
Authors’ response regarding the second revision 
 

Dear Editor(s), 
 
Thank you for handling our manuscript. We also would like to thank the anonymous reviewer and the 
topical editor Simon Unterstrasser for their thorough reading of this long manuscript. Following their incisive 
and constructive suggestions, we have placed the finishing touches on the manuscript. 
 
An itemized response to all the comments raised by the referee and the topical editor Simon Unterstrasser 
is provided below. A marked-up manuscript showing all the changes follows. 
 
We hope that you find our responses satisfactory and that the manuscript is acceptable for publication in 
Geoscientific Model Development. 
 
Sincerely, 
Shin-ichiro Shima 

  



Reply to the first reviewer  
We appreciate your in-depth reading of the revised manuscript and insightful feedback. Below, we provided 
an itemized response to all the comments raised, with the original comments presented in blue. A 
marked-up manuscript showing all the changes is attached at the end of this document. 

Minor Comments 
3-1) P. 8, ll. 25 – 27: It might also be worthwhile to state that the relaxation of very small particles to 

the surrounding fluid is so fast that (2) needs to be solved with a very small timestep, which is 
certainly not in the spirit of a computationally efficient model. See, e.g., Chen et al. (2018). 
 
We agree that this is important information to the readers. We have revised the part as follows. 
 

(P. 8, ll. 25--29 of the revised manuscript) 
old< The relaxation time of large droplets is a few seconds (Fig. 3 of Wang and Pruppacher 
(1977)). The acceleration of particles can be considered by explicitly solving the motion 
equation (see, e.g., Naumann and Seifert, 2015). 
 
new> For example, the relaxation time of large droplets is a few seconds (Fig. 3 of Wang 
and Pruppacher, 1977) though that of micrometer-sized droplets is approximately  
(see, e.g., Eq. (1) of Chen et al., 2018, and the discussion that follows). The acceleration of 
particles can be considered by explicitly solving the motion equation (see, e.g., Naumann 
and Seifert, 2015), but extremely small time steps would be required for small particles. 

 
3-2) P. 9, ll. 9 – 17: Why do you state the wrong di and qi in Eq. (4) and give a warning in the 

following text? It might be clearer to state the correct di and qi in (4) and then state that the wrong 
values are used in the presented study. 
 
Following your suggestion, we rephrased the part as follows. 
 

(P. 9, ll. 9--19) 
old< In this study, we consider that  and  are given by  

  

where  is the maximum dimension,  is the area ratio regarding circumscircle,  is the 
projected area perpendicular to the flow direction, and  is the area of the circumcircle of 

, i.e., the area of the smallest circle that completely contains . 
 
Here, the readers must be warned that our choices of  and  specified in Eq. (4) are 
incorrect. In Böhm's theory,  is defiend by , and $q_i$ is defined by the area ratio 
regarding circumscribed ellipse . Consequently, Eq. (4) underestimates the fall 
speeds of columnar ice particles. Nevertheless, based on the assessment detailed in Sec. 
9.2, we confirmed that this difference does not change the results of our simulation 
significantly,and hence, we conclude that this flaw causes only a minor impact on this study. 
 
------------------------------- 
 
new> In Böhm's theory,  is defined by , and  is defined by the area ratio regarding 
circumscribed ellipse , where  is the projected area perpendicular to the 
flow direction, and  is the area of the circumscribed ellipse of , i.e., the area of the 
smallest ellipse that completely contains . 
 
However, in this study, we start from a slightly different definition of  and , which we 

https://latex-staging.easygenerator.com/eqneditor/editor.php?latex=10%5E%7B-5%7D%5C%2C%5Cunit%7Bs%7D#0
https://www.codecogs.com/eqnedit.php?latex=d_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i#0
https://www.codecogs.com/eqnedit.php?latex=%20%20d_i%20%3D%20D_i%20%3A%3D%202%5Cmax(a_i%2Cc_i)%2C%5Cquad%20q_i%3Dq_i%5E%5Cmathrm%7Bcc%7D%3A%3DA_i%2FA%5E%7B%5Cmathrm%7Bcc%7D%7D_i%2C#0
https://www.codecogs.com/eqnedit.php?latex=D_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i%5E%5Cmathrm%7Bcc%7D#0
https://www.codecogs.com/eqnedit.php?latex=A_%7Bi%7D#0
https://www.codecogs.com/eqnedit.php?latex=A%5E%7B%5Cmathrm%7Bcc%7D%7D_i#0
https://www.codecogs.com/eqnedit.php?latex=A_%7Bi%7D#0
https://www.codecogs.com/eqnedit.php?latex=A_%7Bi%7D#0
https://www.codecogs.com/eqnedit.php?latex=d_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i#0
https://www.codecogs.com/eqnedit.php?latex=d_i#0
https://www.codecogs.com/eqnedit.php?latex=2a_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i%5E%5Cmathrm%7Bce%7D%3A%3DA_i%2FA%5E%7B%5Cmathrm%7Bce%7D%7D_i#0
https://www.codecogs.com/eqnedit.php?latex=d_i#0
https://www.codecogs.com/eqnedit.php?latex=2a_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i%5E%5Cmathrm%7Bce%7D%3A%3DA_i%2FA%5E%7B%5Cmathrm%7Bce%7D%7D_i#0
https://www.codecogs.com/eqnedit.php?latex=A_%7Bi%7D#0
https://www.codecogs.com/eqnedit.php?latex=A%5E%7B%5Cmathrm%7Bce%7D%7D_i#0
https://www.codecogs.com/eqnedit.php?latex=A_%7Bi%7D#0
https://www.codecogs.com/eqnedit.php?latex=A_%7Bi%7D#0
https://www.codecogs.com/eqnedit.php?latex=d_i#0
https://www.codecogs.com/eqnedit.php?latex=q_i#0


