
We would like to thank all three referees for taking the time to review our manuscript. All 1	
  
referees felt that the manuscript was confusing, and we have substantially revised the manuscript 2	
  
to address these concerns, including a modified methodology, new figures, and clearer 3	
  
discussion. The basic conclusions have not changed, but we feel that they are now better 4	
  
explained and better substantiated. Responses to specific comments are below. 5	
  
 6	
  
Anonymous Referee #1 7	
  
Received and published: 11 March 2016 8	
  
Review of “The role of the size distribution shape in determining differences between 9	
  
condensation rates in bin and bulk microphysical schemes” by Igel and van den Heever. This is a 10	
  
confusing manuscript of very little significance for modeling of atmospheric clouds in my 11	
  
opinion. I have several general and many specific comments that need to be addressed before the 12	
  
manuscript is accepted in ACP. Because of little significance, I do not want to re-review the 13	
  
revised manuscript. The handling Editor should be able to judge if my comments are 14	
  
appropriately addressed. 15	
  
We have addressed the general and specific comments below. Here we would like to address the 16	
  
comment regarding significance. Bin and bulk microphysics schemes take fundamentally 17	
  
different approaches to describing cloud size distributions. Because bin schemes are much more 18	
  
expensive computationally, but otherwise generally believed to be superior, there is a need to 19	
  
understand how bulk schemes can be improved based on the behavior of bin schemes. We 20	
  
believe that this paper makes a significant contribution towards identifying the important and 21	
  
unimportant differences between the two schemes. Specifically, our results suggest that an 22	
  
assumed gamma size distribution by bulk schemes does NOT induce a large degree of error if the 23	
  
correct value of the shape parameter can be known. We feel that this is a significant conclusion, 24	
  
and one that is not obvious or expected. Given the multiple questions raised by the referee about 25	
  
the inappropriateness of the gamma distribution and multimodality, they do not seem to think 26	
  
that this is an obvious or expected result either. 27	
  
 28	
  
General comments. 29	
  
1. I found the whole logic behind this paper (including the title) confusing. Unless cloud droplets 30	
  
are very small (in which case surface tension, solute, and molecular effects need to be 31	
  
considered) or they are large (tens of microns, in which case ventilation effects are important), 32	
  
the condensation rate for a given supersaturation depends on the integral radius alone, that is, on 33	
  
the integral of the product of the droplet concentration and the droplet radius. (This is incorrectly 34	
  
called “integrated radius” in the manuscript). The reference to the spectral shape is confusing 35	
  
because the condensation rate depends on the spectral shape indirectly. For instance, if the 36	
  
spectrum is symmetric, the spectral width is irrelevant because in such case the integral radius is 37	
  
independent of the width. Of course the gamma distribution is asymmetric. The difference 38	
  
between the condensation rate as given by Eqs. (2) and (3) is that the assumed droplet 39	
  
distribution is analytically integrated in (2) in contrast to the approximation of the integral by the 40	
  
sum over finite number of bins in (3). So the difference may come from the assumed shape of the 41	
  
spectrum in the bulk scheme (in contrast to freely-evolving shape in the bin scheme), but it may 42	
  
also come from an inaccurate representation of the spectrum with a small number of bins (note 43	
  
that the number of bins is rather low in the Khain’s scheme). 44	
  
We agree with the reviewer that the impact of the spectral width will depend on the asymmetry 45	
  
of the size distribution, and will have no impact in the case of a symmetric distribution. What we 46	
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find powerful is that when we assume a specific distribution function – specifically, the gamma 47	
  
distribution function, which as noted by the reviewer is asymmetric – the shape parameter 48	
  
(which quantifies the spectral width) IS able to account for much of the discrepancies in the 49	
  
condensation/evaporation rate between the two schemes, despite all of the potential pitfalls that 50	
  
the reviewer mentions such as the potential inaccurate representation of the droplet spectrum, or 51	
  
the potential for multi-modal or non-gamma-like distributions. We too would have expected such 52	
  
issues to be more important and thus we think that the conclusions we draw are important and 53	
  
worthy of publication. 54	
  
 55	
  
2. The gamma size distribution is perhaps a sensible representation of possible droplet spectral 56	
  
shapes, but it is by no means ideal. Realistic situations involve various shapes, including often-57	
  
observed bimodal spectra and occasional multi-modal. Such spectra cannot be represented by the 58	
  
gamma distribution, but can be simulated by the bin scheme. So how important are the spectral 59	
  
shape differences simulated in the current study? Are the differences in the condensation rate 60	
  
correlated with the asymmetry and/or multimodality of the spectra simulated by the bin scheme? 61	
  
We agree that the gamma size distribution is by no means ideal. We calculated the normalized 62	
  
root mean square error for each of the fitted gamma distributions from the bin simulations. A 63	
  
value of 1 indicates that the fit is better than a straight line. The NRMSE’s are generally less than 64	
  
1 and indicate that most of the time the gamma distribution has some skill in approximating the 65	
  
simulated size distribution. (We recognize that this doesn’t necessarily mean that a different 66	
  
distribution wouldn’t be better.) We have also attempted to assess how these cloud droplet size 67	
  
distributions with poor fits impact the comparison with the bulk scheme condensation and 68	
  
evaporation rates. There is an entirely new section of the manuscript dedicated to this topic. In 69	
  
summary, we do not find that the non-gamma-like DSDs severely deteriorate the comparison of 70	
  
the rates. This is both because they do not occur very frequently, and because even with only a 71	
  
mediocre fit, the best-fit shape parameters still seem to be able to account for much of the 72	
  
difference between the bulk and bin scheme condensation and evaporation rates. It is certainly 73	
  
not perfect, but it is an improvement. 74	
  

 75	
  
Above: Distribution of NRMSE values from the three bin simulations. 76	
  
 77	
  
 78	
  
3. I think differences shown in the paper need to be put in the context of bulk cloud properties to 79	
  
see if they play any role. The fact that condensation rates differ for given supersaturation and 80	
  
integral radius tells me little because of the interactive nature of the condensation. In a real 81	
  
situation, a different condensation rate modifies the super-saturation and the overall effect might 82	
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be insignificant. In other words, one needs to see the change of the supersaturation for a modified 83	
  
condensation rate, and not the condensation rate for a given supersaturation. Think quasi-84	
  
equilibrium supersaturation. Does the simulation applying one formulation differ significantly 85	
  
from the other? If not, then why worry? 86	
  
The short answer is that yes, changing the value of the shape parameter in a bulk simulation can 87	
  
have large impacts on the cloud properties. These changes are discussed in detail in Igel et al. 88	
  
2016b (accepted pending revision). We know more generally that bin and bulk schemes (or more 89	
  
generally any two microphysics schemes) often simulate very different cloud properties and we 90	
  
have very little understanding about why this is the case. Even if differences in the condensation 91	
  
and evaporation formulations do not turn out to cause the simulations to be different from one 92	
  
another, this would be worth knowing since we do not know which microphysical processes 93	
  
contribute most to the differences. This study is just one step towards understanding the behavior 94	
  
of these different schemes. 95	
  
 96	
  
In regards to quasi-equilibrium supersaturation, we see the referee’s point that it may not matter 97	
  
how we get to equilibrium if the equilibrium state itself is the same regardless of the scheme. We 98	
  
also agree that analyzing the change in supersaturation in a similar way as we have done for the 99	
  
condensation and evaporation rates could be interesting, but we are not sure what additional 100	
  
information that would give. We have found that the mean supersaturation can vary by 0.2-0.4% 101	
  
depending on the shape parameter used in the bulk simulations which suggests that the quasi-102	
  
equilibrium state is not the same. Furthermore, the concept of quasi-equilibrium only applies to 103	
  
the cloud core. By our estimate, at most 25% of the cloudy points are in the cloud core (this is 104	
  
the percent of cloudy points that are both supersaturated and in an updraft). Given that 75% of 105	
  
cloudy points not in the cloud core, and that the quasi-equilibrium is impacted, we think that the 106	
  
understanding how the condensation and evaporation rates differ between the schemes is 107	
  
important.  108	
  
 109	
  
Specific comments 110	
  
1. Abstract. L. 14: I do not consider the approach used in the paper particularly novel. 111	
  
It is not an approach we have seen others use to compare microphysics schemes. 112	
  
