Reviewer Comments:1

Major Revisions:

The authors present two extensions to the regional atmosphere aerosol chemistry model
COSMO-MUSCAT. As a first extension, the authors now use the two-moment scheme from
COSMO (Seifert and Beheng). The cloud condensation nuclei (CCN) information needed by
this scheme comes from MUSCAT (instead of constant, prescribed CCN profiles), following
Boucher and Lohmann 1995 and taking sulfate mass as a CCN proxy. The second extension
concerns the cloud optical depth in the radiation scheme, which now accounts for droplet-size,
via the cloud effective radius, following Martin et al. 1994.

To evaluate the effect of the two new features on code performance, the authors consider a
ten day test period (February 15 to 25, 2007). Of this period they focus, however, mostly
on one single day (February 17). The simulations are run in forecast mode, thus are not
nudged. Variables considered for the evaluation are different cloud related quantities (cover,
optical thickness, effective radius, water path, droplet number concentration) and shortwave
and longwave net radiation at the surface and the top of atmosphere (TOA). Comparison is
done among different model versions (COSMO2M, COSMO2M.rad, COSMO-MUSCAT) and
with satellite data (CERES, MODIS, ISCCP) and typically comes in the form of maps.

The authors find significantly improved performance of the new code version when comparing
modeled and satellite based cloud effective radius and cloud droplet number concentration.
Improvements are less pronounced for other quantities like cloud optical depth, cloud water
content, or cloud fraction.

The topic - effect of more elaborated aerosol-cloud treatment in a regional climate model - is of
interest. A number of corresponding models exists (e.g. WREF or also COSMO, Zubler et al.
2011), yet given the complezity of the topic a larger number of models whose results can then
be compared are clearly desirable. The study thus is of interest.

The study fits the scope of GMD, but requires major revisions to meet GMD standards.

Major Points

1), Precision and / or clarity of statements could generally be improved. Two examples in the
following, more can be found under 'minor points’ below.

Fuvaluation is currently done essentially via comparing maps and arguing that things look
similar or that there is a slight increase, minor change, a largest change etc. What are
the numbers behind such statements? Only few are given. Regional averages, wvariability,
correlations, scatter plots etc. would allow for better quantitative comparison of the different
models among themselves and with the satellite data.

What is the resolution (space and time) of the satellite data you use for evaluation? Are model
averages based on data from each model time step or based on output data? If output: hourly
or less frequent?

ANS: In the revised manuscript a quantitative analysis is included with statistical representa-
tion of cloud microphysical properties as probability density functions (PDFs) corresponding
to model (COSMO-MUSCAT) and satellite, which can account for different resolution of
model and satellite observations (manuscript Figure 5).

In this study we have used MODIS, CERES and ISCCP satellite products for comparisons.
The CERES data sets are daily products with spatial resolution of 1°, the given overpass is
compared with modeled daily average value. For the case study, ISCCP daily product with
spatial resolution 2.5° are used. Further, MODIS level-2 swath data for the time 8.00 to 14.00
UTC are aggregated to model domain (overpass times over the domain). For comparison
MODIS products are re-gridded to model domain.




2) You state that you have run the model for 10 days in forecast mode, February 15 to 25,
2007. But you use only one day (February 17) for model evaluation. Why? More importantly,
1s a one day forecast enough to evaluate the different models? The model may still, above all,
be in an adapting stage after only one day (see e.g. Cossu Hocke, GMD, 2014). This may also
apply to aerosols, a key element in your study, but with lifetimes on the order of days. While
the forecast mode of your simulations makes comparisons more difficult as time evolves, you
may still check whether, for example, CCN and cloud optical thickness evolve in concert over
the ten days of your simulation. Please comment on possibilities and limitations of your one
day forecast comparison. Or re-run your simulations in nudged mode an compare them over a
longer time.

ANS: The main objectives are to replace the constant aerosol number concentration in
COSMO two-moment scheme with, gridded aerosol information from MUSCAT model and
incorporate COSP satellite simulator in the model. For model evaluation we have selected
17 Feb 2007, which is the 3rd day of the simulation, it may reduce the uncertainty in the
model prediction as the time progress, also it would get sufficient time for MUSCAT model to
evolve the transport processes. In further response to reviewer’s remark, additional days were
analyzed and compared with satellite observation and they are also in agreement (Figure 1 & 2).

Minor Points:

p.2, 1.530-35: As you point out that other groups have already coupled COSMO with two-moment
cloud microphysics to an aerosol module, including droplet-size aware radiation. Please explain
to the reader how your work differs from these existing, closely related approaches.

ANS: Seifert et al., 2012 has included the cloud-radiation coupling in which effective radii of
ice particles and cloud droplets are calculated in the microphysics scheme and passed to the
radiation scheme, which is not available with official version of COSMO with 2-moment and
has some issues (A. Seifert, personal communication). COSMO-ART is also implemented with
double moment scheme, which uses droplet activation based on Bangert et al., (2001), instead
of activation rate equation (17) of Seifert et al., (2006).

Section 2.1 I find rather difficult to read as information on different codes (COSMO, COSMO-
MUSCAT, and MUSCAT) as well as different code versions (current version, several other
versions) is tightly interleaved. It is not always obvious whether what is stated applies to
COSMO, COSMO-MUSCAT, the former or present code etc. For example, p.4, 1.23ff: to
which model do these equations now apply? COSMO2M? If so, how do the CCN numbers given
here (1.26e9 and 1.0e8) go together with the 300 mentioned p.8,1.67 I further guess, but this
is not really clear from the text, that equation 7 also applies to COSMO-MUSCAT, but with
Ceen taken from MUSCAT and probably k and Smax the same as in COSMO. Please clarify.

ANS: p4, 1.23ff: These equations are applied to COSMO model with two-moment, which
is revised in the manuscript (COSMO2R). The CCN numbers are applied for continen-
tal and maritime conditions (1.26x10° and 1.0x10%), however in this study we have used
intermediate aerosol which has a CCN value of 3.0x 10, which is also revised in the manuscript.

p.4, eq.3: What is Gamma?
ANS: Tt is gamma diustribution function.

p.5,0.3: “aerosol mass concentration information from the MUSCAT model’. Where does MUS-
CAT get that information from? Are aerosol emissions prescribed? If so, where from? Or
concentrations? What are these emissions / concentrations?

ANS: The emission inventory in MUSCAT model is proved by TNO for the Air Quality Model
Evaluation International Initiative (AQMEII) project (Pouliot et al., 2012).



In section 3, evaluation against satellite products: is snow cover an issue?
ANS: In satellite retrievals, mainly thin clouds are affected by snow cover, which could be
rather ignored.

p.6, 1.6: ’with radiation coupled with microphysics’: you mean the cloud effective radius
following Martin et al. 1994 (your equations 3 to 5) is used? But for a fired CCN number of
3007

ANS: p.6, 1.6: COSMO two-moment with radiation coupled to microphysics (COSMO-2MR),
with fixed CCN (3.0 x 108m™3), which uses equation 3 to 5 in radiation scheme.

p.6,1.27: Unless you have further evidence that for the concrete case ISCCP indeed underesti-
mates cloud cover over the Atlantic, a fairer formulation may be that besides the model having
a problem it could also be that the satellite has a problem.

ANS: The problem can arise from both side.

p.7, 1.2: ’In the two model versions...” You consider three model versions, COSMO2M,
COSMO2M.rad, and COSMO-MUSCAT. While by and by one finds out what two versions you
mean here, please state so explicitly.

ANS: Revised as suggested

p.7, L3ff: Can you comment further on this screening for the liquid phase in MODIS and the
models? How dominant is the liquid phase in either one?

ANS: In MODIS satellite retrievals, liquid clouds are screened by setting
“Cloud_Phase_Optical Properties flag=2" and the COSP satellite simulator is able to
simulate cloud optical properties for liquid and ice phases separately.

p.7, 1.9: ’In both cases it varies between 2 and 50..." Does the real quantity vary in that range
or just your colormap? Also, figure 4a shows clearly much more red color than figure jd.
Reducing the comparison of the two panels to their range skips this aspect. In that sense, the
patterns are not similar, as claimed in the text. Also, in wide parts where there is substantial
cloud optical depth, the satellite based value is about twice as large as the model value. I would
not call this a slight difference but a factor of two. This is another example where precision
could be improved (magjor point 1).

ANS: For liquid clouds, we have considered the lower limit of cloud optical depth is 5, which
is based on the study by Sourdeval et al., (2015), and the maximum value is 54.0, which are
revised in the manuscript. This part is also revised as suggested.

p.7, 1.1/ ; High values for cloud effective radius are also seen over land. And, as above (p.6,
1.27), it is not obvious that the flaw is with the satellite data.

ANS: p.7, 1.14 has been removed from the manuscript, and p.6, 1.27.: This may either due to
the coarse (280 km resolution) resolution of the satellite observation or poor parameterization
of clouds in the model.

p.7, 1.21: What do you mean by ’largest impact’? Largest in what sense? Change in mean?
Median? Percent or absolute? Per grid box?
ANS: p.7 1.21 has been removed from the manuscript.

p.7, 1.25: ’slight increase’: what is slight?
ANS: p.7, 1.25: In the case of cloud optical depth and cloud water path, both generally show
an increase despite of reduction in a few areas.



p.7, 1.26: "The cloud optical depth shows a variation in the range of +/-20..." Variation over
what? Spatially? Within a model? Please clarify.

ANS: The revised parameterization in coupled model has made modification in spatial
distribution of cloud optical depth in the range of £ 15 and the liquid water exhibits a
variation in the range of & 0.12 kgm™2.

p.8, 1.8: There is a wide region (red in figure 5d) with CCN of at least 300, i.e., the prescribed
CCN walue in COSMO2M. Yet the CDNC in COSMO-MUSCAT is much lower than in
COSMO2M also in this region. Why?