adopted mistakenly: 

  

where  is the maximum dimension,  is the area ratio regarding circumcircle, and  is 
the area of the circumcircle of , i.e., the area of the smallest circle that completely 
contains . 
 
Consequently, Eq. (4) underestimates the fall speeds of columnar ice particles. 
Nevertheless, based on the assessment detailed in Sec. 9.2, we will confirm that this 
difference does not change the results of our simulation significantly, and hence, we 
conclude that this flaw causes only a minor impact on this study. We also note that in Sec. 
9.2 we will develop and release a fixed version of the model, SCALE-SDM 0.2.5-2.2.2. 

 
3-3) P. 12, l. 15: I suspect this is only the case for the numerical solution of (11). One can see that for 

𝑚​i​ → 0 ⟹𝐶 → 0 and hence 𝑑𝑚​i​/𝑑𝑡 → 0, which prevents negative 𝑚​i​ for a (probably impossible) 
analytical solution. 
 
You are right.  becomes 0 in finite time, but never becomes negative. (If the ice particle is 

spherical and small,  holds when it sublimates. Then, 

 with some constant  is the analytic solution. This is also a direct 
consequence of  for spherical and small ice particles.) Therefore, we revised the 
part as follows. 

 
(P. 12, ll. 18--19) 
old< Note that  in Eq. (11) could become negative through sublimation over a finite time. 
Therefore, we impose a limiter to  as follows: 
 
new> Note that  in Eq. (11) can become zero through sublimation over a finite time. 
However, in this study, we prohibit complete sublimation, and instead, we impose a limiter to 

 as follows: 
 

3-4) P. 34, ll. 29 – 30: How do you decide if a droplet is activated or not? 
 
In this manuscript, we do not distinguish cloud droplets and deliquescent aerosol particles. In Fig. 
R1-1 of our previous reply, droplets larger than  in radius are defined as activated droplets. A 

more precise definition can be considered by using the critical radius , which 
corresponds to the maximum of the Köhler curve. Then, we can distinguish giant CCN and activated 
droplets. 
 

3-5) P. 50, l. 11: Why is the freezing/melting timescale restricted by the CFL criterion? It is not 
directly 
apparent why a microphysical timestep is restricted by a fluid-dynamical criterion. 
 
Imagine that we increase the freezing/melting timestep  larger than the CFL condition of 
wind velocity. Then, the latent heat of freezing/melting will be released/absorbed at a grid cell 
different from the original one, which probably impairs the accuracy of buoyancy calculation. We 
have not tested it before, but we therefore consider that it is reasonable to restrict  by the 
CFL condition of wind velocity. 
 

3-6) P. 50, ll. 22 – 23: You may want to cite Árnason and Brown (1971), who showed nicely that the 
model timestep for condensation/evaporation needs to be smaller than the phase relaxation 
timescale. 
 
Thank you for the information. This is a very good paper. We have added the following sentence to 
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the paragraph. 
 
(P. 51, ll. 1--2) 
Otherwise, numerical instability occurs (Árnason and Brown, 1971). 

 
3-7) P. 62, ll. 29 – 30: I agree that evaporation delays the melting process, but how does it delay the 

“melting onset”? I assume that before the melting onset, the considered particles consist of pure ice, 
and hence only sublimation might cool the particle. 
 
As you pointed out, an ice particle can be colder than the ambient air due to sublimation. Figure 4 of 
Rasmussen and Pruppacher (1982) indicates that melting could start at +4°C at a relative humidity 
of 50%. See also Eq. (14) of Rasmussen and Pruppacher (1982), and accompanying discussions. 