 113	
  
L. 16: “Integrated diameter” should be “integral diameter” (and in many paces in the text).  114	
  
We have revised the analysis such that this term is no longer used at all. 115	
  
 116	
  
L. 23: The fact that the maximum deviation may reach 50% tells me little. What about the mean 117	
  
or median inside each bin? And what impact does it have on cloud properties? See 3 above. 118	
  
In the revised manuscript, we discuss in detail the means of the bins. The impact of a change in 119	
  
the shape parameter on cloud properties is discussed in Igel et al. 2016b (accepted pending 120	
  
revision). 121	
  
 122	
  
2. L. 71/72: Was the change in Morrison and Grabowski related to condensation or to the drizzle 123	
  
formation? I think the latter. If so, this is really not relevant to the subject matter of this paper. 124	
  
Morrison and Grabowski do not discuss the reasons for why a change in the N-ν relationships 125	
  
changed the cloud water path. 126	
  
 127	
  
3. Section 2, modeling setup. I am curious why such a complex modeling setup was chosen, with 128	
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interactive land-surface model and radiation. There exist much simpler cases (like BOMEX or 129	
  
RICO for the maritime environment or diurnal cycle of shallow convection over the ARM SGP 130	
  
by Brown et al. QJ). A simpler case eliminates feedbacks between clouds and other processes 131	
  
that can make the simulations with different microphysics schemes to diverge more rapidly. The 132	
  
two simulations diverge eventually (the butterfly effect), correct? Moreover, if such a simpler 133	
  
and already documented case is used, the simulation can be compared with results from other 134	
  
models and give more credibility to RAMS results. 135	
  
These simulations were used for additional studies (Igel et al. 2016a, b, accepted pending 136	
  
revision). The details are provided for completeness, although we agree that a simpler set-up 137	
  
could have been used. 138	
  
 139	
  
4. Walko et al (2000) is actually two papers, 2000a and 2000b. However, (2) is not presented in 140	
  
Walko et al. so a different reference is needed. Moreover, Walko et al. paper starts with the 141	
  
invariant temperature proposed by Tripoli and Cotton. How is this relevant for a scheme that 142	
  
predicts the supersaturation? Something is not correct here. Also, RAMS use to have a much 143	
  
better bin microphysics (when Stevens and Feingold were at CSU), without ice, but with a 144	
  
significantly better representation of warm-rain processes (double-moment). One can enhance 145	
  
this study using that bin scheme in the comparison as well (just a comment). 146	
  
Yes, there are two Walko et al (2000) studies and we neglected to indicate which we were 147	
  
referring to. It is 2000b. We are aware that Eq. 2 is not in Walko et al. (2000b), which is why we 148	
  
have explicitly stated that Eq. 2 is a rearranged and simplified version of Walko’s Eq. 6. There 149	
  
exists no reference for Eq. 2. 150	
  
 151	
  
We assume that the reviewer is asking about the use of the ice-liquid temperature. This 152	
  
temperature is invariant for internal water phase changes and does not rely on any assumptions 153	
  
about saturation. Thus, it is perfectly suitable for use in a condensation schemes that allows for 154	
  
supersaturation. 155	
  
 156	
  
The former bin scheme in RAMS is not available in the standard code and thus was not available 157	
  
for comparison. 158	
  
 159	
  
5. L. 111/112. This is not correct. Condensation in the bin scheme results in the shift of droplets 160	
  
from one bin to the next one. 161	
  
True, the end result is that droplets shift bins. However, this shifting is only done after the 162	
  
calculation of condensation rates. The shifting of droplets is done in such a way as to conserve 163	
  
the new total mass, total number, and total reflectivity of the droplet population. 164	
  
 165	
  
6. L. 129/130. If clouds reach the model top, the domain is too shallow, even a few hours earlier. 166	
  
This is bad experimental design. 167	
  
At the final time included in our analysis, the maximum cloud top is about 750m from the model 168	
  
top. This may indeed be too close, but based on examination of the vertical velocity vertical 169	
  
profiles, we believe that the clouds may be too close to the top for at most only the last hour. 170	
  
However, since we are not examining cloud macrophysical properties or evolution, but rather 171	
  
only instantaneous condensation and evaporation rates, the location of the clouds relative to the 172	
  
model top is not at all an issue for our analysis.  173	
  
 174	
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7. L. 143, “aerosol surface deposition”. What is that? Please explain. 175	
  
We mean dry deposition or gravitational settling. This has been clarified within the manuscript. 176	
  
 177	
  
8. L. 148/155. How many bin are used in the bin code? Are results sensitive to the number of 178	
  
bins used? What is the shape parameter value for the bulk scheme? 179	
  
The SBM uses 33 mass-doubling bins. We cannot easily test the sensitivity of the results to the 180	
  
number of bins used without significantly restructuring the code. The shape parameter for the 181	
  
bulk scheme was originally 4. We now also test values of 2 and 7. 182	
  
 183	
  
9. L. 173 and several other places. What is “saturation ratio”? Please define. 184	
  
It is now defined. It is the same as relative humidity except not multiplied by 100%. 185	
  
 186	
  
10. Section 4.2. It is unclear to me why one might expect that a bin scheme with a small number 187	
  
of bins can provide a useful estimate of the shape parameter. This is clearly impossible for 188	
  
bimodal and multimodal spectra. At least a comment on this would be appropriate. 189	
  
We believe that 33 bins are more than sufficient to capture bimodal distributions and to find a 190	
  
shape parameter for each mode. The following figure shows three example distributions 191	
  
simulated by the bin scheme. This figure shows only the first 15 bins, and the legend indicates 192	
  
the best-fit shape parameter. The scheme can clearly produce droplet size distributions that have 193	
  
distinct widths and that can be well-characterized by a shape parameter. Similarly variations in 194	
  
behavior can be captured with the remaining 18 bins, which are for raindrop-sized drops. Thus 195	
  
with 33 total bins, the bimodal nature of the cloud-rain size distribution is can be simulated. 196	
  

 197	
  
11. L. 316 and abstract: It is obviously the shape of the spectrum (prescribed in the bin scheme 198	
  
and evolving freely in the bin scheme) that is responsible for the difference between the two 199	
  
schemes. So this conclusion is kind of obvious. Please see my general comment 1. 200	
  
See also our response to comment 1. 201	
  
 202	
  
12. The appendix provides very little useful information and can be removed from the 203	
  
manuscript. 204	
  
We agree that the appendix is not particularly relevant to the study, however we choose to keep it 205	
  
to document the implementation of the SBM into RAMS. 206	
  
 207	
  
References: 208	
  
Igel, A.L. and S.C. van den Heever, 2016a: The importance of the shape of cloud droplet size 209	
  
distributions in shallow cumulus clouds. Part I: Bin microphysics simulations. Accepted pending 210	
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revision at J. Atmos. Sci.  211	
  
 212	
  
Igel, A.L. and S.C. van den Heever, 2016b: The importance of the shape of cloud droplet size 213	
  
distributions in shallow cumulus clouds. Part II: Bulk microphysics simulations. Accepted 214	
  
pending revision at J. Atmos. Sci. 215	
  
  216	
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We would like to thank all three referees for taking the time to review our manuscript. All 217	
  
referees felt that the manuscript was confusing, and we have substantially revised the manuscript 218	
  
to address these concerns, including a modified methodology, new figures, and clearer 219	
  
discussion. The basic conclusions have not changed, but we feel that they are now better 220	
  
explained and better substantiated. Responses to specific comments are below. 221	
  