ANS: The sulfate aerosol number concentration in Figure 6d is vertically averaged. The high
CCN values are mainly occur below the cloud layers because the high pressure in this region
results in trapping CCN below boundary layer.

p.8, 1.14: "While comparing with high resolution MODIS satellite products...”: These have not
yet been introduced, I think.
ANS: Rephrased to MODIS level-2 products

Section 3.3.: It would be interesting to elaborate a bit more on radiation. For example, the
differences between COMSMO2M and COSMO2M.rad seem to be larger over sea than over
land. True? Do the large differences (more downward SW and upward LW at the surface
especially over sea) go hand in hand with reduced cloud optical thick- ness? Change in cloud
effective radius? Cloud cover? Regarding the comparison with CERES: what area means of
CERES and models? Given that you look at February (little radiation, snow cover, short days)
and a cloud cover close to 100 percent over wide regions: how reliable are CERES surface
fluxes?

ANS: The effect of aerosol-cloud-radiation interaction can be seen to larger extend over ocean
than over land, especially for surface net downward short wave and long wave fluxes. The cloud
microphysics modification results more surface SW and LW radiation over sea. During win-
ter the uncertainty in the CERES flux is little higher due to large zenith angle (Guo et al. 2007).

p.8, 1.30: "This paper presents an initial approach to the modification of Seifert and Beheng
(2006) two-moment scheme in the COSMO model.” This is not true. Other groups have done
this before, e.q. Zubler et al. (2011) whom you cite.

ANS: Rephrased to : This paper discusses the modification of Seifert and Beheng (2006)
two-moment scheme in the COSMO model.

p.9,1.2: Maybe state that this parameterization takes sulfate mass as a proxy, it is not a full
grown aerosol module like SALSA, M7, etc.
ANS: Revised as suggested

p.9, 1.8: 'In terms of the cloud distributions, this modification has only a minor effect.” Given
that you compare the second day of forecast simulations in winter, this is not truly surprising.
To what degree is this finding just due to large scale weather condition or your initialization?
ANS: We do not have another simulation to clarify.

p.9, 1.9: What means daily averaged when you consider only one day in the first place?

ANS: In the case study, model results are compared with satellite products. While comparing
with ISCCP, the model data is daily averaged because the satellite products are daily products.
Whereas in MODIS (Terra) level-2, overpass observations are considered, which is between



8.00 - 14.00 UTC over the domain, so the models outputs are averaged between 8.00 to 14.00
UTC.

p.9, 1.10: "The modified model simulations are in broad agreement with satellite observations.’
I would argue that all your simulations are in ’broad agreement’. However, you see some
improvements (as you state) in your modified version.

ANS: The interactive treatment of aeorosls in COSMO-MUSCAT simulations show an im-
provement in the cloud microphysical properties. Further, the PDF analsysis has contributed
to a quantitative comparison of model reuslts with satellite observations.

p.9, 1.15: ’...only minor changes in terms of the radiation budget were found.’” Looking at
figure 6, i-l, I would not call these changes minor. In wide regions they are on the order of a
factor of two.

ANS: Again, considerable changes (/ factor of 2) in terms of the radiation budget were also
found. The new approach now, however, allows to explicitly take into account the radiative
effects of aerosol-cloud interactions.

Figure 1: Why does it say M7 to be implemented”? In the reference you cite, Wolke et al.
2012, it is stated that M7 is implemented. Please explain. And if M7 does indeed not form
part of your model version, remove it from Figure 1.

ANS: In this version of COSMO-MUSCAT(V5.0), M7 is not yet implemented. Also Figure 1
is modified without M7.

Figure 2: What is the data source?
ANS: Initial state of model simulation.

Figure 3: Does cloud cover from COSMOZ2ZM, and possibly COSMO2M.rad, look similar to
cloud cover from COSMO-MUSCAT?

ANS: The COSMO2M and COSMO2R cloud cover looks similar, however COSMO-MUSCAT
cloud cover has been modified due cloud microphysics modification.

Figure 4: While the figure is useful, some more quantitative comparisons would also be useful,
e.g. area means, variability, scatter plots... For example, what is the are mean cloud water
path in 4i? And how does it compare wit the area mean of 4f? Figure 4i looks as if there is
above all a change in spatial distribution of the cloud water path, not of total cloud water path
(area mean). The same question may be asked for figures 4g and 4h.

ANS: It would be difficult to have a correlation of area mean with satellite observation, because
of the different grid points and the satellite products are combined for different swaths. Also
the area mean would increase the uncertainty. To overcome this we have compared PDFs of
cloud microphysical properties.

Figure 4: How different would the figure be if you were to compare COSMO-MUSCAT with
COSMO2M.rad? Put differently, are the differences mainly due to the variable CCN or also to
the size-aware radiation?

ANS: There are some difference, if we compare COSMO-MUSCAT with COSMO2MR,
however, it can be more clear if we compare COSMO2MR with COSMO2M. It is noticed that
the major difference is due to CCN (Figure 3).

Figure 5c: Point out that this is not a MODIS product but a derived quantity. Also, why is
there hardly anywhere a CDNC' greater than 107 After all, there is cloud cover all over the



place and CDNC=10 or smaller is very low.
ANS: CDNC can be derived from MODIS cloud optical depth 7. and effective radius r, (Quaas
et al., 2009), which is given by,

Ng = a7t ?° (1)

where a = 1.37x107°m~%°. In the above equation the lower limit of 7. and r. are constrained
to 5 and 2. This would result in removing lower CDNC values.

Figure 6: On the western boundary of the domain, there seems to be a boundary effect. Can
you comment?

ANS: The boundary effect in the difference can be ignored, which arises due to different
physics in COSMO and GME.

Figure 6 j-1: Given that the color scale is saturated in wide regions in these plots, why not take
it larger? Possibly even -40 to +40, as in 617
ANS: Figure 6 and 7 are revised

Figure 7, a-d: Same figures as in figure 6 e-h. No need for duplication. You may consider
replacing these panels with corresponding ones from COSMO-MUSCAT, so one has all three
models and CERES shown.

ANS: Figure 7 is revised with COSMO-MUSCAT.

Figure 7 6: What time is shown? February 177 24h mean? Color scale in the SFC SW plots
could be reduced to maybe 200 instead of 260 to fully exploit the range of the color table.
ANS: Figure 7 is revised. It is for February 17, 24h mean.

It maybe worthwhile to point out somewhere that you only changed the model but did not (yet)
re-tune it, e.g. to get reasonable 2m temperature or precipitation. You show that the different
codes give, for example, different cloud optical properties. But this does not imply an overall
better model performance.

ANS: Although the two-moment cloud microphysics scheme in COSMO model has been
modified, the model did not re-tuned to get reasonable 2m temperature or precipitation. This
sentence is included in conclusion section.

The language needs brushing, there are a number of sentences that do not work on the language
level. I give only two examples.
ANS: The language has been revised.

p.2, 1.6/7: 7Although regional models do not describe part of the large scale feedbacks which
are included in GCMs, regional modeling allowing for an optimal compromise.

ANS: P.2,1.6/7: Even though regional models do not describe part of the large scale feedbacks,
it provides optimal compromise.

p.8, 1.8/9: "From figure 5c, the mazimum aerosol mass concentration observed over south
eastern FEurope, on the contrary Nd shows less.

ANS: p.8, 1.8/9: From figure 6d, maximum aerosol mass concentration is observed over south
eastern Europe. On the contrary, N4 shows less over the same region.



Cloud optical thickness MODIS(Level2)

55°N

50°N ¥

A 45°N

40°N

2 6 10 14 18 22 26 30 34 38 42 46 50 2 4 6 8 10 12 14 16 18 20 0.025 0.1 0.175 025 0325 04

Cloud optical thickness COSMO_MUSCAT Cloud effective radius (um) COSMO_MUSCAT Cloud water path (kg m?) COSMO_MUSCAT

55°N = 55°N = 55°N -

50°N =1 50°N =1 50°N -

45N A 45°N

40°N 40°N 40°N

35°N — 35°N — 35°N -

10°w 5°wW 0° 5°E 10°E 15°E  20°E  25°E 10°wW °! °! °| °| 10°wW

2 6 10 14 18 22 26 30 34 38 42 46 50 2 4 6 8 10 12 14 16 18 20 0025 01 0175 025 0325 04

Figure 1: MODIS Level-2 (a) cloud optical depth, (b) cloud effective radius, (c) cloud water
path, COSMO-MUSCAT derived (day time averaged) (d) cloud optical depth, (e) cloud effective
radius, (f) cloud water path for 23 February 2007.
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Figure 2: MODIS Level-2 (a) cloud optical depth, (b) cloud effective radius, (c) cloud water
path, COSMO-MUSCAT derived (day time averaged) (d) cloud optical depth, (e) cloud effective
radius, (f) cloud water path for 24 February 2007.
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Figure 3: Comparison between COSMO2MR and COSMO2M for 17 February 2007.



Reviewer Comments:2

Major Revisions:

o Whilst the paper gives a detailed introduction of the general benefits of regional mod-
els with online coupled aerosol-cloud, aerosol-radiation and aerosol-cloud-radiation in-
teractions, such as WREF-CHEM (Grell et al. 2005), COSMO-ART (Bangert et al.
2011), COSMO-M7 (Zubler et al. 2011) and COSMO-ART/M7 (chapter 2 of: hittp://e-
collection.library.ethz.ch/eserv/eth:48845 /eth-48845-02.pdf), I would like to be given further
motiwation regarding the advantages of their particular approach and have it contrasted to
existing approaches.

My questions raised here, could guide such a discussion:

1) Why did you use the Boucher and Lohmann’s (1995) empirical relation, rather than
implementing newer approaches using Koehler theory that have previously been applied in
COSMO-ART/COSMO-MT7 such as Abdul-Razzak € Gan (2000), or Nenes & Seinfeld (2003)?
What is your justification for only considering sulfate and ignoring nitrate contributions to
CCN?

