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We thank the reviewer for the useful comments. We agree that our focus is not the
simulation of ice nuclei (IN). The simulation of IN is indeed not possible, since it is still
unclear which microphysical and chemical properties enable only a specific fraction of
mineral dust or BC particles to act as efficient IN. We aim at simulating the properties
(number, composition and mixing state) of insoluble particles which could possibly act
as IN. We intend to use this information to assess possible effects of IN on cirrus clouds
by coupling MADE-in to an ice nucleation parameterization (e. g. Kärcher et al., 2006)
within the global model framework. To this end, the fraction of BC and dust particles
which could actually act as ice forming nuclei as well as other relevant parameters,
such as the respective humidity thresholds, have to be defined accordingly to drive the
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ice nucleation parameterization. The information about the mixing state can be used
to separate potential deposition nuclei from immersion nuclei and to assume different
nucleation abilities for these different IN types. We agree that the name of the model
might be misleading, and that this argumentation was not clear enough in the previous
version of the paper. We have modified the manuscript accordingly. We have generally
shifted the focus of the paper from ice nuclei aspects towards insoluble particle issues.
The name MADE-in now stands for modal aerosol dynamics model including insoluble
modes. Due to the change of focus of the paper, the following reviewer comments,
which regard the possibility of using MADE-in to study IN, are less relevant.

1. Reviewer comment (RC): There is contradictory evidence on whether coatings
suppress ice nucleation, have no effect or even enhance it. According to some
studies, immersion freezing is the most likely ice nucleation mode in mixed-phase
clouds. If activated to cloud droplets, however, the soluble material of the coatings
would be so diluted that the effect on the freezing efficiency is probably small,
unless the particle surface has been modified by chemical reactions.

Authors reply (AR): We agree that there is contradictory evidence on the effect
of the coating on ice nucleation, particularly in the mixed-phase cloud regime. In
the cirrus regime, coatings may dampen the ice-forming ability of mineral dust
(e. g. Möhler et al., 2008; Cziczo et al. 2009; Koehler et al. 2010). In the case
of BC at cirrus temperatures, the information is also contradictory (DeMott et al.,
1999; Möhler et al., 2005; Käercher et al., 2007). EMAC/MADE-in calculates
the number and mass concentration of internally and externally mixed insoluble
particles, but does not make any assumption on their freezing ability. This should
be done within an ice microphysical scheme, once coupled to EMAC/MADE-in.
Even though the effect of the coating on ice nucleation is not clear yet, a model
like EMAC/MADE-in allows to perform sensitivity studies with various scenarios,
assuming that the internal mixture facilitates or not the formation of ice crystals.
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2. RC: To the extent of my knowledge, there is currently no ice nucleation parame-
terization available which would make explicit use of the information on the mixing
state and coating thickness.

AR: As stated in the general comment above, information about the chemical
composition and mixing state of ice nuclei can be used to identify which freezing
process is more likely to take place.

3. RC: Particles other than dust and BC have been identified as ice nuclei, includ-
ing organic acids and humic-like substances, metallic particles and bioaerosols.
These are not even mentioned.

AR: We agree that BC and dust are not the only ice nuclei in the atmosphere, and
other species as organic aerosol or metallic particles appear to be very effective
ice nuclei. With regard to the cirrus cloud regime, the major research activities
focused on mineral dust and BC IN and this is the reason why these particle types
are in focus of MADE-in. However, the insoluble particle modes of MADE-in can
be extended by other components in future studies.

4. RC: “Potential IN” is a term invented by modellers and is not well defined. What
measurable quantity does this correspond to? Does this refer to all particles
which can induce heterogeneous above a certain temperature? If so, above what
temperature? You should note that in no laboratory of field experiment, more than
a at maximum few percent of all BC particles were found to nucleate ice, even at
low temperatures. (This is different for mineral dust.)

AR: We have omitted the term potential IN in the current version of the
manuscript.

5. RC: DeMott et al. (2010) showed a remarkable correlation of IN with concentra-
tions of aerosol particles larger than 0.5 µm. This points to a first-order depen-
dence on size rather than on mixing state.
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AR: Since EMAC/MADE-in also resolves the size distribution of insoluble parti-
cles, also this issue can be addressed.