 222	
  
Anonymous Referee #2 223	
  
Received and published: 25 March 2016 224	
  
 225	
  
Review of “The role of the size distribution shape in determining differences between 226	
  
condensation rates in bin and bulk microphysics schemes” 227	
  
 228	
  
In this manuscript the authors argue that the shape parameter of bulk distributions is important in 229	
  
models to properly understand cloud properties as well and process rates. 230	
  
The problem is that the shape parameter is highly variable. They argue that the shape parameter 231	
  
accounts for much of the difference in condensation rates between bin an bulk models. Overall 232	
  
the manuscript needs more clarification of the results and better explanation of the impacts of the 233	
  
results. 234	
  
We have substantially modified the manuscript in order to clarify the discussion and to provide 235	
  
better explanations. 236	
  
 237	
  
Major comments: Condensation and evaporation will affect the dynamics of the simulation so 238	
  
why not use a kinematic framework similar to that used by Morrison and 239	
  
Grabowski, 2007 where microphysics does not feedback into the dynamics? Have variables such 240	
  
as updraft speed checked for the simulations to ensure that the dynamics 241	
  
are in fact similar between the two models? 242	
  
We have checked, and the mean updraft speed is very similar amongst all of the simulations. 243	
  
However, it should not matter if the dynamics are different. The power of the method being used 244	
  
to compare the simulations is that we control for all of the quantities that impact the 245	
  
condensation and evaporation rates (microphysical properties and saturation ratio; temperature 246	
  
and water vapor will also impact the rates, but they are of secondary importance) in our binning 247	
  
approach. Changes in dynamics will impact the frequency at which specific combinations of 248	
  
these quantities occur, but should not impact the mean value of the condensation and evaporation 249	
  
rates for each combination (each of our joint bins). Even in a kinematic framework, it can be 250	
  
difficult to say, for example, that average condensation rates are higher with one scheme because 251	
  
that scheme inherently predicts higher condensation rates, or because feedbacks from other 252	
  
microphysical processes resulted in more frequent occurrences of high condensation rates. Our 253	
  
method removes the issues associated with changes in the frequency of occurrence of specific 254	
  
conditions and allows us to directly compare the behavior of microphysical processes predicted 255	
  
by the different schemes.   256	
  
 257	
  
More explanation needs to be given in the discussion especially in explaining how condensation 258	
  
and evaporation work in both bin and bulk models and why the difference in results (Fig. 5) 259	
  
between condensation and evaporation. In general the conclusions are confusing (especially 260	
  
point 1 and 2) and need to be rewritten. 261	
  
The analysis, results, and conclusions have been substantially rewritten in order to clarify our 262	
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arguments and make the paper more accessible to all readers. 263	
  
 264	
  
Only one value of the shape parameter was used for the bulk model. Do different values of the 265	
  
shape parameter provide better or worse comparison to bin condensation rates? 266	
  
Thank you for this question. Different values of the shape parameter do change the comparison 267	
  
to the bin condensation and evaporation rates. Additional simulations are now included in the 268	
  
analysis in order to strengthen the conclusions in this regard 269	
  
 270	
  
Does using a variable shape parameter as described in Fig. 1 lead to better results compared with 271	
  
bin? 272	
  
 273	
  
The RAMS code is structured in such a way that we cannot try a variable shape parameter. 274	
  
However, we believe that using an appropriate diagnostic equation for the shape parameter could 275	
  
lead to an improved comparison. 276	
  
 277	
  
Minor comments: 278	
  
Line 27: suggest adding bulk model references 279	
  
Khain et al. (2015) provide a comprehensive list of 37 bulk schemes and 22 bin schemes that 280	
  
have been developed, and the readers are referred to this paper for more information.  281	
  
 282	
  
Line 28: should be “mass mixing ratio” and “total number mixing ratio” 283	
  
Thank you, we have made the change. 284	
  
 285	
  
Line 29: remove “typically” 286	
  
It has been removed. 287	
  
 288	
  
Line 31: what mixing ratio? Mass mixing ratio? 289	
  
It can be either, but typically it is the mass mixing ratio. This has been specified now. 290	
  
 291	
  
Line 37: remove “simulations with” 292	
  
“Simulations with” is necessary for consistency with “benchmark simulation” earlier in the 293	
  
sentence. 294	
  
 295	
  
Line 42: remove “both liquid- and ice-phase” 296	
  
It has been removed. 297	
  
 298	
  
Line 46: what do you mean by value? There is value in how computationally cheap bulk models 299	
  
are. 300	
  
We mean predictive value and this is now explicit within the manuscript. 301	
  
 302	
  
Line 66: explain why the third function is in total disagreement. What assumptions lead to this 303	
  
disagreement. 304	
  
We mean that G98 shows an increase in the shape parameter as the number concentration 305	
  
increases whereas RL03 and MG07 show a decrease. All relationships are based on 306	
  
observational data. G98 bases their relationship on data from Simpson and Wiggert (1969), 307	
  
MG07 bases their relationship on data from Martin et al. (1994), and RL03 bases their 308	
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relationship on field campaign data compiled by Liu and Daum (2002). This is now clarified in 309	
  
the manuscript. 310	
  
 311	
  
Line 79: suggest new word choice for “disagreement” 312	
  
We have substituted “discrepancies”. 313	
  
 314	
  
Line 91: explain the liquid implementation here, get rid of the appendix and get rid of 315	
  
the ice implementation discussion. 316	
  
We agree that the appendix includes some information that is irrelevant for the present study, but 317	
  
we include it in order to provide a complete description of the SBM implementation in RAMS, 318	
  
as this is the first time that this implementation has been described in the literature. 319	
  
 320	
  
Line 96: Walko (2000a) or Walko (2000b)? 321	
  
Walko et al (2000b) 322	
  
 323	
  
Line 96: Eq. 6 is not in Walko 2000 324	
  
We are confused by the reviewer’s comment. We have double-checked and Eq. 6 in Walko et al. 325	
  
(2000b) is indeed the equation we are referencing. 326	
  
 327	
  
Eq. 2: What are the units of G? Is r_c a mixing ratio or mass concentration? 328	
  
Units of G are kg m-1 s-1 and it is a mass mixing ratio. These details are specified in Table 1. 329	
  
 330	
  
Line 113: The ventilation coefficients could be set to 1 in both models to see their impact. 331	
  
Yes, true, but we believe that the difference in ventilation coefficients is of secondary importance 332	
  
and we do not wish to investigate this level of detail here.  333	
  
 334	
  
Line 129: what model time period are the results from? And how long does it take for the clouds 335	
  
to spin up? 336	
  
Clouds appear after about 4.5 hours of simulation and clouds existing at any time in the 337	
  
simulation are used for analysis. 338	
  
 339	
  
Line 133: suggest “homogeneously in the horizontal direction.” 340	
  
This has been changed. 341	
  
 342	
  
Line 141: define relative humidity 343	
  
This is now included. 344	
  
 345	
  
Line 169: suggest “in order to better compare...” 346	
  
This has been changed. 347	
  
 348	
  
Line 173: do you mean S-ND bins or bin-model bins 349	
  
This is no longer relevant within the revised text. 350	
  
 351	
  
Line 200: why does the RDB scheme predict higher condensation rates for low integrated 352	
  
diameter values? I suggest showing some bin and bulk distributions to explain the discussion 353	
  
from lines 199-203 354	
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This part of the discussion has been removed in the revised text. 355	
  
 356	
  
Line 210: can you explain what it is about evaporation versus condensation that leads to the 357	
  
better evaporation rate comparison between the two schemes? How does the bin distribution 358	
  
change during evaporation versus condensation? 359	
  
It is simply that the shape parameter value chosen for use in the RDB simulations (4) more 360	
  
closely matches the mean value of the best-fit shape parameter from evaporating cloudy points 361	
  