ANS: Our objective is to replace constant C..,, in COSMO model with C.., from MUSCAT
model. This particular version of COSMO-MUSCAT (Version 5.0) is only available with
aerosol mass concentration for different aerosol species. As an initial stage of two-moment
scheme modification, we have used Boucher and Lohmann parameterization to convert sulfate
aerosol mass concentration to C., number concentration. In the next step, M7 will be
implemented and we could directly use aerosol number concentration in the two-moment
scheme, along with new approaches.

2) Whilst the relationship between cloud optical depth, effective radius and vertically integrated
liquid water content is a commonly used diagnostic, it is wavelength independent. How did you
deal with this issue when implementing this approach in a radiation scheme that computes the
radiative transfer within 3 SW and 5 LW bands covering the entire wavelength spectrum?

ANS: Even though the cloud optical properties are wavelength independent, the extinction
coefficients are calculated from wavelength dependents variables. The extinction, scatter-
ing and asymmetry parameters are depends on entire wavelength spectra (Zubler et al., (2011)).

e Furthermore, a short motivation should be included regarding the chosen case study. Are all
the clouds shown boundary layer stratocumulus?

ANS: A short motivation is included in the manuscript. All clouds are not boundary
layer stratocumulus, it consists of convective clouds too.

e The model evaluation is performed on a single day. The authors argue that the forecast
skill decreases with increasing lead time. Could you obtain better agreement and there-
fore obtain a longer evaluation period if you performed nudged simulations? Otherwise, a
brief justification should be given that 1 day is a sufficiently long time period for your evaluation.

ANS: Even though the model comparison via spatial distribution is performed only for
a single day, more quantitative analysis (PDF comparison for single day and for entire
simulation) has been carried out and included in the manuscript (Figure 5). The nudged



simulation may improve the evaluation, however in this first stage we are mainly focusing on
COSMO-MUSCAT coupling and COSP satellite simulator incorporation and its comparison
with observations. A brief justification is included in the manuscript.

General Comments:

e This paper talks about the coupling of aerosol-cloud interactions and aerosol-cloud-radiation
interactions. However, it should be stated clearly (already in the abstract) that these interac-
tions are only included explicitly for warm-phase cloud processes.

ANS: These interactions are applied for liquid water clouds due to complexity of the aerosol
cloud interaction in ice clouds, which is mentioned in the manuscript.

o The paper often talks about changes to the COSMO model in general. However, the
modifications are applied not to the COSMO model in general, but to the COSMO wversion of
COSMO-MUSCAT. Whilst I agree with the authors that CCN wvariability and aerosol-cloud-
radiation coupling is not provided in the officially released code versions, such developments
have already been included in other COSMO versions (COSMO-ART, COSMO-M7, COSMO-
ART/M7). They are therefore not new to the COSMO code itself.

ANS: Although, different COSMO versions (COSMO-ART, COSMO-M7, COSMO-ART /M7)
have been modified, these models used different cloud microphysics (mainly droplet activation),
for example in COSMO-ART the droplet activation based on Bangert et al., (2001), which
replaces the activation rate of equation (17) of Seifert et al., (2006) and in COSMO-M7, it is
treated with following parameterizations Leaitch et al. (1996), Lin and Leaitch (1997), and
Lohmann (2002).

o The paper is written in good scientific English. However, some sentences require re-writing
(some of which are listed below). Furthermore, articles are missing in a few places.

Specific Comments:

e P2L6: Last sentence needs rewriting.
ANS: Revised as suggested

o P2L15: Sentence needs rewriting: “This approach, however,...”
ANS: Revised as suggested

o P2L31-32: Delete last sentence of this paragraph. It is mis-leading as all of the mentioned
aerosol-coupled regional models include a coupling of the cloud microphysics to the radiation.
ANS: Revised as suggested

o P3L22:Sentence needs rewriting:”In this study, the COSMO model...” Equation 5: Change
15 4 3,

2 4

ANS: In this study, COSMO model has been configured in a non convection permitting mode
with uniform horizontal grid resolution of 0.25° (/28 km).

3pqcdz
Te =
2pwTe

(2)

e PJL23: Sentence needs rewriting: “IN the COSMO model, the aerosol...”
ANS: Revised as suggested
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e P5LI1-11: This discussion needs some clarification: How is the Smax issue raised overcome?
You raise the issue of ignoring updraft velocity in the Boucher and Lohmann formulation,
however, is this then not introduced by dS/dz*w in Eq.7 (which admittedly is a very simplistic
formulation of this relationship).

ANS: In this case simulations are carried out for intermediate aerosol condition, in which S,y iS
set at 2.0%. Boucher and Lohmann parameterization is bound to updraft velocity uncertainty,
however it can be overcome by dS/dz*w in Eq.7. This part is revised.

o P5L20ff: Here you list all satellite products used for evaluation. Also include CERES here,
as you use it later.

ANS: Revised as suggested

o PS5L27: I suggest to delete: In the upcoming... You have 1 ISCCP figure, 2 Modis and 1
CERES. That is not massively unbalanced.

ANS: Revised as suggested

o P5L30: I suggest to delete last sentence of this paragraph.
ANS: Revised as suggested

e P5L25-30: Please rephrase. The point regarding satellite biases could be formulated like:
“One should keep in mind that the satellite products, just like models, are prone to biases.
Comparisons of satellite retrievals with ... have shown that.... Nonetheless, spatial correlation
of the cloud structures are well represented.”

ANS: Revised as suggested

e POL2: Sentence needs rewriting: “As the forecast time...”
ANS: Revised as suggested

e POLI0: Results are only shown for 17th. Not 15th — 25th. Please include description of the
cloud types of this domain (altitude, phase, average thickness, surface precipitation). When did
you start your simulation, cause the 2nd day would be the 16th if the simulation were started
in the morning of the 15th? Also, why are is the 16th not included in the analysis?

ANS: In the revised manuscript, synoptic conditions for 15 Feb (Figure S1) and 17 Feb (Figure
2) are included along with cloud type. Simulation started at 15 Feb, 00.00 hrs, then 17-Feb
would be the third day of the simulation (Revised in the manuscript).

e PO6L22-25: First 8 sentences should go into section 2.1.1 (methods).
ANS: Revised as suggested

e P7LI1-4: First 3 sentences should go into section 2.1.1 (methods).
ANS: Revised as suggested

o P7L6: “The top panel shows....” This should be in Fig. Caption.
ANS: Revised as suggested

e P7L19: Please check units.
ANS: The unit has been corrected to kgm =2

o PT7L25-30: In this discussion quantitative statements should be included. For instance, the
area mean changes + variability could be determined. It would help determine the signal from
the noise in figures g to 1.

ANS: For quantitative comparison, PDF distribution of cloud products are included in the
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analysis.

e P8L1J: First sentence of paragraph need rewriting/clarification.

ANS: Sentence rephrased: While comparing modified two-moment scheme results with MODIS
level-2 satellite products, the model shows more cloud free (clear) grid points. This indicates
that model is unable to capture the sub grid scale cloud patterns accurately (Jason and
Thomas, 2008), which may be due to the coarse resolution (0.25°) of the model.

o P8L19: Maybe rephrase title, because aerosol-cloud radiation interactions were already
discussed in previous section (cloud optical thickness). Suggestion: “Impacts on radiative
balance” In general this discussion is not very precise. It would help the discussion if you
relate observed changes in e.g. the SW fluxes to the decrease in cloud optical thickness...
ANS: Revised as suggested

e PS8L30: Please rephrase. It is an initial approach to modify COSMO-MUSCAT only.
ANS: Revised as suggested

e PIL7T: Finding 1 should be removed as it is not discussed in the paper.

ANS: Finding 1 has been changed to: “The modified two-moment scheme results have been
compared with two-moment version of COSMO model. In terms of the cloud distributions,
this modification has only a minor effect”.

e PIL13: Paragraph missing after point 2.
ANS: Revised as suggested

o PIL22: Last sentence needs rewriting and one reference is missing.

ANS: Sentence rephrased: This can result in more precise cloud droplet activation parame-
terization, involving different aerosol species as CCN, and thus improving the cloud droplet
number calculation of Lohmann et al., (2007).

o PI10ff: A few references need changing. Some paper titles use capital letters. IPCC reference
18 incomplete
ANS: Revised as suggested

o Figl: More detail should be given in the caption. I think this figure could be im-
proved/clarified. Why are the “emissions/land use” and M7 stand-alone and not connected?
The figure could be clearer regarding the structure of the code. Are RACM and MUSCAT
separate modules? Will M7 not be embedded in MUSCAT? Is the output really completely
separate?

ANS: Figure 1 has been modified, COSMO-MUSCAT is an online coupled modeling system,
which uses COSMO meteorological fields to drive the model. Emissions and land use data are
in input for MUSCAT model and RACM is a module, which is included in MUSCAT. In this
particular version of COSMO-MUSCAT(V5.0), M7 not yet embedded. Also, the outputs are
separate.

o [ig2: I personally would not include all “H” and “L” markes. I would simply mark the
center of the dominant low pressure and high pressure systems.

ANS: Revised as suggested

o [ig3/Fig4: Looking at these figures optically, I would arrive at different cloud fractions for
Fig3b and Figfd. Areas where the total cloud fraction of the model is 100%, the diagnosed
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optical thickness is 0 or just very small? Does the COSP simulator include subgrid-scale cloud
water? If not, is that justified for cloud optical thickness?

ANS: ISCCP satellite observations are available with 280 km resolution, for the comparison
COSP derived ISCCP output (28 km) are re-gridded to 280 km, which is stated in the
manuscript. The cloud water simulated at sub-column within model grids account for
subgrid—scale variability.

e Fig4: Maybe regional/domain means + a measure of variability could be given to highlight
the results more quantitatively?

ANS: For quantitative comparison, PDFs are used, instead of regional means, which may add
uncertainty.

o Fighs: What is going on with the MODIS cloud droplet number estimate? Why is the spatial
pattern so different than in Figja-c. Are these clouds just too shallow to obtain a good number
estimate?