6. RC: The simulated dust concentrations are not properly evaluated. This is crucial
if this model is supposed to be used for simulating IN. The coarse mode receives
much less attention in this manuscript than the Aitken and accumulation modes,
although it might be the most important size class for potential ice nuclei. Coating
of the coarse mode should be included in the model, as this can be a major sink
for condensable gases.

AR: We have included an additional evaluation of mineral dust concentrations at
the Earth’s surface by comparing with the station data discussed by Huneeus et
al. (2010). We agree that coarse mode dust particles can be important ice nuclei,
but their large size mostly keeps them confined to lower altitudes. This is now
mentioned in Sect. 2.1 of the manuscript. Since we plan to apply EMAC/MADE-
in to study cirrus clouds, we mainly focus on sub-micrometer aerosol.

7. RC: For the purpose of simulation of IN, I see a major problem in the fact that the
“accext” and “accmix” modes contain both BC and dust, such that the number
concentration of dust particles can not be diagnosed. One eventually has to
assign different ice nucleation abilities to BC and dust, but here they are not
treated separately. Probably the “potential IN number concentrations” in Fig. 16
are dominated by BC. How would the dust number concentrations look like?

AR: EMAC/MADE-in does not simulate separately the number concentration of
BC and dust, but does simulate their mass. To drive ice nucleation parameteri-
zations, the number contributions of BC and dust could be diagnosed from their
mass contributions to each mode. This however will be the subject of future stud-
ies as described in our general remarks above.

Detailed comments.
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1. RC: Introduction: As already pointed out by Daniel Cziczo, the introduction
should contain a more accurate representation of the present state of knowledge
on heterogeneous ice nucleation.

AR: The introduction has been modified. The focus has been shifted from ice nu-
cleation to the importance of insoluble particles and their mixing state in general,
including some more details about ice nuclei issues.

2. RC: Other recent aerosol models with similar capabilities regarding the simulation
of aerosol mixing state are described by Seland et al. (2008) and Wang et al.
(2009).

AR: We added references to Seland et al. (2008) and Wang et al. (2009) in the
introduction.

3. RC: Other global models which attempt to simulate ice nuclei should be also
mentioned: Liu et al. (2009); Gettelman et al. (2010); Salzmann et al. (2010);
Hoose et al. (2010).

AR: These models simulate the freezing processes itself, while MADE-in simu-
lates the aerosol microphysics that concurs to the modification of ice nuclei prop-
erties. Having changed the focus of the paper, references to these models were
not pertinent anymore.

4. RC: p 2227, l 7: “EMAC/MADE-IN keeps track of aerosol particles with different
freezing ability” - this is overselling the model.

AR: This sentence has been omitted and the capabilities of EMAC/MADE-in have
been explained more in details.

5. RC: Please give the mode diameter ranges for the different modes and the diam-
eters at emission. How is the interception diameter calculated?

AR: The following parts have been added to the text:
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• Sect. 2.1.1: Similarly to MADE, the Aitken modes typically contain particles
smaller than 100 nm and the accumulation modes have a typical size range
of 100 nm to 1 µm. The size range of one mode is not fixed, and can change
due to microphysical processes. The growth of particles, for instance, shifts
the diameter of the modes toward larger values. The nucleation of many
small particles shifts the mode to smaller diameters.

• Sect. 2.3: The number of particles emitted in the Aitken mode is calculated
assuming a number size distribution with median radius 0.015 µm and stan-
dard deviation 1.8. For deriving the number of particles emitted in the accu-
mulation mode a median radius of 0.04 µm and a standard deviation of 1.8
are assumed, except for mineral dust and sea salt. The dust particle num-
ber emissions fluxes are considered as calculated by Dentener et al. (2006)
taking into account variable size distributions. The emitted dust is assigned
to the coarse mode (1664 Tg per year) and to the externally mixed accumu-
lation mode accext (10.6 Tg per year), since the major emission regions of
dust are usually poor of soluble material.

• Sect. 2.1.2: The intersection diameter is calculated from the definition of
log-normal mode, imposing that the number concentration of the Aitken and
of the accumulation mode at DN must be the same. More detailes about
the technical aspect of the algorithm used can be found in Binkowski and
Roselle (2003).