(~4) in the SBM simulations than the best-fit shape parameter from the condensing cloudy points 362	
  
(~7). If we instead run the RDB simulation with the shape parameter set to 7 (instead of 4), then 363	
  
the comparison becomes better for condensation. Physically, we expect a lower shape parameter 364	
  
(wider distribution) for evaporating size distributions. During condensation, the large droplets 365	
  
increase in diameter slowly whereas the small droplets increase in diameter quickly and thus the 366	
  
size distribution narrows (droplets become more similar in size). During evaporation, the same 367	
  
differences in diameter growth rates lead to a widening of the size distribution. 368	
  
 369	
  
Line 221: suggest “larger shape parameter” 370	
  
No longer relevant. 371	
  
 372	
  
Line 232: why use the first 15 bins? What are the other bins used for and how many bins are 373	
  
there? 374	
  
There are 18 additional bins with water drops having raindrop-sized diameters. We are only 375	
  
interested in the cloud droplets, so these additional 18 bins are not used for the analysis. 376	
  
 377	
  
Fig. 4: suggest doing fits of the data points for better analysis 378	
  
Yes, this is a good suggestion. However, we do not include these type of plots in the revised 379	
  
manuscript. 380	
  
 381	
  
Line 262: The 1600 simulations cover a larger area in integrated diameter space but not 382	
  
supersaturation space. This should be pointed out. 383	
  
In our new analysis, we group data by number mixing ratio and diameter separately. The same 384	
  
comment that the reviewer makes is applicable to the number mixing ratio, and this point has 385	
  
been made clear. 386	
  
 387	
  
Line 268: suggest changing the word “startling” 388	
  
No longer relevant. 389	
  
 390	
  
Line 298: The rates are similar, but there is a lot more spread in the data. Statistics on the data 391	
  
would help here. 392	
  
Standard deviation values are now included in the analysis in order to quantify the spread. 393	
  
 394	
  
Line 300: What are you using to base the fact that a gamma distribution is a good assumption for 395	
  
cloud droplets? Is it because the bulk model with an assumed gamma distribution predicts 396	
  
condensation rates fairly well compared to a bin model? If so this should be explained. 397	
  
Yes, this is the reason. This is hopefully better explained in the manuscript now. 398	
  
 399	
  
Conclusion point 2: Just state the most important variables that determine differences between 400	
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bin and bulk condensation rates. Don’t worry about stating what is not important 401	
  
(f and G) unless it is surprising. 402	
  
This point has been removed. 403	
  
 404	
  
Conclusion point 4: There are other reasons to use sub-stepping in bin models. Suggest removing 405	
  
point 4. 406	
  
We agree that this point should be removed. 407	
  
 408	
  
Line 318: condensation rates become less important when riming rates are large. Also ventilation 409	
  
can be large for hail. This may not matter or be relevant for certain other hydrometeor types. 410	
  
This sentence has been removed. 411	
  
 412	
  
Table 1: G_RDB should read “Terms to account...” This term also accounts for vapor diffusion. 413	
  
Agreed. This has been modified appropriately. 414	
  
 415	
  
r_c should be mass mixing ratio; saturation ratio should be defined 416	
  
Yes, thank you. 417	
  
 418	
  
Fig. 5 suggest putting a line through condensation rate ratio = 1 419	
  
This figure has been removed. 420	
  
 421	
  
References: 422	
  
Igel, A.L. and S.C. van den Heever, 2016a: The importance of the shape of cloud droplet size 423	
  
distributions in shallow cumulus clouds. Part I: Bin microphysics simulations. Accepted pending 424	
  
revision at J. Atmos. Sci.  425	
  
 426	
  
Igel, A.L. and S.C. van den Heever, 2016b: The importance of the shape of cloud droplet size 427	
  
distributions in shallow cumulus clouds. Part II: Bulk microphysics simulations. Accepted 428	
  
pending revision at J. Atmos. Sci. 429	
  
 430	
  
	
  431	
  
	
  432	
  
  433	
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We would like to thank all three referees for taking the time to review our manuscript. All 434	
  
referees felt that the manuscript was confusing, and we have substantially revised the manuscript 435	
  
to address these concerns, including a modified methodology, new figures, and clearer 436	
  
discussion. The basic conclusions have not changed, but we feel that they are now better 437	
  
explained and better substantiated. Responses to specific comments are below. 438	
  
 439	
  
C. R. Homeyer 440	
  
chomeyer@ou.edu 441	
  
Received and published: 24 March 2016 442	
  
Disclaimer: This is a summary of a group peer review exercise in my senior undergraduate 443	
  
research class at the University of Oklahoma. 2 instructors and 36 students 444	
  
participated in this review, which we hope the authors find beneficial.  445	
  
What an excellent class exercise! We thank you for your comments and hope that the class was 446	
  
able to benefit from the review as well. In our revisions, we have substantially modified the 447	
  
description of the methods, figures, discussion, and conclusions in a sincere effort to clarify the 448	
  
manuscript thus making it more accessible to all readers. 449	
  
 450	
  
The authors present an analysis contrasting condensation rates predicted by two classes of 451	
  
microphysics parameterizations in a numerical model: bin and bulk. They argue that, even for 452	
  
objectively equivalent conditions, the condensation rates (which depend primarily on the size of 453	
  
a cloud particle) differ. It is suggested that the chosen shape parameter of the assumed drop size 454	
  
distribution in the bulk microphysics scheme accounts for the disparity. 455	
  
 456	
  
Overall, we find the paper to often be difficult to read, the discussion to be misleading and/or 457	
  
vague, and the analysis to be incomplete. These findings are supported by numerous general and 458	
  
specific comments outlined below. 459	
  
 460	
  
General comments: 461	
  
1. Readability: Defining variables in a table rather than immediately following their introduction 462	
  
in the text negatively impacts readability. We recommend changing this throughout the paper. In 463	
  
addition, the text switches between tenses on several occasions, there are numerous lengthy 464	
  
sentences, and on multiple occasions conclusions are given without reasoning. Several of these 465	
  
instances are identified in the specific comments below. 466	
  
We now define the variables immediately following the equations. Specific comments regarding 467	
  
readability that appear below have all been addressed. Special attention has been paid to tense in 468	
  
order to make it consistent throughout.  469	
  
 470	
  
2. It might be good to test for a larger variety of aerosol concentrations (more than three) before 471	
  
reaching conclusions. 472	
  
Since the three aerosol concentrations that we tested all behaved in approximately the same way, 473	
  
we don’t believe that testing of additional concentrations would provide more information. 474	
  
However, we do now include additional bulk simulations with different cloud droplet shape 475	
  
parameters. These tests have helped to strengthen our conclusions. 476	
  
 477	
  
3. A more elaborate discussion/explanation of the differences between bulk and bin schemes in 478	
  
the introduction is needed to improve accessibility for readers with less cloud physics and/or 479	
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modeling expertise. 480	
  
Some additional explanation has been added. However, we recommend reading Khain et al. 481	
  