ANS: CDNC can be derived from MODIS cloud optical depth 7, and effective radius r. (Quaas
et al., 2009), which is given by,

Ng = a7, 25 (3)

where o = 1.37x107°m~%?. In the above equation the lower limit of 7, and r. are constrained
to 5 and 2. This would result in low CDNC in figure 6c.

o [ig6/Fig7: I find the color scale depicting the fluzes very misleading. I would suggest using

a pure blue color scale for LW fluxes and pure red for SW fluxes.
ANS: Revised as suggested
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Reviewer Comments:3

The authors present a numerical study on aerosol, clouds and radiation with mutual interac-
tions and compare the results with satellite derived data. . This is an important topic, since
all cloud-related processes pose a severe problem in weather forecast and climate modeling.
The paper contributes to the ongoing research by examining the effect of mutual interactions
of these processes and the improvement of atmospheric models. This is worth to be published.
The presentation is concise, length and number of figures are appropriate. However, the
presentation is partly very vague and not consistent throughout the paper. The differences
between the resp. data fields are inspected by eye, but not quantified. Therefore, it is difficult
to follow the conclusions. FErrors in some equations may be typos. Yet, before publication, I
suggest some substantial revisions. Please see the major points and specific remarks below.

Major Points:

o In mid-latitude winter I expect that the ice phase plays an important role in the development
of clouds and precipitation (Bergeron-Findeisen effect!), and you use the Seifert and Beheng
(2006) scheme for mized phase clouds. The paper, however, is devoted to the liquid phase alone.
Please discuss the effect of the modified treatment of drop nucleation on the ice phase properties,
since a modification in one path of condensate formation is connected with an opposing trend
in other path(s).

How do you determine the effective radius under cloud free conditions?

ANS: Even though SB scheme is for mixed phase clouds, heterogeneous ice nucleation is not
included in the official version of COSMO. Also, Seifert et al., (2012) has demonstrated the
importance of heterogeneous ice nucleation by adding Philip et al., (2008) parameterization (not
available with official version). Hence, to reduce the uncertainty in aerosol cloud interaction,
we have restricted our analysis to liquid phase clouds only. Moreover, our main objectives are
to modify the fixed CCN in two-moment scheme with online coupled COSMO-MUSCAT model
and incorporate COSP satellite simulator in it. In future we will be addressing aerosols as INP.
Additionally, cloud ice optical properties on 17 February shows that (Figure 1), the study area
is dominated by liquid phase clouds rather than ice clouds.

In satellite observation, cloud droplet number concentration can be derived from MODIS cloud
optical depth 7. and effective radius r. (Quaas et al., 2009), which is given by,

Ng = a7, 25 (4)
where o = 1.37x107°m~%?. In the above equation the lower limit of 7, and r. are constrained
to 5 and 2. This would result in low CDNC value across the domain (Figure 6c).

e Equations (3) - (5) (3) holds if the cloud drop size distribution is used with the internal
coordinate drop diameter D, not radius r. Then, (4) follows as

[T NT (1 + 4) 3
N l Gpael (1 + 1) ] )

with p is air density, py, is bulk density of liquid water, q. is mass fraction of liquid water, N
number of drops per volume.
(5) requires some explanations as for the inherent assumptions to be reproduced by the reader.
A familiar model for the optical thickness (see e.g., Salby: Atmospheric Physics. Academic
Press, 1996, Eq.(9.45)) gives

_ 3pqcdz

0= 2pwTe (6)

14



which differs by a factor of 2 from (5). Please clarify.
ANS: The cloud droplet size distribution is represented by gamma function, which is used with
drop diameter.

¢(D) = N,Dte™*P (7)

where D is droplet diameter, A is slope parameter and p is spectral shape parameter. Whereas
the effective radii for droplets and cloud ice are obtained directly by dividing the third and
second moments of the size distribution given by (Morrison et al., 2008)

o T(p+4)
T ONT(1 + 3) (8)

Equation 5 is corrected to

5= 3pqcdz (9)

2pwTe

e The nucleation rate (7) is connected with supersaturation S. Small but inevitable errors in
vapor concentration o, signify huge relative deviations in S. Can you estimate the resulting
uncertainty in the nucleation rate?
Do you have a full prognostic equation for supersaturation S or do you use saturation adjust-
ment to calculate S? In the second case, some more information is required for the calculation
of the nucleation rate by (7). How do you get a supersaturation S > 0 despite adjustment?
The uncertainty of calculation of S occurs in all schemes using an equation such as (7).
I wonder wether it is helpful to introduce more physical details on the nucleation rate as long
as the basic property S carries such an uncertainty. Please comment. The size of a freshly
nucleated droplet is to be prescribed. What do you assume?
ANS: In COSMO model, nucleation rate is parameterized as a function of grid scale supersat-
uration and vertical velocity. It uses saturation adjustment to calculate S. Also, It is logical to
use nucleation scheme explicitly depending on supersaturation in combination with saturation
adjustment, which is done by applying an operator splitting method (Seifert et al., 2006). For
SB parameterization the arbitrarily chosen small droplet mass is given by 1 x 10~'2kg, and
corresponding size of freshly nucleated drop is 6.2 um. A detailed explanation is available in
Seifert et al., 2006.

e Problem of averaging.

p. 7, Figs. 4,5. Cloud water path is a property defined for the whole air column. Cloud
effective radius, cloud droplet number concentration, and sulfate aerosol number concentration
are defined locally, and for a grid point model the data are interpreted to be representative
for the grid cell. For which level are the given data relevant? If they are vertical averages,
please discuss, how the vertical average is calculated, how cloud free layers are considered, how
the result is to be interpreted, etc. This point is even more complicated for the local variable
re, which depends nonlinearly on the local variables N and qc. Likewise, optical thickness is
defined for a certain layer of thickness dz, maybe the layer where the respective re holds. The
presented fields depend on the averaging method.

The same question arises for the daily averaging procedure and concerns also liquid water path.
It concerns both, model and satellite data. Please explain, and correct the discussion where
necessary. See Specific Points.

ANS: COSMO and COSMO-MUSCAT models are incorporated with COSP satellite simulator
(Bodas-Salcedo et al., 2011). The variable such as, cloud water path, cloud optical depth,
effective radius and sulfate aerosol number concentration are derived from COSP satellite
simulator, which are vertically averaged.

To produce similar output to satellite data, COSP requires grid mean vertical profile of
temperature, humidity, hydrometer mixing ratio, cloud optical thickness and emissivity,
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surface temperature and emissivity from the model. It produces the output comparable with
satellite data in three steps. First it address the mismatch between model and satellite pixel,
second vertical profiles of individual sub-columns are passed to each instruments and finally
COSP statistic module gather the output from all instruments (Bodas-Salcedo et al., 2011).
The above paragraph is included in the revised manuscript (Section 2.2).

e Drop number concentration, liquid water content and path, optical thickness, and effective
radius are interrelated, not independent of each other. Fig. 4 shows a strong correlation
between optical thickness and cloud water path, as expected. The effective radius distribution
shows a different pattern, somewhat inversely to the drop number concentration in Fig. 5;
for same liquid water content, a lower Nd means a larger re, see e.qg. the relationships (3) -
(5). This relation should be taken into account in the interpretation of Figs. 4 and 5. For
the discussion of the improvement of COSMO-MUSCAT to COSMO-2M it would be helpful to
include the COSMO-2M-fields in Fig. 4 besides (or instead of ) the difference fields.

ANS: There was an error in Figure 4, which is corrected in the manuscript. In the corrected
version, there is correlation between cloud optical depth, effective radius and liquid water
path. The difference between COSMO-MUSCAT and COSMO-2M would more relevant than
COSMO-2M.

e The choice of the parameters Ccen (p. 4 bottom) is a good general guess, however, not
a uniwersal constant. Did you do a similar run with modified Ccen-values to check the
influence - in opposition to the influence of the full interactive treatment with MUSCAT?
COSMO-MUSCAT seems to result in much smoother distributions than COSMO-2M, in
particular Fig. 5. Do you have an explanation?

ANS: In the interactive model (COSMO-MUSCAT) the general guess has been replaced by
Ceen calculated using equation 8.

In the revised manuscript, Figure 6(a to c¢) has been modified. In order to compare the model
simulation with satellite observations, we have used equation (9) to compute model Ny, as
the COSP simulator can provide cloud optical depth and effective radius similar to MODIS
satellite.

In COMSO-2M, we have used intermediate aerosol (Ceen = 3.0 x 10® m™2), when it comes to
COSMO-MUSCAT interactive simulation, it uses gridded C,., information from MUSCAT.
From Figure 6d it is noticed that the maximum value of sulfate aerosol number concentration
is in the order of 3.0 x 108 m~3, however the droplet activation is controlled by several other
meteorological properties such as vertical velocity and micro-physical links.

e The aerosol-cloud-radiation interaction is an important point, since it affects directly the
energy budget. Unfortunately, the discussion is limited to a description of Figures 6, 7, and
no information on the cloud related parameters of COSMO-2MR are given. FEither this aspect
should be strengthened or skipped.
ANS: This part has been revised.

e The wording and the comparison can be more straightforward and more precise throughout the
paper. Please work over the whole text. This concerns in particular the data intercomparison,
which is done on a subjective basis phrasing like ‘the differences are small’. Please quantify
your statements for objective conclusions. Otherwise, e.g., the conclusion of superiority of
COSMO-MUSCAT 1is not a priori clear from the case study, in particular since the difference
between the MODIS data and each model result is larger than the difference between two model
VErsions.

Please also interpret systematic differences in terms of the model modifications. Might it be
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possible that parts of the differences between data from simulation and satellite are due to a)
different cloud distributions and b) different instants of time used for the daily average?
ANS: The wording and the comparisons are revised in the manuscript.

Specific points

e Introduction: The section can be written in a more compact way. In particular, the 1 and
2-moment schemes should be discussed primarily with regard to the aerosol-cloud and cloud
radiation feedbacks.

1.33: What is the outcome of Seifert et al. (2012)?