Technical Comments 
3-8) P. 2, l. 26: “composition”, not “compositions” 
3-9) P. 5, l. 15: Although “Appendixes” is technically correct, I suggest using the more common 

“Appendices”. 
3-10) P. 12, l. 6: I suggest adding “particle-averaged” before “ventilation coefficient”. 
3-11) P. 17, l. 5: For clarity, add “real” before “particles”. 

(We assumed this is a comment for p. 27, not p. 17) 
3-12) Fig. 1: This figure looks more like a table. Consider changing the caption. 

 
All the above comments are reflected in the revised manuscript.  
 

3-13) Figs. 5, 6, 16, 17: I suggesting removing the (meaningless) empty brackets “[]” from the labels 
on the abscissa. 

 
We leave them unchanged. They are empty but have the role to inform the readers that the 
quantities are unitless. 

References 
Rasmussen, R. and Pruppacher, H. R.: A wind tunnel and theoretical study of the melting behavior 
of atmospheric ice particles. I: a wind tunnel study of frozen drops of radius less than 500 
micrometers., Journal of the Atmospheric Sciences, 39, 152–158, 
https://doi.org/10.1175/1520-0469(1982)039<0152:AWTATS>2.0.CO;2​, 1982. 
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Reply to the topical editor Simon Unterstrasser 
Thank you for reading through the revised manuscript carefully. Below, we provided an itemized response 
to all the comments raised, with the original comments presented in blue. A marked-up manuscript showing 
all the changes is attached at the end of this document. 

Minor and Technical Comments 
4-1) p.8, l.1: introduce the name of the physical quantity in front of q_d 

 
We do not know if  has a name commonly used. Instead, we have added the meaning of . 
 

(P. 8, l. 1) 
mass of dry air per unit mass of moist air , 

 
4-2) p.9.: circumScircle=circumcircle; defiend = defined 

 
We have corrected the typos. 
 

4-3) p.9., l.18: You may explicitly state that this flaw is removed in the newer version 2.2.2. 
 
We have added the following sentence to the end of the paragraph. 
 

(P. 9, ll. 18--19) 
We also note that in Sec. 9.2 we will develop and release a fixed version of the model, 
SCALE-SDM 0.2.5-2.2.2. 

 
4-4) p.10, l.15 and p.13, l.2: I am always picky about the expression "cold temperature". 

 
We have replaced the two “colder” by “lower”. 
 

4-5) p.12, l.20: Ice crystals with mass m_min^i re rather small. Don't you include a Kelvin correction, 
such that ice crystals wouldn't for too small supersaturation w.r.t ice? 
 
We assumed that a pre-activated particle grows immediately when the ambient air is supersaturated 
over ice, but we admit that this is a crude simplification of the pre-activation phenomenon. The ice is 
considered to be preserved in nanoscale pores of solid particles. There is no doubt that the Kelvin 
effect is playing an important role, but modeling of the phenomenon is not straightforward. We leave 
further sophistication for future studies. 
 

4-6) p.18, Eqs. 55-57: I appreciate the way, the units are handled. (No changes needed.) 
 
Thank you. I always think that we should include units to variables and constants to make equations 
clearer. 
 

4-7) p.23,l.1: Is G_lmn defined at the center of the grid cell? "at each grid point" is not specific 
enough in my sense. 
 
We admit that the exact definition of the grid indices  are not introduced in this manuscript. We 
consider it is not necessary because  is used only in a symbolic sense in this manuscript, but 
for clarification, we revised the part as follows. 
 

(The end of Sec. 5.1) 
old< To simplify the notation, we use  to denote the status of moist air at each grid 
point. 
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new> To simplify the notation, we use  to denote the status of moist air at each point 
on the center grid and the face grid. 

 
4-8) p.23, l.7: I guess you miss to say that the sets are called I_r(t) and I_s(t). 

 
Note that . As explained in Sec. 4.1, 

 is the set of all the particles accumulated over the whole period. 
On the other hand,  is the set of particle indices existing in the domain at time . (Therefore, 

 holds.) Similarly,  is the set of super-particle indices existing in 
the domain at time , which is defined at the end of Sec. 5.2. 
 

4-9) p.23, Eq.83 & 83: With Dirac's delta, you evaluate n at a discrete point. There can only be one 
droplet at this location and I do not understand how a concentration is a reasonable quantity. 
Concentrations can only defined fro a continuum in my personal opinion. 
 
Dirac’s delta is not continuous, but after the ensemble average (denoted by <...>), we can expect 

 becomes a continuous function. 
 

4-10) p.25, l.5: Remove dot after "Figure" 
 
We have corrected the typo. 
 

4-11) p.25, l.13: Could you reformulate "For consistency of wind velocity field divergence, .."? I am 
having troubles understanding it. 
 
We have rephrased the part as follows. 
 