(2015) for a much more thorough description of the two types of schemes. This review article is 482	
  
also referenced in the manuscript.  483	
  
 484	
  
4. Model design: There were several choices in the model design that were not well qualified 485	
  
(model resolution, Harrington radiation scheme, land surface model, vegetation type, etc.). What 486	
  
is the significance and/or reasoning for making these choices? 487	
  
More reasoning is now provided. Fine horizontal and vertical spacing was used in order to well 488	
  
resolve the cumulus clouds and their microphysical structure. Land surface and vegetation 489	
  
choices were made in order to most closely resemble the ARM SGP site. A radiation scheme was 490	
  
necessary in order to allow the boundary layer to develop.  491	
  
 492	
  
5. The value of the best-fit parameter could not be determined before condensation occurred. 493	
  
Why? If bin values are known (which they must be to proceed with the bin scheme) then it seems 494	
  
these could be easily output and used to compute a fit. If it is not expected to have large impacts, 495	
  
then what magnitude could be expected? 496	
  
The values are certainly known by the model before condensation, but only the values after 497	
  
condensation were written to files and available for our analysis. We believe that this assumption 498	
  
has only small impacts on the results and conclusions. 499	
  
 500	
  
6. The Discussion and Conclusions section (though somewhat confusing) claims that the cloud 501	
  
droplet size distribution shape is the most important factor for agreement in condensation rates 502	
  
between bin and bulk schemes, but it also states that current assumptions of the size distribution 503	
  
shape are adequate. What are the broader impacts of this study? Should parameterizations be 504	
  
changed or not? 505	
  
We mean that assumptions of a gamma distribution function in general are adequate, but that in 506	
  
order for the gamma distribution to be useful, we need better knowledge of the shape parameter 507	
  
that appears in this distribution function. In order to obtain a better shape parameter, we need to 508	
  
either move to triple-moment schemes, or find better ways to parameterize it from observations. 509	
  
The discussion and conclusions have been substantially modified in an effort to clarify the points 510	
  
being made. 511	
  
 512	
  
7. The differences found between the simulations with the bin and bulk schemes are argued to be 513	
  
related to the shape of the drop size distribution. However, a double moment bulk microphysics 514	
  
scheme with a constant shape parameter was chosen (after arguing for the importance but 515	
  
unknown relationship between cloud droplet concentration and shape parameter in the 516	
  
Introduction). Aren’t the results shown here largely generated by this choice? Is it better (and 517	
  
possible) to use this analysis to determine which assumed relationship in previous 518	
  
parameterizations is appropriate? 519	
  
Yes, additional analysis shows that the G98 relationship is the most appropriate of the three 520	
  
presented. This analysis appears in a separate paper, Igel et al. 2016a, which has been accepted 521	
  
pending revision. If we had used this relationship in our bulk simulations, then the comparison 522	
  
may indeed have been more favorable. We found however that while the G98 relationship is the 523	
  
best, it is only appropriate for a small range of aerosol concentrations.  524	
  
 525	
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Specific Comments: 526	
  
Line 1: Change to ‘. . .of the Gamma Function Shape Parameter. . .” 527	
  
Done. 528	
  
 529	
  
Line 15: Omit ‘does’ 530	
  
This word is necessary for the sentence. 531	
  
 532	
  
Line 22-23: Suggest rewording. “since shape parameter can have a large impact. . .” 533	
  
We were trying to avoid the term “shape parameter” in the abstract in order to make the abstract 534	
  
more understandable to a wide audience. 535	
  
 536	
  
Line 22: Please specifically explain how the paper is important, rather than state that it 537	
  
‘may be’ important. 538	
  
‘May be’ has been changed to ‘is’. 539	
  
 540	
  
Line 40-41: The word ‘plagued’ implies a problem that should probably be identified specifically 541	
  
via reference to appropriate literature. In what sense do ‘predefined ice habits’ pose these issues? 542	
  
More explanation and a reference to Khain et al. (2015) are now included. Predefined ice habits 543	
  
do not always appropriately describe real-world ice habits which smoothly transition between 544	
  
habit types. 545	
  
 546	
  
Lines 44-46 and 53-55: Awkward sentence structure. 547	
  
Thank you for the comment. 548	
  
 549	
  
Line 54: Omit comma after ‘is’ 550	
  
Done. 551	
  
 552	
  
Line 61: Need to explain why this point is “clearly an outlier”. The shape parameters are subject 553	
  
to the pitfalls of fitting a uni-modal, parametric function to a variety of histograms that don’t 554	
  
necessarily conform to the shape of a gamma distribution. Furthermore, it isn’t made clear that 555	
  
there exists some single distribution of which all these points should be considered ‘realizations’. 556	
  
It is unclear why the outlier exists. The value was calculated by Miles et al. (2000) and reported 557	
  
in their Table 1 based on Figure 3 in Korolev and Mazin (1993). It is possible that is an error in 558	
  
calculation. A value of 44.6 would indicate a rather narrow distribution, and visual inspection of 559	
  
Figure 3 does not suggest that the observed distributions were particularly narrow. 560	
  
 561	
  
Line 64-65: Remove ‘also’ in consecutive statements. 562	
  
Done. 563	
  
 564	
  
Line 69-70: Change to ‘to accurately model’ 565	
  
Done. 566	
  
 567	
  
Line 81-85: Awkward, long sentence. 568	
  
It has been split into two. 569	
  
 570	
  
Line 89: Omit comma following reference. 571	
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Done. 572	
  
 573	
  
Line 113: The differing formulations should be discussed and justified, even if only 574	
  
briefly. 575	
  
We do not feel that the different formulations need to be justified as the formulations were not 576	
  
our choice, but rather the choice of the scheme developers. 577	
  
 578	
  
Lines 126-127: “The wider range of thermodynamic conditions make the conclusions of this 579	
  
study more robust.” How so? 580	
  
The results are not specific to a narrow range of thermodynamic conditions and hence are more 581	
  
applicable for a wide range of meteorological situations. 582	
  
 583	
  
Line 131: Define ARM SGP. 584	
  
Done. 585	
  
 586	
  
Line 133: Suggest revising “horizontally homogeneously” to “homogeneously in the horizontal 587	
  
dimension” here and similarly elsewhere. 588	
  
Done. 589	
  
 590	
  
Line 151-154: It would be good to give a reference to show that these values encompass a 591	
  
variety of continental and maritime regimes. Remove ‘more’. 592	
  
Thank you for the suggestions. 593	
  
 594	
  
Line 162-164: Unclear. Also, single quotes around ‘approximately proportional’. 595	
  
We mean approximately linearly proportional. 596	
  
 597	
  
Line 166-167: Suggest replacing ‘nevertheless’ with ‘however’ and italicizing ‘can’ in 598	
  
Thank you for the suggestion. 599	
  
 600	
  
Line 167. Suggest replacing ‘doesn’t’ with ‘does not.’ 601	
  
Done. 602	
  
 603	
  
Line 186: Comma after ‘therefore’ 604	
  
Done. 605	
  
 606	
  
Line 191-193: Split into two sentences 607	
  
Removed. 608	
  
 609	
  
Line 192: Spelling error: “increases” 610	
  
Done. 611	
  
 612	
  
Line 197: Switch ‘easily’ and ‘compare’ 613	
  
This would result in a split infinitive. 614	
  
 615	
  
Line 317-318: Why should conclusion hold for other hydrometeor types? Ice particles, for 616	
  
example, have more complicated vapor growth processes that ultimately depend on both particle 617	
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shape and environmental characteristics. 618	
  
This sentence has been removed. 619	
  
 620	
  
Line 201: Clarify that one needs to focus on shape parameters from 0-5 to see the difference 621	
  
between RDB/SBM1600 results and the others. Also would be good to not that this is the same 622	
  
regime where previous assumptions for shape parameter behavior diverge (i.e., Figure 1). 623	
  
No longer relevant given the broader revisions to the text. 624	
  
 625	
  
Line 205: Should be ‘Fig. 4 d-f’ 626	
  
Thank you. This figure has been removed. 627	
  
 628	
  
Line 206: Change ‘worst’ to ‘strongest’ or ‘largest’ 629	
  
Removed. 630	
  
 631	
  
Line 208-209: This statement bares some explanation and maybe a citation. Also, if this is the 632	
  
most common case, why is it not shown in evaporation figures? 633	
  
We are unsure what the reviewer is suggesting. This sentence is a statement of our results. 634	
  