ANS: Introduction is revised. 1.33: Seifert et al. (2012) reported that in COSMO model,
radiative aerosol induced effects are more relevant than effect on precipitation. They have
shown that, one-moment scheme has a strong positive bias in maximum 2m temperature. This
difference between one-moment and two-moment scheme may partly explained by different
cloud-radiation coupling.

e p. b, subsubsection 2.1.1. should read 2.2. This short para has the character of an
introductory explanation, but none of the methods is explained. Please give some more
informations, e.g. in form of a short table as overview of all satellite data sources (ISCCP,
CALYPSO, CERES, MODIS ...?), including informations of spatial and temporal resolution
for the averaging aspect. Do you use all mentioned satellite data?

I. 19: I do not understand ’the assumptions for the satellite retrievals’ in this context. COSP
18 important for the paper. Please explain what the simulator does, at least the input and
output data, and what kind of errors may occur.

What kind of spatial and temporal averaging is done? E.g., how many output times do you
have for COSP- and for satellite data to determine a daily mean value? Can the averaging
procedures produce a bias in the results, maybe the difference in daily averaged cloudiness in
Figure 37

What is the physical interpretation of a ’daily mean cloud cover’? 12h cloud free plus 12 h full
cloud cover results in 50% cloudiness?

ANS: subsubsection 2.1.1. is revised to 2.2.

More information regarding the satellites are included in the manuscript. p5, 1.9 has been
rephrased: However, a meaningful evaluation of modeling with satellite observations is
challenging because of the difference in the model variables and the satellite retrievals.

To produce similar output to satellite data, COSP requires grid mean vertical profile of
temperature, humidity, hydrometer mixing ratio, cloud optical thickness and emissivity,
surface temperature and emissivity from the model. It produces the output comparable with
satellite data in three steps. First it addresses the mismatch between model and satellite pixel,
second vertical profiles of individual sub-columns are passed to each instruments and finally
COSP statistic module gathers the output from all instruments (Bodas-Salcedo et al., 2011).
Since COSP is running online with COSMO model, it is able produce output similar to model
simulation (in every hour).

An important aspect of COSP satellite simulator is positional errors due to mismatch between
meteorological regimes in the observation and models, which is not considered.

e p.5 Section 3.1: The synoptic situation should be described for the situation on 17 February,
the day of the later discussion and evaluation.

ANS: Revised as suggested.

e p.6 1 16. 'Northerly wind’? Fig. 2 shows mostly south-westerly winds over the Atlantic.
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ANS: Revised.

e p.61 18-19. Please precise the sentence "The cold continental air mass ... .
ANS: Revised.

e In Section 3, you use 3 wversion of the COSMO model and several satellite data sets
for mutual intercomparison. Please make clear everywhere, which respective data sets are
compared, and break the passages of different intercomparisons. Please use always the same
expressions. E.g. p.7 1. 2. Which two model versions? What is the "MODIS simulator’ (also
. 30)?

ANS: P7, 1.2: this line is removed from the manuscript. P7, 1.30: We have also included cloud
droplet number concentration Ny as a diagnostics of the model via COSP satellite simulator
(MODIS simulator in COSP).

e Section 3.2 (in particular) contains inconsistencies in wording and notation compared to
the rest. E.g., optical depth & vs. 1., COSP satellite simulator vs. MODIS satellite simulation?
Please unify.

ANS: Revised

o p.71.11pp. The spatial structure of the fields are similar. On the linear scale, I would not
agree to ’slightly larger’ (1. 11) or ’slight underestimation’ (I. 18). I am well aware that both
data sets are subject to many sources of error, hence a similar field structure and a similar
order of magnitude should be acceptable, but not whitewashed.

P.7, 1. 14pp. The strongest differences do not occur near the Atlantic coast, but in the most
western part of the domain. I have the impression that the model does not catch these clouds.
Please clarify.

ANS: P7, 1.11, rephrased to: In satellite, it varies between 5 to 54 and in model between 5 to
45, with maximum values observed over similar geographical regions. However, the satellite
derived cloud optical depth and liquid water path are overestimated while comparing with
model (COSMO-MUSCAT) outputs.

P7, 1.14: this sentance has benn removed.

e p. 71 19. Correct unit of cloud water path.
ANS: Revised as suggested.

o p.71.20pp Fig.4 g-i. I do not follow your interpretation. The differences should be seen
in relation to the signal. The least (relative) difference should be seen in the LWP, since the
amount of condensate is primarily determined by other than microphysical processes and is to
be seen in relation to the change in cloud ice. The sequel of e.g., red and blue bands over the
Biscaya may be a phase shift. A decrease of re by 10um is of the order of the signal, not a
'slight reduction’.

Please precise. I agree with your conclusion of I. 27-28. However, I cannot see the superiority
of COSMO-MUSCAT from the presente material.

ANS: Revised

o p. 71 25 Again: Not 'slight’ and ’little’.
ANS: Revised
o .8 1.3 ‘cloud microphysics are modified’. If this is worth mentioning, then please be more

precise
ANS: Revised
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e p.81.8. Please explain what you mean by ’better agreement’. Allgemeine FRAGE!!

ANS: This part is revised: Even though, the satellite derived N4 has poor spatial distribution,
the N4 values are underestimated while comparing with COSMO2M and it is overestimated
while comparing with COSMO-MUSCAT

o p.81.6. Fized CON = 300 cm=3 in COSMO-2M? This is in contradiction to Section 2.1,
telling Neen s given as function of S.

I. 32. Similar: ’constant cloud condensation nuclei profile’?? Please clarify.

ANS: In COSMO-2M N, is a function of S, whereas C,., kept constant. In the coupled model
constant Cg., in the two-moment scheme is replaced by gridded C.., proxy from MUSCAT,
which is four dimensional.

e p.81 9pp. The aerosol NUMBER (not 'mass’) concentration is given in Fig. 5c. Could
you please comment on the fact, that Sulfate is so much larger than Nd for COSMOMUSCAT?
Is the result of Boucher and Lohmann (1995) transferrable to your model concept?

ANS: The main objective of this paper is the replace the constant C..,, in COSMO2M(COSMO
two-moment), with interactive aerosol from MUSCAT model. Since the MUSCAT model
is available with aerosol mass concentration (in this case sulfate aerosols), we have used
Boucher and Lohmann parameterization to calculate C., number concentration from mass
concentration.

e p.8 1.14pp Please revise the para.

‘the model exhibits more clear grid points.” What do you mean?

"The model is unable to capture sub grid scale cloud patterns’: A subgrid scale cloud cannot be
captured by the microphysics parameterization of Seifert and Beheng (2012) or similar ones.
You would need a different tool.

‘the satellite may overestimate the retrievals.” What do you mean?

ANS: This paragraph has been revised. clear grid means, cloud free region, which is also
revised in the manuscript.

o p. 8 Section 3.3. 1. 25. (20 to 20 Wm™2" 22 ’some regions’: Please precise

Fig. 6. The colorbars are differently scaled for most of the subfigures. Sometimes this is
straightforeward (e.g., a and fvs. b and f), sometimes, however, confusing (e.g. a vs.c, j vs.
[). Please unify the scaling.

Please also consider to plot the net UPWARD LWEF to have the colors consistent to the SWFs,
e.g., blue for weak differences. Same for Fig. 7.

Fig. 7 a-d contains is repetition of Fig. 6 e-h. Use the difference fields COSMO2M rad minus
CERES instead.

. 27/28. I cannot follow the statement ’the differences are neither systematic nor large’.
Please interpret the radiative flux differences also in terms of the cloud properties.

ANS: Revised to Northern part of the domain. Color scale of Figure 6 & 7 are revised. Line
27/28 has been removed from the manuscript.

e p. 91 Tpp

Please check the conclusions with regard to the above points for more precise statements.
Conclusion 1. If you refer to the model runs COSMO-2M and COSMO-MUSCAT, please say
so. Then, this statement does not agree with p.7 l. 20-29. Please clarify.

Conclusion 2. Precise the 'modified model simulation’.

ANS: Revised as suggested.

e p9121. Missing reference.
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ANS: Revised as suggested.

e If a paper is written by two authors, please cite as 'A and B (1999)’
ANS: Revised as suggested.

e p.11: Citation of IPCC is incomplete.
ANS: Revised as suggested.

e Please check ALL figures w.r.t. wording within the plots and in the legends. E.q., in Fig. 2

"Temeperature’, in Fig.3 "MUCAT’, in Fig. 4 g-i 'CSOMO2M".
ANS: Revised as suggested.
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Figure 4: COSMO-MUSCAT cloud ice optical properties on 17 February 2007.
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Abstract. The regional atmospheric model Consortium for Small Scale Modeling (COSMO) coupled to the MultiScale Chem-
istry Aerosol Transport model (MUSCAT), is extended in this work to represent aerosol-cloud interactions. Previously, only
one-way interactions (scavenging of aerosol and in-cloud chemistry) and aerosol-radiation interactions were included in this
model. The new version allows for a microphysical aerosol effect on clouds. For this, we use the optional two-moment cloud
microphysical scheme in COSMO and the online-computed aerosol information for cloud condensation nuclei (CCN) concen-
trations, replacing the constant CCN concentration profile. In the radiation scheme, we implement a droplet-size-dependent
cloud optical depth, allowing now for aerosol-cloud-radiation interactions. In order to evaluate the model with satellite data,
the Cloud Feedback Model Inter-comparison Project Observational Simulator Package (COSP) has been implemented. A case
study has been carried out to understand the effects of the modifications, in which the modified modeling system was applied
over the European domain with a horizontal resolution of 0.25° x 0.25°. Further, to reduce the complexity in aerosol cloud
interaction only warm-phase clouds are considered. It is found that the online coupled aerosol introduces significant changes
for some cloud microphysical properties. The cloud effective radius shows an increase of I to 4 um, and the cloud droplet
number concentration is reduced by 100 to 200 cm 3. For both quantities, the new model version shows a better agreement
with the satellite data. The microphysics modifications have a smaller effect on other parameters such as optical depth, cloud

water content, and cloud fraction.