6. RC: equation (6): What exactly does the “aging” term refer to? (Other than coag-
ulation and growth?)

AR: The following has been added to the explanation of Eq. 6:
∂Ni
∂t

∣∣∣
aging

accounts for the number of particles that undergo aging due to conden-

sation of sulfuric acid and/or organic vapor as well as uptake of water. The aging
due to coagulation is included in ∂Ni

∂t

∣∣∣
coag

. Mode merging (growth) takes place
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only between modes of the same family, i.e. only between aknsol and accsol,
between aknext and accext, and between aknmix and accmix.

7. RC: p 2234, l 6: Why is sea salt partitioned between the modes?

AR: In the model set-up used in this work, sea salt is not included in the Aitken
mode, therefore the sea salt concentration is zero. The model, however, allows
for the presence of sea salt in the Aitken mode, too. The manuscript has been
modified to make this clear.

8. RC: Condensation: As the Whitby et al. (1991) reference is not easily available,
the calculation of the Gi terms should be explained in more detail. I understand
that they depend on the second moment (the surface), but not why they should
depend on the first moment (p 2235, l 1). And coming back to the point made
above: the coarse mode would provide a relatively large surface. Why is this
process excluded?

AR: Descriptions of the calculation of the coagulation and condensation coeffi-
cients have been added as appendix. Binkowski and Roselle (2003) estimated
the error related to the omission of the coarse mode using an average continental
size distribution, showing that the interaction between the sub-micrometer modes
and the coarse mode is weak. For a typical urban aerosol distribution Seinfeld
and Pandis (2006) (Fig. 8.11) showed that the surface distribution is clearly dom-
inated by the accumulation mode. We agree, however, that the coarse mode
provides large surface areas, particularly close to its source regions. A bet-
ter description of the coarse mode is planned for future versions of the model.
Given our interest in the UTLS, we decided for the time being to focus on the
sub-micrometer modes. Excluding the treatment of the coarse mode allow us
to increase the details in the description of the Aitken and accumulation modes,
while keeping the computational expenses low.

9. RC: p 2240, l 5: Is this referring to collision scavenging only?
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AR: Externally mixed BC and dust cannot be scavenged through nucleation scav-
enging in our model, but only through impact scavenging. This takes into account
the probably low hygroscopicity of externally mixed BC and dust. We explain this
point in Sect. 2.3.

10. RC: Is sulfate formation in the aqueous phase included in the model?

AR: Sulfate formation in the aqueous phase is included through the following
reactions, calculated by the submodel SCAV

• SO2−
3 + O3 → SO2−

4

• HSO−3 + O3 → SO2−
4 + H+

• HSO−3 + H2O2 → SO2−
4 + H+

We have extended the list of reactions in the supporting material to include also
the liquid phase chemistry.

11. RC: equation (19): Please explain better what this equation represents.

AR: We changed the explanation of Eq. 19 in the following way:

The number concentration Ntransferred of soluble particles that is contaminated
by Aitken mode BC is calculated from the number concentrations of the particles
that are taken up by cloud droplets as

Ntransferred = min

 Naccsol

∣∣∣cl

Nacctot

∣∣∣cl (Naknmix

∣∣∣∣cl
+ Naknext

∣∣∣cl
), Naccsol

∣∣∣cl

 , (1)
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where the number concentrations labelled with index “cl” refer to aerosol taken
up by cloud particles. It is assumed here that only accumulation mode parti-

cles can be activated. Nacctot

∣∣∣cl
is the total number of accumulation mode

particles in cloud droplets. Ntransferred denotes the number of particles that is
transferred from the soluble accumulation mode to the internally mixed modes
containing BC. The Aitken mode BC particles merged with accmix and accext
within cloud particles do not induce transfer of particles between soluble and
insoluble modes, because these accumulation modes already contain insoluble
mass. However, they induce a transfer of mass from the Aitken modes containing
BC to the internally mixed accumulation mode containing BC. If enough soluble
accumulation mode particles are available, it is assumed that each particle in
accsol merges with at most one Aitken mode BC particle. If more Aitken mode
BC particles are scavenged than soluble accumulation mode particles, all soluble
particles are transferred to the internally mixed accumulation mode with BC and

Ntransferred = Naccsol

∣∣∣cl
. Note that the Aitken mode does not contain mineral

dust, owing to the comparatively large sizes of mineral dust particles.