Regardless, the figure and associated discussion has been removed. 635	
  
 636	
  
Line 209: Comma after ‘Thus’ 637	
  
Removed. 638	
  
 639	
  
Line 210: Change ‘between’ to ‘of’ and remove ‘do’ 640	
  
Removed. 641	
  
 642	
  
Line 223: Omit comma after ‘distributions’ 643	
  
Thank you for the suggestion. 644	
  
 645	
  
Line 229: missing period 646	
  
Thank you. 647	
  
 648	
  
Line 242-245: Why is that not expected? Seems ‘reasonable’ in most cases, but the a gamma 649	
  
distribution shape parameter fit to a very flat, broad distribution would seem subject to very rapid 650	
  
changes due to modest movements of probability left or right. It would be good to elaborate a bit 651	
  
more. 652	
  
Yes, we agree that there may be some cases when the shape parameter does change rapidly in 653	
  
one second, particularly when the condensation or evaporation rate is particularly large and the 654	
  
distributions are broad (low shape parameters). Cloudy points with best-fit shape parameters less 655	
  
than 1 are not included in the analysis. This is discussed in more detail now in the revised 656	
  
manuscript. 657	
  
 658	
  
Line 244: Comma after ‘step’, omit ‘thus’. 659	
  
The sentence has been split in two. 660	
  
 661	
  
Line 248-254: The ‘theoretical’ ratio needs clarification. It is not clear what is meant by a bin 662	
  
scheme ‘predicting’ a gamma distribution. Evaporation and condensation rates can be predicted 663	
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based on a histogram conforming to a gamma distribution of particular shape parameter. If this is 664	
  
what is implied, then rewording is needed. 665	
  
The explanation of the theoretical ratio has been substantially expanded and is reproduced below. 666	
  
Note that in the revised paper, we group points by S, N, and D̅ rather than S and ND̅. 667	
  
 668	
  
Revised explanation: 669	
  

The shape parameter term in Eq. (2) (hereafter fNU), which is equal to 𝜈 !(!)
!(!!!)

! !
, can be 670	
  

evaluated for each joint bin in the S, N, and D̅ phase space for all simulations. In the case of each 671	
  
BULK simulations, the value of fNU is the same for every joint bin since the value of fNU is 672	
  
uniquely determined by the choice of the shape parameter value for each BULK simulation. For 673	
  
the BIN simulations, fNU can be calculated using the best-fit shape parameters. Unlike for the 674	
  
BULK simulations, the value of fNU for the BIN simulations will vary amongst the joint bins 675	
  
since the best-fit shape parameter is determined from the freely evolving cloud droplet 676	
  
distributions that are predicted by the BIN microphysics scheme. We can use the values of fNU in 677	
  
our comparison of the condensation and evaporation rates to account for the fact that the best-fit 678	
  
shape parameters in the BIN simulations will often be different from the single prescribed value 679	
  
in the BULK simulations. Specifically, in our analysis, we adjust the mean condensation and 680	
  
evaporation rates (C) for each joint bin from the BULK simulations in the following way: 681	
  
 𝐶!"#$,!"#$%$&# = 𝐶!"#$,!"#$#%&'

!!",!"#
!!",!"#$

  682	
  
By doing so, we find the condensation and evaporation rates that the BULK simulations would 683	
  
have had if they had used the same value of the shape parameter that best characterized the cloud 684	
  
droplet size distributions that were predicted by the BIN simulations.  685	
  
 686	
  
 687	
  
Line 253: Omit ‘specifically’ 688	
  
Removed. 689	
  
 690	
  
Line 264: Comma after ‘Therefore’ 691	
  
Removed. 692	
  
 693	
  
Line 278: Move comma from after to before ‘removed’ 694	
  
Removed. 695	
  
 696	
  
Line 286: Comma after ‘study’, suggest changing ‘conducted a comparison’ to ‘compared’ 697	
  
Thank you for the suggestion. 698	
  
 699	
  
Line 300-302: Based on the preceding sections, the gamma distribution has not been rigorously 700	
  
shown to be ‘good’, in that there is no exact standard set forth with which to judge ‘goodness’. 701	
  
Also, nothing is offered with which to compare this estimator. There might be a better parametric 702	
  
form and certainly a semi-non-parametric form could be devised that would beat the max. 703	
  
likelihood fit of the gamma function in almost all cases. Not that one needs to test non-704	
  
parametric forms in this paper, but the exact nature and limits of performance expectations needs 705	
  
to be defined in such a way that other options are reasonably set aside. 706	
  
 707	
  
We now include a measure of “goodness” for the gamma distribution fits, and find that in 708	
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general the gamma distribution performs quite well. We agree that there may often be a different 709	
  
PDF that may fit the bin model cloud droplet size distributions better, but as most bulk 710	
  
microphysics schemes use a gamma distribution, this is the distribution that we are interested in 711	
  
studying in the current manuscript. It may be of interest to look at other parametric and non-712	
  
parametric forms in a separate study. 713	
  
 714	
  
Line 313: Commas after ‘time step’ and ‘thus’ 715	
  
Removed. 716	
  
 717	
  
Line 317: Suggest not starting with ‘And’. Also, the ‘them’ that has not been explored apparently 718	
  
refers to ‘other hydrometeors’, that doesn’t work well since one doesn’t really explore 719	
  
hydrometeors. Suggest rewording. 720	
  
Removed. 721	
  
 722	
  
Line 320: Reword. “presented a novel method. . .” instead of “presented here. . .” 723	
  
Done. 724	
  
 725	
  
Line 445: Figure 1. It is not clear that interpolation between data points is appropriate. 726	
  
See comments on Line 61. 727	
  
No interpolation has been performed in Figure 1. Colored lines connect values that were reported 728	
  
from the same study. 729	
  
 730	
  
Line 446: Number disagreement. If a clear reason to assume functionality is demonstrated, then 731	
  
it should read “Shape parameter as a function of. . .”, that is, omit “values” 732	
  
We did not intend to imply that there is a definite functionality, only to indicate that shape 733	
  
parameter is on the y-axis and droplet concentration is on the x-axis. This is now clarified in the 734	
  
manuscript.  735	
  
 736	
  
Line 455: Figure 2 caption. Should include date, time and station of the soundings 737	
  
from which profiles were adapted 738	
  
This figure has been removed. 739	
  
 740	
  
Line 459: Number disagreement. Should be “rates as functions. . .” 741	
  
This figure has been removed. 742	
  
 743	
  
Line 466: Figure 5. It would be interesting to see some ‘quantile’ brackets, R2 values, etc. to 744	
  
quantify ‘closeness’ of fit. It isn’t clear from the figure (packed with dots) where the greatest 745	
  
concentration of dots is, other than the general shape of the opaque area. . . some areas may be 746	
  
‘more opaque’ than others. 747	
  
This figure has been removed. In the revised paper, we include standard deviation values in order 748	
  
to quantify the spread. 749	
  
	
  750	
  
	
  751	
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Relevant Manuscript Changes: 762	
  

1. Most changes were made to improve the readability of the manuscript and to provide 763	
  

better explanation of the analysis methods being used and the interpretation of the results. 764	
  