1 Introduction

The quantification of aerosol cloud interactions in models continues to be a challenge (/[PCC, 2013). Estimates of effective
radiative forcing and assessments of the radiative effects due to aerosol cloud interactions to a large extent rely on numer-
ical modeling. A large effort has been made to represent such effects in general circulation models (GCM) (Penner et al.,
2006; Quaas et al., 2009; Ghan et al., 2016). However, GCMs do not resolve the processes relevant for cloud dynamics well.

Improved process understanding for aerosol-cloud interactions thus largely relies on simulations with cloud-resolving and



10

15

20

25

30

large-eddy simulations (LES) (Ackerman et al., 2000, 2004; Xue et al., 2006; Sandu et al., 2008; Seifert et al., 2015; Berner et
al.,2013). However, LES often focus on case studies and use idealised boundary conditions and also an idealised representation
of the aerosol. This leads to uncertainties in particular because, when analyzing cloud systems, or cloud regimes, rather than
individual clouds, aerosol-cloud-precipitation interaction processes often are buffered (Stevens and Feingold, 2009). Regional
climate modeling is a powerful tool to overcome these limitations of small-domain, idealised LES. Much higher resolutions are
possible than for GCMs. Compared to LES that only simulate individual cloud systems, feedbacks between clouds and aspects
of the large-scale circulation and its variability are simulated by regional climate models. Even though regional models do not
describe part of the large scale feedbacks, it provides optimal compromise (Bangert et al., 2011; Van den Heever and Cotton,
2007; Chapman et al., 2009; Forkel et al., 2015; Yang et al., 2012).

A still often applied cloud microphysics parameterization in numerical weather prediction is a bulk, one-moment scheme
(Kessler, 1969; Lin et al., 1983), which uses the specific mass for different hydrometeor species as prognostic variables. How-
ever, it cannot treat aerosol cloud interaction because only one moment of the size distribution is calculated, do not carry
information about size or number concentration of cloud droplets. In contrast, bin microphysical schemes numerically resolve
the size spectrum and are thus able to predict the spatio-temporal behavior of a number of size categories for each hydrometeor
explicitly (Khain et al., 2000; Simmel et al., 2015). However, this approach is numerically very expensive especially when ap-
plied for regional atmospheric models. As a compromise between these two approaches, two-moment microphysical schemes
are able to predict the number concentration of the liquid and ice hydrometeors, in addition to mass variables (Cotton et al.,
1986; Meyers et al., 1997; Seifert and Beheng, 2006). Furthermore, numerous studies have shown that two-moment scheme is
a promising avenue to be used in future operational forecast models (Reisner et al., 1998; Tao et al., 2003; Seifert and Beheng,
2006) and is also computationally efficient.

At present, several weather prediction and global models have applied two-moment cloud microphysical schemes. For ex-
ample, the Weather Research and Forecasting model (WRF) is available with different types of two-moment microphysical
schemes (Thompson et al., 2008; Morrison et al., 2008; Lim et al., 2010). Morrison et al. (2009) demonstrated the trailing
stratiform precipitation in an idealized two-dimensional squall case with WRF model, which is consistent with surface obser-
vations. In another study, Li et al. (2008) investigated the effect of aerosol on cloud microphysical processes with a two-moment
microphysical scheme in WRF model. Also, Lim et al. (2010) have included the prognostic equation for cloud water and cloud
condensation nuclei (CCN) number concentration, which could reduce the uncertainty to investigate the aerosol effect on
cloud properties and the precipitation process in WRF model. Furthermore Weverberg et al. (2014) discuss the comparison be-
tween one-moment and two-moment microphysical schemes in the Consortium for Small Scale Modeling atmospheric model
(COSMO). Further, other groups previously implemented aerosol-cloud interactions in COSMO, albeit with a different
aerosol scheme (Bangert et al., 2011; Zubler et al., 2011; Possner et al., 2015) and very few are coupled to the radiation
scheme (Seifert et al., 2012). Seifert et al. (2012) reported a strong positive bias while comparing 2-m temperature in op-
erational one-moment scheme with cloud radiation coupled two-moment scheme, which indicates that radiative aerosol

induced effects are more relevant than effect on precipitation
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In this paper we discuss the improved cloud microphysics parameterization in the COSMO model (Doms et al., 1999),
via the online-coupled aerosol model, MUIti-Scale Chemistry-Aerosol Transport (MUSCAT; (Wolke et al., 2004, 2012)). The
two-moment cloud microphysical scheme in the COSMO model (Seifert and Beheng, 2006) uses fixed profiles of CCN concen-
trations. Rather than this simplification, here we use CCN concentrations predicted on the basis of the simulated aerosol from
the MUSCAT module. This will enable the COSMO model to have temporally and spatially varying CCN concentrations at
each grid point, which are fully consistent with the cloud and precipitation fields, as well as with dynamics (e.g. scavenging is
taken into account, as is vertical transport) to represent aerosol cloud interactions. In two further steps, (i) the radiation scheme
is slightly revised to take into account the cloud droplet size information (so far considered constant even when applying
the two-moment cloud microphysical scheme), and (ii) a diagnostic tool, the Cloud Feedback Model Intercomparison Project
Observational Simulator Package (Bodas-Salcedo et al., 2011, 2008; Nam and Quaas, 2012) is implemented that allows for
a consistent evaluation using satellite observations. The paper is organized as follows; section 2 gives a brief introduction to
the coupled model systems, data and methodology. The comparison between the improved two-moment cloud microphysical
parameterization with the available two-moment scheme making use of the COSP satellite simulator is discussed in section 3.

Finally, concluding remarks are given in section 4.

2 Data and Methodology
2.1 The COSMO-MUSCAT model and revised cloud activation

The non-hydrostatic three-dimensional model, COSMO developed for limited-area operational predictions (Doms et al., 1999;
Steppeler et al., 2003) is used in this study. This model has been used operationally in convection permitting configurations
since 2007 by the German Weather Service (Deutscher Wetterdienst, DWD) (Baldauf et al., 2011). In this study, we have
used COSMO version 5.0, which is initialized and forced by reanalyzed data provided by the global meteorological model
GME (Global Model of the Earth) of DWD, which is a hydrostatic weather prediction model (Majewski et al., 2002). GME
operates on an icosahedral hexagonal grid having a horizontal resolution of approximately 40 km and vertical resolution of
40 layers up to 10 hPa. The COSMO model is initialized with the interpolated GME initial state and nested within GME
with hourly updates of lateral boundary values. In this study, COSMO model has been configured in a non convection
permitting mode with uniform horizontal grid resolution of 0.25° (~28 km). The two-moment scheme in COSMO model
consists of five hydrometeors classes, namely cloud droplets, rain, ice crystals, snow and graupel. Processes considered by this
scheme include the nucleation of cloud droplets, autoconversion of cloud droplets to form rain, accretion and self-collection of
water droplets. The formulations have been derived by Seifert and Beheng (2001) from the theoretical formulation of Beheng
and Doms (1986). However, the radiation scheme does not yet make use of the additional information about cloud particle
sizes provided by the two-moment microphysics. It uses the Ritter and Geleyn (1992) parameterization for the cloud optical
properties in radiation scheme. According to Ritter and Geleyn (1992), the cloud optical properties were approximated by the

relation between specific liquid water content ¢, and cloud effective radius r. of cloud drop size distribution, thus cloud optical



10

15

20

25

depth 7. is expressed as,
C2

Te=(c1+ —)qedz ()
Te

where dz is layer thickness, and c¢; and ¢, are constants. Similarly, the effective radius r, is related to specific cloud water

content and is approximated as,
Te = €3+ Caqc 2

where c3 and ¢4 are constants (Ritter and Geleyn, 1992). In order to take into account of the two-moment microphyscs scheme,
the simulated variable cloud droplet size, the cloud optical properties in radiation scheme have been modified. The cloud
effective radius r. is derived by dividing the third and second moment of the size distribution (Martin et al., 1994) which, after
rearranging, yields,

_ T(p+4)
"e T oA (1 + 3) S

where u is spectral shape parameter, I" is gamma distribution function and ) is the slope parameter, which is given by

1
3

“)

| mpNT (n+4)
| 6g.I(pu+1)

where p is the density of the air, N is the droplet number concentration, and ¢, is the specific water content. The corresponding
cloud optical depth is given by
~ 3pq.dz

®)

T. =
¢ 2puTe

where, dz is the layer thickness, p,, = 1000 kg m—2 the density of liquid water.

The online coupled model system COSMO-MUSCAT (Wolke et al., 2012; Renner and Wolke, 2010; Wolke et al., 2004)
is used for prognostic cloud condensation nuclei in the cloud microphysics parameterization in COSMO model. The chem-
istry/aerosol transport model, MUSCAT treats atmospheric transport as well as chemical transformation, with the Regional
Atmospheric Chemistry Mechanism (RACM) (Stockwell et al., 1997). In MUSCAT, all meteorological fields are given with re-
spect to the uniform horizontal meteorological grid from the online coupled COSMO2M (COSMO with two-moment scheme)
model, whereas the aerosol information is fed back to the COSMO2M model from MUSCAT. In the previous setting, the inter-
actions only considered the radiative effects of aerosols (scattering and absorption of solar radiation), as well as the scavenging
of aerosol and in-cloud aerosol chemistry. A diagram illustrating the COSMO-MUSCAT modeling set up is shown in Figure
1. In COSMO model, the aerosol activation parameterization is based on empirical activation spectra, which is in the form

of power law relation,
Nccn :CccnSk7 Sin % (6)

where S is supersaturation, C.,, = 1.26X 109m 3, and k = 0.308 for continental condition or Cee,, = 1.0x103m =3 and k =

0.462 for maritime condition (Khain et al., 2001). Accordingly, the grid scale explicit nucleation rate is calculated from the
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time derivative of activation relation (Seifert and Beheng, 2006),

CeenkS* 125w, if §>0,w% >0,
= and S < Spag, (7

nuc O

ON,
ot

else.