12. RC: p 2242, l 12: Please specify how much dust is emitted into the coarse and
accumulation modes, respectively.

AR: We added the amount of dust emitted in each mode, which is 1664 Tg dust
per year to the coarse mode and 10.6 Tg to the accumulation mode.

13. RC: Section 3: The only comparison with observation which refers to the sim-
ulated dust are the vertical profiles from the SAMUM campaign, one of which
is not well simulated. As explained above, I don’t consider this to be sufficient.
More comparisons, as for example shown in the recent paper by Huneeus et al.
(2010), should be included.

AR: The profiles shown in Fig.9 evaluate the number concentration against SA-
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MUM observations. We do not fully agree with the reviewer stating that one of the
SAMUM profiles does not agree well. As explained in Sec.3.2, the background
aerosol concentration, i.e. the one not perturbed by dust storms, is simulated
very well. Specific dust storms cannot be represented in the model with the
current set-up, since we used climatological emissions for dust. However, we
have included a comparison between our results and dust mass observations
as discussed by Huneeus et al. (2010), and between the total burdens of dust
simulated by EMAC/MADE-in and Aerocom values (Textor et al., 2007).

14. RC: Is EMAC/MADE-IN also simulating AOD? If yes, this should be shown here.

AR: EMAC/MADE-IN simulates also AOD. The aerosol optical properties are cal-
culated for each individual mode through a linear combination of the properties
of the different aerosol components, weighted with their respective volume frac-
tions. We analyzed the AOD in dusty areas (not shown in the paper), and found
that it is lower than the AOD observed by MODIS. We expected this result, given
the comparatively low dust burden of the model. In this paper we aim at introduc-
ing the new model EMAC/MADE-in and to evaluate the prognostic variables of
the aerosol module (mass and number concentrations of different modes). AOT
is calculated by EMAC/MADE-in diagnostically from the aerosol mass concentra-
tions. Therefore, we did not include any evaluation of AOT.

15. RC: Section 3.4: Please refer also to Lohmann and Hoose (2009), who attempted
a similar comparison and similar sensitivity experiments.

AR: The following text has been added to Sect. 3.4:

These comparisons suggest that the efficiency of the aging process of insoluble
particles as represented in the current version of the model may be comparatively
high. In the global model studies by Bauer et al. (2008) and Lohmann and Hoose
(2009) similar representations of BC aging as applied here were considered.
Also these models tend to simulate higher fractions of internally mixed BC as
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suggested by the observations. This reveals that the BC ageing as currently rep-
resented in these models may be too efficient. However, this conclusion should
be carefully considered, given the uncertainties inherent in the measurements
and possible systematic differences caused by limitations in the comparability of
the model results and the observations. To asses possible uncertainties in the
model representation of insoluble particle aging, further research is necessary
applying also alternative methods to simulate the aging process.

16. RC: Please comment on the magnitude of BC emissions from aircraft and on how
large the expected error is when they are omitted.

AR: The following paragraph has been added to the manuscript: Hendricks et al.
(2004) found by means of global simulations with a mass-based aerosol module
that the amount of BC from aviation at 250 hPa (main flight level) could repre-
sent only a few percent of the total large-scale mean BC mass. The highest
contributions were found over Europe and within the North Atlantic flight corridor.
A corresponding estimate of the number contribution based on prescribed size
distributions, suggests that BC particles from aircraft could contribute up to 30%
to the total BC particle number concentration, noticeably increasing the number
concentration of insoluble particles in the UTLS. Hendricks et al. (2004) con-
sidered emission data representative for the years around 1990. An update for
these results by consideration of BC from aviation in EMAC/MADE-in could be a
subject of future research.

17. RC: The supplementary material should be explained (or omitted).

AR: We have included an explanation of the content of the supplementary mate-
rial. We included the supplementary material for reasons of the reproducibility of
our simulation, therefore it is mainly technical material needed to reproduce the
set-up of new simulations with EMAC/MADE-IN.

18. RC: Table 5: Please include also the simulated burden of NO3 and NH4 (although
C888
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this is not available for the other models).

AR: The burdens of NO3 and NH4 have been included in Table 5.

Technical comments. We thank the reviewer for the technical comments, we have
modified the text accordingly.
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