2. Figures 2-5 and Table 2 and accompanying discussion are new, and the previous Figures 765	
  

(with the exception of the current Figure 1) have been removed. The new figures address 766	
  

many of the same points that were being made in the original manuscript, but we feel that 767	
  

the new figures are easier to interpret. 768	
  

3. The revised discussion includes sections related to the appropriateness of assuming a 769	
  

gamma PDF and more in-depth analysis of evaporation. 770	
  

  771	
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Abstract. The condensation and evaporation rates predicted by bin and bulk microphysics 792	
  

schemes within the same model framework are compared in a novel way using simulations of 793	
  

non-precipitating shallow cumulus clouds. Despite  fundamental disparities between the bin and 794	
  

bulk condensation parameterizations, the differences in condensation rates are predominantly 795	
  

explained by accounting for the width of the cloud droplet size distributions simulated by the bin 796	
  

scheme. The bin scheme does not always predict a cloud droplet size distribution that is well 797	
  

represented by a gamma distribution function (which is assumed by bulk schemes); however, this 798	
  

fact does not appear to be important for explaining why the two scheme types predict different 799	
  

condensation and evaporation rates. The width of the cloud droplet size is not well constrained 800	
  

by observations and thus it is difficult to know how to appropriately specify it in bulk 801	
  

microphysics schemes.  However, this study shows that enhancing our observations of this width 802	
  

and its behavior in clouds is important for accurately predicting condensation and evaporation 803	
  

rates.   804	
  

Deleted: The bulk scheme generally predicts 805	
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1. Introduction 820	
  

 821	
  

Bin and bulk microphysics schemes are both popular approaches for parameterizing subgrid-822	
  

scale cloud processes as evidenced by the large number of schemes that have been developed. 823	
  

Tables 2 and 3 in Khain et al. (2015) summarize the characteristics of dozens of microphysics 824	
  

schemes, and discuss in detail the fundamental principles of these two basic types of schemes. 825	
  

Briefly, in double-moment bulk schemes, the mass mixing ratio and total number mixing ratio 826	
  

for predefined hydrometeor species are predicted, and a function is assumed to describe the 827	
  

shape of the size distribution of each species. In contrast, bin schemes do not assume a size 828	
  

distribution function, but instead, the distribution is broken into discrete size bins, and the mass 829	
  

mixing ratio and/or the number mixing ratio is predicted for each bin.  830	
  

 831	
  

Bin schemes, particularly those for the liquid-phase, are generally thought to describe cloud 832	
  

processes more realistically and accurately than bulk schemes, and thus they are often used as the 833	
  

benchmark  when comparing simulations with different microphysics schemes (e.g. Beheng, 834	
  

1994; Seifert and Beheng, 2001; Morrison and Grabowski, 2007; Milbrandt and Yau, 2005; 835	
  

Milbrandt and McTaggart-Cowan, 2010; Kumjian et al., 2012). For the ice phase, bin schemes 836	
  

are subject to many of the same issues as bulk schemes, such as the use of predefined ice habits 837	
  

(which may not always appropriately describe real-world ice) and the conversion between ice 838	
  

types (the real atmosphere does not have strict categories for ice), rendering them not necessarily 839	
  

more accurate (Khain et al. 2015). Regardless, bin schemes are much more computationally 840	
  

expensive since many additional variables need to be predicted. As a result, bin schemes are used 841	
  

less frequently than bulk schemes, and are not currently utilized in any operational models. It is 842	
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of interest then to see how well bulk and the more accurate liquid-phase bin microphysics 855	
  

schemes compare in terms of predicted process rates, and to assess how much predictive value is 856	
  

added by using a bin instead of a bulk microphysics scheme. Furthermore, comparison of process 857	
  

rates in bin and bulk schemes could help to identify ways in which to improve bulk schemes. 858	
  

 859	
  

One of the primary drawbacks of double-moment bulk schemes that assume probability 860	
  

distribution functions (PDFs) is that many microphysical processes are dependent on the 861	
  

distribution parameters that must be either fixed or diagnosed. In the case of a gamma PDF 862	
  

which is typically used in bulk schemes, this parameter is the shape parameter. The gamma size 863	
  

distribution (n) is expressed as  864	
  

  𝑛 𝐷 = !
!!!!(!)

𝐷!!!𝑒!!/!! (1) 865	
  

where	
  ν	
  is	
  the	
  shape	
  parameter,	
  N	
  is	
  the	
  number	
  mixing	
  ratio,	
  D	
  is	
  the	
  diameter,	
  and	
  Dn	
  is	
  a	
  866	
  

scaling	
  diameter	
  (the	
  inverse	
  of	
  Dn	
  is	
  often	
  called	
  the	
  slope	
  parameter).	
  All	
  symbols	
  are	
  867	
  

defined	
  in	
  Table	
  1	
  for	
  reference.	
  Much is still to be learned regarding what the most 868	
  

appropriate value of this parameter is and how it might depend on cloud microphysical 869	
  

properties.  870	
  

 871	
  

Figure 1 shows previously proposed relationships between the cloud droplet number 872	
  

concentration and the shape parameter (Grabowski, 1998; Rotstayn and Liu, 2003; Morrison and 873	
  

Grabowski, 2007; hereinafter G98, RL03, and MG07, respectively) along with values of the 874	
  

shape parameter reported in the literature and summarized by Miles et al. (2000) for several 875	
  

different cloud types. The figure shows a wide range of possible values of the shape parameter 876	
  

based on observations. The lowest reported value is 0.7 and the highest is 44.6, though this 877	
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highest point is clearly an outlier. Furthermore, there is no apparent relationship between the 884	
  

shape parameter and the cloud droplet concentration in the data set as a whole, and both 885	
  

increases and decreases of the shape parameter are found with increasing droplet concentration 886	
  

among individual groupings. There is also no clear dependence of the shape parameter on cloud 887	
  

type. Figure 1 additionally shows that two of the proposed functions relating these two quantities 888	
  

are similar (RL03 and MG07), but that the third function (G98) exhibits an opposite trend 889	
  

compared with these first two. 890	
  

 891	
  

Furthermore, using appropriate values of the shape parameter may be necessary to accurately 892	
  

model cloud characteristics and responses to increased aerosol concentrations. Morrison and 893	
  

Grabowski (2007) found that switching from the MG07 to the G98 N-ν relationships in Figure 1 894	
  

led to a 25% increase in cloud water path in polluted stratocumulus clouds. This example shows 895	
  

that inappropriately specifying the shape parameter could have implications for the accurate 896	
  

simulation of not only basic cloud and radiation properties but also for the proper understanding 897	
  

of cloud-aerosol interactions. However, it is apparent from Figure 1 that large uncertainties still 898	
  

exist regarding the behavior of the shape parameter and how it should be represented in models.  899	
  

The goal of this study is to compare the condensation and evaporation rates predicted by bin and 900	
  

bulk microphysics schemes in cloud-resolving simulations run using the same dynamical and 901	
  

modeling framework and to assess what the biggest sources of discrepancies are. The focus is on 902	
  

condensation and evaporation since these processes occur in all clouds and are fundamental for 903	
  

all hydrometeor species. It will be shown that in spite of other basic differences between the 904	
  

particular bulk and bin microphysics schemes examined here, the lack of a prognosed shape 905	
  

parameter for the cloud droplet size distribution in the bulk scheme is often the primary source of 906	
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differences between the two schemes. Thus an improved understanding of the shape parameter is 917	
  

necessary from observations and models. 918	
  

 919	
  

2. Condensation/Evaporation Rate Formulations 920	
  

The Regional Atmospheric Modeling System (RAMS) is used in this study. It contains a double-921	
  

moment bulk microphysics scheme (BULK) (Saleeby and Cotton, 2004) and the Hebrew 922	
  

University spectral bin model (BIN) (Khain et al., 2004). The Hebrew University spectral bin 923	
  

model is newly implemented in RAMS. Details about the implementation can be found in 924	
  

Appendix A.  925	
  

 926	
  

In the BULK microphysics scheme, condensation/evaporation is treated with a bulk approach. 927	
  

Cloud droplet size distributions are assumed to conform to a gamma probability distribution 928	
  

function (PDF) given by Eq. (1). The condensation/evaporation scheme is described in detail in 929	
  

Walko et al. (2000), and the amount of liquid water condensed in a time step is given by their Eq. 930	
  

6. Here, a slightly rearranged and simplified version of this equation is presented in order to 931	
  

highlight the similarities to the BIN condensation/evaporation equation shown below. 932	
  

Specifically, the BULK condensation/evaporation equation can be  written as  933	
  

   𝑟!!!!! = 𝑟!* + 2𝜋 𝑁𝐷𝜈 !(!)
!(!!!)