The above parameterization scheme uses constant C'.,, concentrations in accordance with different atmospheric conditions.
Also, Spqz varies with atmospheric conditions (maritime C'..,, assumes that at S,,,q, = 1.1%, all C,.,, are already activated).
In the above equation, nucleation is explicitly depends on grid scale supersaturation in combination with saturation adjust-
ment, which has limitation. This has been over come by applying an operator splitting method to treat process numerically
(Seifert and Beheng, 2006). As an initial step, coupled model simulation is carried out by setting S,, .., = 2.0%, which is
the optimum condition for intermediate aerosols in COSMO model. Further, we have used simulated sulfate (SO,) aerosol
mass concentration information from MUSCAT model (The emission inventory in MUSCAT model is proved by TNO for the
Air Quality Model Evaluation International Initiative (AQMEII) project (Pouliot et al., 2012)) to derive C..,, concentration

proxy using the following empirical relation (Boucher and Lohmann, 1995),

Cccn — 102.21+0.41log(7nSO4) 8)

where mSO, is the sulfate aerosol mass concentration in jgm 2. The constant C..,, in the equation (7) is replaced by the
spatially and temporally varying C'..,, values, derived from equation (8), using the sulfate aerosol mass concentration from the
MUSCAT module. Even though, this empirical relationship that links sulfate aerosol mass concentration to C,.,, are widely
used is subject to substantial uncertainty. Representing sulfate aerosol as surrogate for all aerosols is probably too simple to

capture the complexity of the whole activation process.
2.2 Model evaluation method

Satellite retrievals have been used to evaluate performance of the numerous GCMs and NWP models (Quaas et al., 2004,
2009; Zhang et al., 2005; Brunke et al., 2010; Cherian et al., 2012; Nam et al., 2014). However, a meaningful evaluation of
modeling with satellite observations is challenging because of the difference in the model variables and the satellite retrievals.
To address this problem, the integrated satellite simulator COSP (CFMIP Observational Simulator Package, Bodas-Salcedo et
al., 2011) has been developed within the framework of Cloud Feedback Model Intercomparison Project (CFMIP). The COSP
satellite simulator produces model diagnostics, which are fully consistent to satellite products such as, International Satellite
Cloud Climatology Project (ISCCP; Rossow and Schiffer, 1999), MODerate Resolution Imaging Spectroradiometer (MODIS;
Platnick et al., 2003; Pincus et al., 2012), Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO;
Chepfer et al., 2010) and the CloudSat cloud radar (Marchand et al., 2009). To produce similar output to satellite data, COSP
requires grid mean vertical profile of temperature, humidity, hydrometer mixing ratio, cloud optical thickness and emissivity,
surface temperature and emissivity from the model. It produces the output comparable with satellite data in three steps. First

it addresses the miss match between model and satellite pixel, second vertical profiles of individual sub-columns are passed
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to each instruments and finally COSP statistic module gathers the output from all instruments (Bodas-Salcedo et al., 2011).
Since COSP is running online with COSMO model, it is able produce output similar to model simulation (in every hour).
An important aspect of COSP satellite simulator is positional errors due to mismatch between meteorological regimes in the
observation and models, which is not considered. This tool has previously been used with COSMO by Muhlbauer et al. (2014,
2015). The diagnostics include a variety of cloud properties, which enables consistent inter-model and model-to-observation
comparisons. In spite of COSP satellite products, CERES [Clouds and the Earth’s Radiant Energy System, Loeb et al.
(2012)] satellite observations are also used for model evaluations. One should keep in mind that the satellite products, just
like models, are prone to biases. Comparisons of satellite retrievals with in-situ measurements have shown overestimation.
Nonetheless, spatial correlation of the cloud structures are well represented(Noble and Hudson, 2015; Min et al., 2012). In
the next step, we evaluate the model results in terms of cloud optical and microphysical properties with MODIS level-2 data
sets. In the two model versions (COSMO2MR and COSMO-MUSCAT), we make use of the MODIS simulator diagnostics.
The different swath data sets of MODIS level-2 on 17 February 2007 (day time overpass only) are combined and gridded
to the model domain. To reduce the uncertainty in cloud phase, MODIS (Terra) level-2 products and model simulations
are screened for liquid phase clouds only. Additionally, MODIS cloud optical depth an effective radius are applied with
threshold values of 5 and 2 ym (Sourdeval et al., 2016; Zhang et al., 2012). Further, the COSP-diagnosed model clouds are
compared to ISCCP daily cloud products. To compare with ISCCP satellite retrievals, model results are re-gridded from 28

km to 280 km resolution, using a grid interpolation method and model outputs are daily averaged.

3 Results for a case study

The simulations are carried out for a time period of 10 days (15 - 25 February 2007). The weather is evidently a complex
processes which exhibits lots of variations. As forecast time progress the uncertainty in weather prediction also increases.
Hence, we have considered third day of the simulation for validating model and satellite simulators. Moreover, the synoptic
conditions are favorable for comparisons, which discussed in the next section. To isolate and analyse the effects of the
modifications, three different simulations were carried out, (a) COSMO two-moment (COSMO-2M), with fixed CCN (3.0 x
103m=3), (b) COSMO two-moment with radiation coupled to microphysics (COSMO-2MR), with fixed CCN (3.0x103m=3),
which uses equation 3 to 5 in radiation scheme, and (c) coupled simulation, i.e. using interactive rather than prescribed CCN

concentrations (COSMO-MUSCAT). In most of the discussion we have used simulations (a) and (c).
3.1 Synoptic situation

The simulation starts on 15 February and ends on 25 February 2007. At the beginning of the simulation the meteorologi-
cal condition is dominant by low pressure system over north Atlantic and high pressure systems over the land. The 2-m
temperature still shows temperature gradient with warm ocean and a cool continent, mostly in the northeastern part of
the domain. The winds are mostly strong southwesterly over the Atlantic and northerly and northwesterly in the southern

region as well(Figure S1). Since the case study has been conducted for 17 February, the key meteorological parameters,
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are illustrated in Figure 2. On February 17, the low pressure system has been moved to the French Atlantic coast and a
cyclonic circulation has been setup over the region. Further, a strong high pressure can be noticed over northeastern Eu-
rope. The 2-m temperature shows that, still the prominent winter synoptic condition exist in the northern part with warm
oceanic region (Atlantic) and cold northeastern part. The southern region has a maximum temperature of 20°C, whereas
the northeastern continental region experiences a minimum temperature of —20°C. The cyclonic circulation drives the
airmass from the oceanic region and results in the formation of clouds along the cyclonic circulation. Besides, the airmass
Jrom the high pressure results in cloud free region in the middle of the domain. However, most of the domain is covered
with a cloud fraction close to 100%. Further, the total amount of rainfall on 17 February is observed along with the cyclonic
circulation and south eastern part of Europe, with highest value over south of the low pressure system, which is 100 kgm?.

The convective cloud bases are observed between 500 to 4000 m over the domain.
3.2 Evaluation with satellite data

The model derived cloud fraction is daily averaged to illustrate the comparison between model (COSP) and ISCCP satellite
retrievals (Figure 3). The observed cloud fraction shows more cloud free regions compared to model simulations. This may
arise due to the coarse (280 km resolution) resolution of the satellite observation or poor parameterization of clouds in the
model. Nevertheless, it is evident that the model derived cloud fraction is in broad agreement with ISCCP satellite retrievals,
allowing now for a more detailed analysis of the cloud microphysical properties with fine resolution that are at the center of this
study. Further, flux comparison with CERES (Clouds and the Earth’s Radiant Energy System) satellite products are discussed
in section 3.3.

Figure 4 shows the comparison between MODIS observed and model simulated (averaged between 8.00 -14.00 UTC, COSP)
cloud optical depth, cloud droplet effective radius, and cloud liquid water path, respectively. In general, we find that the
simulated cloud optical depth exhibits a spatial pattern similar to the observations, with a higher magnitude in MODIS level-2
retrievals (Figure 4a and d). In satellite, it varies between 5 to 54 and in model between 5 to 45, with maximum values
observed over similar geographical regions. However, the satellite derived cloud optical depth and liquid water path are
overestimated while comparing with model (COSMO-MUSCAT) outputs. Although the model derived cloud effective radius
is underestimated compared to MODIS data, both exhibit a similar spatial pattern (Figure 4b and e). The model cloud droplet
effective radius varies between 2 to 14 pum, whereas it is in the range between 2 to 20 pm in the satellite retrievals. The spatial
pattern clearly indicates that, satellite derives cloud effective radius is overestimated, which may be due to the horizontal
heterogeneity and it is specially visible in marine stratocumulus. Also, note that MODIS possibly overestimate cloud droplet
effective radius (Min et al., 2012; Noble and Hudson, 2015). The effect of marine stratocumulus is also visible in the case
of observed MODIS cloud optical depth and cloud water path. Similar to cloud optical depth, cloud water path also exhibit
comparable spatial patterns for both, model and observations. Its simulated magnitude also is in broad agreement with the
satellite retrievals, with an underestimation in the model mainly over central eastern Europe and over the Atlantic coast. The

cloud water path in both cases ranges between about 0.025 and 0.425 kgm 2.
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Even though, spatial distribution of satellite and model cloud microphysical properties can be compared and validated,
however, absolute comparison like spatial correlation and area mean can add uncertainty to the analysis. To overcome this,
we have evaluated the statistical representation of cloud microphysical properties as probability density functions (PDFs)
corresponding to model (COSMO-MUSCAT) and satellites, which can account for different resolution of model and satellite
instruments (Figure 5). The solid lines in Figure 5 indicates, PDF for 17 February and the dashed line indicates for entire
simulation period (15-24 February 20017). Figure 5 indicates that, in liquid water path, the model shows an overestimation
in the lower range (below 0.08 kgm~2) and underestimation above 0.08 kgm 2, which is same for both cases (17 February
and overall). For cloud optical depth, the model overestimate low clouds (optical depth below 10) and underestimate high
clouds (above 20). In the case of cloud effective radius, overestimation is between 6 and 12 ym and underestimation above
12 pim, which is same for both cases. This clearly indicates that, 17 February can be a representative for the entire simulation
to compare with satellite observations.

