly that the
diffusion to the interface is only determined by the composition of the origin layer, not the composition of the layers between
this layer and the interface? If yes, the authors should comment on the potential shortcomings of this method. A schematic
figure might help the reader to visualize how diffusion is treated in the model.

Our reply: An explicit method is implemented within SSH-aerosol but is very CPU time comsuming, especially when coupled
to activity coefficients and a SOA mechanism containing several hundreds of semivolatile organic species. Using an explicit
representation would have resulted in a prohibitive CPU time and parallelization within SSH-aerosol would be necessary.

Some details and an illustration were added to the text: "As illustrated by Fig. 2, diffusion is represented by exchange fluxes
between the different layers inside the particle and the interface layer. The main consequence of this simplification is that the
diffusion of a compound is calculated as if the compound has the same affinity with every layers. It may therefore miss some
entrapment effect (impossibility for compounds to cross a layer because of a lack of affinity)."

Equation 10 - The use of long words in italic font as indices make the equations quite hard to read. Generally it is customary
to use italic letters for variables representing numbers, but upright characters for words that do not ("diff"). It is not clear what

bin, p and o stand for. What is the unit of J? Typically, flux is expressed as molecules per time and area (e.g., Pdschl, Rudich,
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Figure 2. Illustration of implicit treatment of diffusion inside a particle.

Ammann 2007). Is this the case here (and e.g. in Eq. 23)?
Our reply: The text and the equation have been revised to better explain the unit and remove the italic font for words. We kept
the notation of Couvidat and Sartelet (2015) where A,, design the particle phase concentration and M,, the organic aerosol mass.

The text now states: The flux of diffusion for a specific layer, bin and species (Jg;g’liayer in g m~3 of air s~1) is calculated as:

Kbi}rlalayerMbin,layer
Jbin,layer _ kbin,layer interface,layer p,t [ __ pbin,layer (2)
diff,i — "diffusion §2%) Kbin,interfaceMbin,interface 121
Dsi °

with kg:g&fly;f the parameter of diffusion rate from the interface to the layer (in s~!), "interface" the index of the layer at the

gas/particle interface, K?''*¥*" (in m3 ;g ~1)the partitioning constant, M2™-12%¢" (in ;g m~3 of air) the mass of the organic

125

phase in the layer and A?"l@ve”

. . . - . -3 .
D, the particle concentrations of the species i in the layer (in ug m™* of air).

l. 413 "By BEin,layer - D,i(t+At) is the concentration estimated with Eq. 11" - Do you mean that the result of Eq. 11
(Abin,layer_p,i(t+At)) is inserted here? The use of A and B for (same?) concentrations is highly confusing here.
Our reply: B correspond to a temporary estimation of concentrations and not the final estimation given by Eq. 12. Hence the

separation between A and B. A Was replaced by B to avoid the confusion in Eq. 11.

l. 417 - What does "without diffusion” mean here?
Our reply: "but with only one layer and without diffusion" is replaced by "but with only one layer and without representing
diffusion inside the aqueous phase"

Equation 20 and 1. 451: R_diff should probably be R_diff,c (as in Eq. 19).
Our reply: R_diff,c is replaced by R_diff in Eq. 19 for homogenization.
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l. 458 - What does "default structure” mean here?
Our reply: The explanation of the default structure is added: the default structure was proposed by Couvidat et al. (2012) in
the H20 mechanism for primary compounds and model species with an unknown molecular structure. In this representation,

the activity coefficient is set to unity, ensuring that the condensation process is not influenced by non-ideality effects.

l. 465 - "However, at RH=70%, the aerosol is inviscid" - Is the viscosity truly zero here in the calculations, which is what
inviscid means, or do just mean its low enough to not affect condensation?
Our reply: "is inviscid" is replaced by "can be considered as inviscid". The viscosity is not zero but it does not affect signifi-

cantly condensation.