(1st paragraph of Sec. 5.5.1 “Advection and sedimentation”) 
old< For consistency of wind velocity field divergence, we use a predictor-corrector scheme 
with the “simple linear interpolation” of wind velocities from the face grid following Grabowski 
et al. (2018). … We then interpolate  to the super-particle position using the simple 
linear scheme of Grabowski et al. (2018). 
 
new> So that we can predict the particle number concentration accurately, we use the 
predictor-corrector scheme with the “simple linear interpolation” of wind velocities from the 
face grid following Grabowski et al. (2018). … We then interpolate  to the super-particle 
position using the simple linear scheme of Grabowski et al. (2018), which ensures that the 
wind velocity divergence over any subgrid volume becomes exactly the same as that over 
the grid cell volume. 

 
4-12) p.26, l.7: "is much shorter than THAT OF other processes" 

 
Revised as suggested. 
 

4-13) p.26, l.18: From the way it is written, it is not clear, whether or not you assume sphericitiy and 
neglect the ventilation effect. Please rephrase. 
 
We clarified the meaning as follows. 
 

(P. 26, ll. 25--28) 
old< Then, if the ice particle is spherical and if we ignore the ventilation effect, the r.h.s. of 
the resultant equation does not depend on . Therefore, we adopt the forward Euler 
scheme to solve the time evolution equation of . 
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new> Then, in a situation when the ice particle is spherical and, at the same time, so small 

that the ventilation effect can be ignored, then the equation reduces to , 
i.e., the r.h.s. does not depend on . Inspired by this fact, we adopt the forward Euler 
scheme to solve the time evolution equation of  even when the ice particle is not 
spherical or small. 

 
4-14) p.30, l.27: Add "Eq." in front of (95). 

 
We rephrased the sentence as follows. 
 

(P. 31, ll. 12--13) 
old< We assume the same size distribution of internally mixed ammonium bisulfate as that of 
the pure ammonium bisulfate (95). 
 
new> We assume that the size distribution of internally mixed ammonium bisulfate is the 
same as that of the pure ammonium bisulfate given by Eq. (95). 

 
4-15) p.39, l.32: You may better say: "The ice particle WHOSE POSITION is denoted by ...". This 

issue appears several times. 
 
We leave this unchanged. The symbols are displayed not only in Fig. 2, but also in Figs. 5-8. 
Therefore, the symbols do not only represent their physical locations, but also the attributes of the 
odd ice particles. Further, we already asked a professional English editing service twice (see the 
acknowledgement), but they did not see any issue here. 
 

4-16) Fig.6 and several others: I would say: "The figure is the same as Fig.5, except for the (physical 
quantity on the) vertical axis" (remove at least "difference" in the end). 
 
We simply removed “difference” from Figs. 5-7, 10, 11, 13, and 14. 
 

4-17) p.45, l.9: "suppress the amount of" sounds awkward. I would say, some process can be 
suppressed, but not a quantity. 
 
We replaced “suppressed” by “reduced” as follows. 
 

(P. 45, ll. 23--24) 
old< When the number of super-particles was too low, more rain droplets were produced 
because of an erroneous enhancement of coalescence that suppressed the amount of cloud 
droplets, cloud ice particles, and graupel particles. 
 
new> When the number of super-particles was too low, more rain droplets were produced 
because of an erroneous enhancement of coalescence that reduced the amount of cloud 
droplets, cloud ice particles, and graupel particles. 

 
4-18) p.63, l.7: Do you mean "heating rate"? Or is "warming rate" something else? 

 
We followed the terminology used in Rasmussen and Pruppacher (1982). 
 

4-19) p.65, l.14: Is p defined as ratio collected over collector? Then p<1 makes sense. 
 
p<0.1, not p<1, is the requirement of the Beard and Grover (1974)’s formula. Well, p is defined as 
the ratio of collected over collector, but still, it does not guarantee p<1, because we defined that the 
particle that falls faster is the collector (see Eq. (39) and the explanation that follows).  
 

4-20) p.65, l.29: Please reformulate. "Calculating the properties of the resultant ice crystal .."? 
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We think that the meaning of the original sentence is clear enough, but following your suggestion, 
we rephrased the sentence as follows. 
 

(P. 66, l. 10) 
old< Calculating the resultant ice particles is also not easy. 
 
new> Calculating the attributes of the resultant ice particles is also not easy. 

References 
Rasmussen, R. and Pruppacher, H. R.: A wind tunnel and theoretical study of the melting behavior 
of atmospheric ice particles. I: a wind tunnel study of frozen drops of radius less than 500 
micrometers., Journal of the Atmospheric Sciences, 39, 152–158, 
https://doi.org/10.1175/1520-0469(1982)039<0152:AWTATS>2.0.CO;2​, 1982. 
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