The outcome of cloud microphysics modification is analyzed by considering the difference between the two simulations
(COSMO-MUSCAT and COSMO2M), which is shown in Figure 4g, h, and i. The version considering the interactive aerosol
number concentration (COSMO-MUSCAT) exhibits an increase in the cloud effective radius by a range of 1-4 ym throughout
the domain, although a slight reduction can be noticed in a few areas. This indicates the impact of the activation and growth
of the sulphate aerosol from MUSCAT model. In the case of cloud optical depth and cloud water path, both generally show
an increases despite of reduction in a few areas. The revised parameterization in coupled model has made modification in
spatial distribution of cloud optical depth in the range of + 15 and the liquid water exhibits a variation in the range of +
0.12 kgm—2. For the cloud droplet effective radius, the revised model version (COSMO-MUSCAT) better represented the
retrieved distribution compared to other two variables. Additionally, analyzing the difference between COSMO2MR with
COSMO2M accounts for the cloud mircophysics modification in COSMO-MUSCAT model.

We have also included cloud droplet number concentration Ny as a diagnostics of the model via COSP satellite simulator
(MODIS simulator in COSP). Figures 6a, b, and ¢ show the spatial distribution of N4 for the COSMO-2M, COSMO-MUSCAT
simulations and MODIS level-2 observations. From MODIS level-2 observations, cloud droplet number concentration Ny can

be expressed in terms of cloud optical depth 7. and effective radius r. (Quaas et al., 2006), which is given by,
Ng=arddr %5 )

where a = 1.37x107°m =05, Uncertainty in derived N, can arise from satellite droplet effective radius. As compared to
COSMO-2M simulations, there is reduction in the COSMO-MUSCAT (using equation 9) N, (Figure 6a and b), in which the
cloud microphysics are modified with interactive aerosols(COSMO-MUSCAT). Even though, satellite derived N, values
are overestimated, the spatial pattern is comparable with model simulations with N, varies between 10 to 500 cm 3. The
underestimation of COSMO-MUSCAT N, can be explained by cloud microphysics modification. In the basic version of the
COSMO-2M, the CCN is fixed as 300 cm 2 (for intermediate aerosol types), whereas the coupled model uses gridded CCN
(Cloud Condensation Nuclei) information from the MUSCAT model. Figure 6d shows the vertically and daily averaged sulfate

aerosol number concentration, which varies between 20 to 300 ¢m 3. From figure 6d, maximum aerosol mass concentration
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is observed over south eastern Europe. On the contrary, N4 shows less over the same region. This is because Boucher and
Lohmann (1995) parameterization shows saturation of N, over high aerosol or polluted regions (Penner et al., 2001). Further,
it may be difficult to correlate the spatial patterns of aerosol number concentration and cloud droplet number concentration be-
cause the droplet activation also controlled by several other meteorological properties, such as vertical velocity, microphysical
links. However, model derived cloud optical properties strongly correlated.

While comparing modified two-moment scheme results with MODIS level-2 satellite products, the model shows more
cloud free (clear) grid points. This indicates that model is unable to capture the sub grid scale cloud patterns accurately
(Jason and Thomas, 2008), which may be due to the coarse resolution (0.25°) of the model. Further, the satellite retrieval
(mainly thin clouds) are affected by sonw cover, which could be rather ignored. The COSP satellite simulator derives the
cloud information using specific cloud water content, ice content and snow content from cloud microphysical scheme. Ad-
ditionally, the model simulations via COSP is able to reproduce spatial patterns similar/comparable to that of satellite

observations regardless of overestimation of satellite retrievals (MODIS), which are reported in previous studies.
3.3 Impact on radiative balance

In addition, we have also implemented aerosol-cloud-radiation interactions in the COSMO model, by revising the radiation
scheme in order to make use of a droplet-size-dependent cloud optical depth. Incorporating aerosol-cloud-radiation interactions
in the model results in a significant change in the radiation fluxes. The analysis reveals an increase in shortwave wave flux
distribution, which is in the order of 10 to 40 Wm =2 at the surface and 2 to 20 Wm =2 at top of the atmosphere. In turn, the
long wave flux distribution shows an overall reduction in the range of -2 to -20 Wm 2 at the surface and top of the atmosphere.
An exception in some increase (20 to 20 Wm~2) at top of the atmosphere in the northern part of the domain (Figure 7). It
is also noted that the cloud microphysics radiation coupling results in reduction in cloud optical properties, which would
results more downward shortwave and upward longwave especially at the surface. Further, the effect aerosol-cloud-radiation
interaction seen to larger over ocean than over land, especially for surface net down short wave and long wave fluxes. The
boundary effect in the difference can be ignored, which aries due to different physics in COSMO and GME. In comparison
with CERES [Clouds and the Earth’s Radiant Energy System, Loeb et al. (2012)] satellite observations, the spatial pattern and
the magnitude of model simulations are comparable with satellite observations, however the differences are neither systematic
nor large (Figure 8). Further, during winter the uncertinity in CERES flux observation are little higher (Guo et al., 2007)

.The difference in observed cloud optical properties (Figure 4) can also be attributed from impact of radiative balance.

4 Conclusions

This paper discusses the modification of Seifert and Beheng (2006) two-moment scheme in COSMO model. This has been done
with online-coupled MUSCAT model aerosol information, which allows for a microphysical aerosol effect on clouds. It has
been achieved by replacing the constant cloud condensation nuclei profile in the COSMO two-moment scheme with gridded

aerosol information derived from online-coupled MUSCAT model, using the Boucher and Lohmann (1995) parameterization,
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which takes sulfate aerosol as a proxy. In addition the radiation scheme was revised to a droplet-size-dependent cloud optical
depth, allowing now for aerosol-cloud-radiation interactions. In order to facilitate an evaluation using satellite retrievals, the
COSP satellite simulator has been incorporated into the modeling system, which runs online with the model. The model results
are evaluated with satellite observations from the ISCCP, MODIS, and CERES projects and instruments, respectively. Although
the two-moment cloud microphysics scheme in COSMO model has been modified, the model did not re-tuned to get reasonable
2m temperature or precipitation. The conclusions are summarized below.

1. The modified two-moment scheme results have been compared with two-moment version of COSMO model. In terms of
the cloud distributions, this modification has only a minor effect.

2. A case study has been carried out to compare the model output with observations. Daily averaged cloud optical depth, droplet
effective radius, and liquid water path are compared with MODIS level-2 products. The interactive treatment of aeorosls in
COSMO-MUSCAT simulations show an improvement in the cloud microphysical properties. Further, the PDF analsysis
has contributed to a quantitative comparison of model reuslts with satellte observations. The cloud effective radius exhibits
an increase and the cloud droplet number concentration shows a reduction in the modified simulation. This is due to the
reduced CCN number concentrations from the MUSCAT model. The satellite retrievals suggest the revised model version is
more realistic in both quantities.

3. The representation of cloud microphysical properties in the radiation scheme has been revised in order to digest the additional
information about cloud particle sizes the two-moment microphysics scheme offers. Again, considerable changes in terms of
the radiation budget were also found. The new approach now, however, allows to explicitly take into account the radiative
effects of aerosol-cloud interactions.

In next step, further improvement in two-moment scheme will be carried out through use of the newly included aerosol
model M7 (Vignati et al., 2004) framework in the MUSCAT model, which is able to provide aerosol number concentration
information to the COSMO two-moment scheme by replacing Boucher and Lohmann (1995) parameterization. This can result
in more precise cloud droplet activation parameterization, involving different aerosol species as CCN, and thus improving

the cloud droplet number calculation of (Lohmann et al., 2007). Also the role of aerosols on ice nucleation will be addressed.
Code and data availability

The COSMO-MUSCAT(5.0) model is freely available under public license policy. The source code, external parameters and
documentation can be obtained through Ralf Wolke (wolke @tropos.de).
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Figure 1. COSMO-MUSCAT modeling system. Lefthand side, setup of COSMO modeling sysytem with GME input and Righthand side:

MUSCAT modeling system with land use and emissions.
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Figure 2. Model synoptic conditions for 17 February 2007 at 00:00hrs, (a) Surface pressure in contours and 2 meter temperature in closed

contours, (b) 500 mb wind vector and total cloud area fraction.
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Figure 3. (a) Satellite and (b) model (COSMO-MUSCAT) derived ISCCP cloud fraction, for 17 February 2007 (daily averaged).
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Figure 4. MODIS Level-2 (a) cloud optical depth, (b) cloud effective radius, (c) cloud water path, COSMO-MUSCAT derived (day time
averaged) (d) cloud optical depth, (e) cloud effective radius, (f) cloud water path, and difference between COSMO-MUSCAT and COSMO-
2M simulations(g,h,i), for 17 February 2007.
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Figure 5. Probability density functions of cloud optical depth, cloud effective radius, cloud water path from COSMO-MUSCAT (red) and
MODIS Level-2 products (green), for 17 February 2007 (solid line) and for entire (15-24 February 2007) simulation(dashed line).
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Figure 6. Day time averaged cloud droplet number concentration for (a) COSMO-2M, (b) COSMO-MUSCAT, (c)MODIS level-2 , and (d)
Sulfate aerosol number concentration from MUSCAT model, for 17 February 2007.
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Figure 7. Comparison and difference between short wave and long wave radiation fluxes surface and top of the atmosphere, and it is

difference between two simulation (COSMO-2MR radiation coupled minus COSMO-2M).
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Figure 8. Comparison between short wave and long wave fluxes at surface and top of the atmosphere with CERES satellite fluxes (top panel:
model COSMO-MUSCAT, bottom Panel: satellite).
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Figure 9. Figure S1: Model synoptic conditions for 15 February 2007 at 00:00hrs, (a) Surface pressure in contours and 2 meter temperature

in closed contours, (b) 500 mb wind vector and total cloud area fraction.
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