Figure 9 - Why are the initial conditions not the same for these simulations? How is the model initialized? Is the POAmP
concentration in the gas phase fixed (open system)?
Our reply: The initial conditions are the same for all simulations. The impression that initial conditions differ between the
figures are due to the log scale for time. The figures have been revised to print concentrations starting from the first time step

and solve this issue.

l. 483 - It is not clear what is meant with "This type of reaction can account for catalysis by water and pH." - Can the rate
coefficient of this reaction be expressed in dependence of humidity and pH?
Our reply: Yes. In that case the reaction rate if multiply by the activity of water or pH. The sentence is replaced by "This type
of reaction can account for catalysis by water (reaction rate multiplied by the activity of water) and pH (reaction rate multiplied

by pH)."

l. 530 - "The influence of hydratation is assessed in the Platt isoprene test case with ammonia emission (see previous
section).”" - Where can this be seen?
Our reply: As the influence of hydratation on glyoxal SOA is quite low, hydratation is not illustrated by a specific figure. The
sentence was corrected to: "The influence of hydratation on glyoxal absorption was tested by running the Platt isoprene test
case including ammonia emission with and without hydratation."

L. 536 - "water of pH" should likely read "water or pH"
Our reply: Indeed. Corrected.

Equation 27 - "H. f f" is incorrectly subscripted
Our reply: Corrected. H. f f replaced by He s .

l. 573 - "the Henry constant of OH is adapted from Sander (2015) leading to OH aqueous concentration in agreement with
typical mean value in the atmosphere from Herrmann et al. (2010)." - It’s not clear what the importance of OH is in this
section.

Our reply: The parameterization of the irreversible condensation of glyoxal and methylglyoxal represents the impact of the

10
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reactions of these dicarbonyls with OH in the aqueous phase of the particles, forming highly soluble and low-volatility com-
pounds, increasing the formation of SOA. The term irreversible is used to distinguish this process from the reversible processes
of hydration and isomerization. The concentration of OH in the aqueous phase is therefore required for estimating k', the first-
order loss rate of the dicarbonyl in the aqueous phase. The concentration of OH in the aqueous phase is estimated from the gas
concentrations and the Henry constant of OH. The purpose of this parameterization, as well as the role of OH (and therefore
its Henry constant), are now explained in the text.
l. 588 - It is not clear what is meant with "inorganic aerosol are assumed to be metastable".
Our reply: "Inorganic aerosol are assumed to be metastable" replaced by "Inorganic aerosols are assumed to be thermody-
namically metastable (inorganic compounds are always present in the aqueous phase of particles and no solid salts are formed)
with the exception of CaCOj5 that is assumed to have a very low solubility."
. 593 - "as shown in the guide" - Here and in other places: I think this needs better referencing. What document is this,
where can it be found (URL). The reader might benefit from an explicit page / section reference. In general, I don’t think it
makes much sense for this paper to describe a calculation, but then not show results.

Our reply: A reference to the guide was added each time it is mentioned.
Figure 13 - It is very hard to see and distinguish all different lines. The legend shows four different experiments, but only 3

are visible in the figure (dotted, dash-dotted, solid). From the legend, it is not clear which simulation the dash-dotted line refers

to.
Our reply: The figure has been revised and separated into two subfigures (see Fig. 3)
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Figure 3. Time evolution of CaCO3 particles in presence or in absence of HNOs with an equilibrium approach (a) or a dynamic approach
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. 615 - "An algorithm is used to redistribute the bulk concentrations between the size sections, taking into account the Kelvin

effect.” - This is not clear, please explain.
285 Our reply: It is replaced by "An algorithm is applied to redistribute the bulk aerosol concentrations across the size sections in
a thermodynamically consistent way, explicitly accounting for the Kelvin effect, which increases the effective vapor pressure

over smaller particles."

Section 5.1 - From this section, it does not become clear enough how nucleation works in the model. - Does nucleation

290 always occur into the smallest size bin?
Our reply: Yes, nucleation is assumed to occur in the first size bin, which should start around 1 nm. The following sentence
is added to the paper: "Nucleated particles are assigned to the first size bin, whose lower bound should be set to about 1 nm to

represent freshly formed clusters."

295 - How is composition of the nucleation size bin treated when nucleation occurs?
Our reply: The composition of the nucleation-size bin is determined by the species involved in nucleation, and it is estimated

based on the properties of these species.

- Can you show / visualize the evolution of the size distribution somehow?
300 Our reply: The evolution of the size distribution for the test that has been added to the paper is available in the paper of SSH-

aerosol v1.1 (Fig. 12) and in the guide. Its shows the time evolution of the number distribution for the different size sections.

- Is nucleation happening in the calculations for Fig. 15?
Our reply: No nucleation was not switched on in these calculations. The words "(nucleation and coagulation are not consid-
305 ered)" are added in the paper.
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