! !
𝑓!,!"#$ 𝐺!"#$(𝑆!!!! − 1)Δ𝑡 (2) 934	
  

The BULK scheme uses this equation for all cloud species, such that the supersaturation is 935	
  

explicitly predicted; a saturation adjustment scheme is not used for cloud water. 936	
  

   937	
  

In contrast, the equation for the condensation/evaporation rate in the BIN is given by
                                                                 

938	
  

 𝑟!!!!" = 𝑟!* + 2𝜋 ∑𝑁!𝐷!𝑓!",!"# 𝐺!"# (𝑆 − 1)𝑑𝑡!!
!   (3) 939	
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Semi-analytical equations are used to solve for the time integral of supersaturation that appears at 949	
  

the end of Eq. 3 (Khain and Sednev, 1996). In both equations, rc is the cloud mass mixing ratio, 950	
  

fv is the ventilation coefficient, G is a term that accounts for latent heating, vapor diffusion and 951	
  

heat diffusion, S is the saturation ratio, and t is time. The saturation ratio is defined as the ratio of 952	
  

the water vapor partial pressure to the saturated water vapor partial pressure. More details are 953	
  

given in Table 1. 954	
  

 955	
  

Although both equations have the same basic form, there are two primary differences in how 956	
  

these equations are formulated:  957	
  

• In the BIN, as is required by the model structure, the condensation rate is calculated for 958	
  

each bin of the distribution, and these rates are then summed over all bins, as opposed to 959	
  

the integration of the gamma distribution that is done in the BULK scheme.  960	
  

• The time step integration is performed semi-analytically in the BIN with multiple sub-961	
  

time steps rather than implicitly as in the BULK scheme.  962	
  

These differences between the bin and bulk schemes will be taken into consideration in this 963	
  

analysis in order to understand why the two schemes produce different condensation rates. 964	
  

 965	
  

3. Simulations 966	
  

In order to investigate the difference in condensation rates predicted by the two microphysics 967	
  

schemes, simulations of non-precipitating shallow cumulus clouds over land were performed. 968	
  

This cloud type was chosen in order to minimize the indirect impacts of precipitation processes 969	
  

on the analysis. Furthermore, the daytime heating and evolution of the boundary layer results in a 970	
  

wider range of thermodynamic conditions than would occur in simulations of maritime clouds. 971	
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The wider range of thermodynamic conditions make the conclusions of this study more robust. 980	
  

The simulations were the same as those described in Igel et al. 2016a-b. They were run with 981	
  

RAMS and employed 50m horizontal grid spacing and 25m vertical grid spacing over a grid that 982	
  

is 12.8 x 12.8 x 3.5 km in size. Such fine grid spacing was used in order to well resolve the 983	
  

cumulus clouds and their microphysical structure. The simulations were run for 9.5 hours using a 984	
  

1s time step. Clouds appeared after about 4.5 hours. The simplified profiles of potential 985	
  

temperature, horizontal wind speed, and water vapor mixing ratio based on an Atmospheric 986	
  

Radiation Measurement (ARM) Southern Great Plains (SGP) sounding from 6 July 1997 at 1130 987	
  

UTC (630 LST) presented in Zhu and Albrecht (2003) (see their Fig. 3) were used to initialize 988	
  

the model homogeneously in the horizontal direction. Random temperature and moisture 989	
  

perturbations were applied to the lowest model level at the initial time in order to initiate 990	
  

convection. 991	
  

 992	
  

Some modifications were made to the model for this study only in order to make the two 993	
  

microphysics schemes more directly comparable. The calculation of the saturation ratio was 994	
  

changed in the BULK scheme to make it the same as the calculation in the BIN. The BIN does 995	
  

not include a parameterization for aerosol dry deposition, so this process was turned off in the 996	
  

BULK scheme. Finally, the regeneration of aerosol following  droplet evaporation was 997	
  

deactivated in both microphysics schemes. Aerosol concentrations were initialized 998	
  

homogeneously in the horizontal and vertical directions. Aerosol particles did not interact with 999	
  

radiation. 1000	
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Five simulations were run with the BULK scheme and three with the BIN scheme. Since the 1023	
  

relationships in Figure 1 (G98; RL03; MG07) suggest that the shape parameter may depend on 1024	
  

the cloud droplet number concentration, the simulations were run with three different aerosol 1025	
  

concentrations, specifically, 100, 400, and 1600 cm-3, in order to obtain a larger range of droplet 1026	
  

concentration values. These BULK simulations used a shape parameter value of 4. Two 1027	
  

additional BULK simulations were run with an aerosol concentration of 400 cm-3 and shape 1028	
  

parameter values of 2 and 7. These values were chosen based on previous analysis of the BIN 1029	
  

simulations in Igel et al. 2016a. The BIN simulations will be referred to by the microphysics 1030	
  

scheme abbreviation and the initial aerosol concentration, e.g. BIN100, and the BULK 1031	
  

simulation names will additionally include the value of the cloud droplet shape parameter, e.g. 1032	
  

BULK100-NU4. 1033	
  

 1034	
  

4. Results 1035	
  

4.1 Instantaneous Condensation Rates 1036	
  

In order to compare directly the condensation rates predicted by the BULK and BIN 1037	
  

microphysics schemes, it is necessary to evaluate these rates given the same thermodynamic and 1038	
  

cloud microphysical conditions. The BULK condensation equation (Eq. (2)) is approximately 1039	
  

linearly proportional to four quantities: S, N, D̅, and ν. We say approximately proportional since 1040	
  

the presence of the ventilation coefficient (which itself depends on D̅ and ν) makes these factors 1041	
  

not truly proportional to the condensation rate. In the BIN scheme, among these four variables, 1042	
  

the condensation rate is only explicitly proportional to S, and is not explicitly proportional to N, 1043	
  

D̅, or ν (Eq. (3)) since the BIN scheme does not make assumptions about the functional form of 1044	
  

the size distribution. If it is assumed nevertheless that the BIN size distributions can be described 1045	
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by some probability distribution function (which does not necessarily have to be a gamma 1057	
  

distribution), then we would still expect the BIN scheme condensation rate to scale linearly with 1058	
  

N and D̅. Therefore, in order to best compare the condensation rates between the two schemes, 1059	
  

the condensation and evaporation rates that occur during one time step were binned by the values 1060	
  

of S, N, and D̅ that existed at the start of the condensation/evaporation process and were averaged 1061	
  

in each joint phase space bin. (Note that these phase space bins are not the same is the 1062	
  

hydrometeor distribution bins.) That is, all points with the same S, N, and D̅ were grouped and 1063	
  

the average condensation or evaporation in each group of points was calculated. Saturation ratio 1064	
  

bin widths of 0.1 or 1 were used where the cloud was supersaturated or subsaturated, , 1065	
  

respectively.  For D̅, bin widths of 1 µm were used. For N, the bin width depended on the initial 1066	
  

aerosol concentration of the simulation: bin widths of 2.5, 10, and 40 mg−1 were used for 1067	
  

simulations with an initial aerosol concentration of 100, 400, and 1600 mg−1, respectively. The 1068	
  

output from the dynamical model only includes the values of S, N, and D̅ after condensation and 1069	
  

evaporation have occurred. However, since the rates of condensation and droplet nucleation were 1070	
  

known from additional model output, and since microphysics was the last physical process to 1071	
  

occur during a time step in RAMS, the S, N and D̅ that existed before condensation occurred 1072	
  

were easily calculated from the model output.  1073	
  

 1074	
  

Note that the aerosol activation parameterizations in the BULK and BIN microphysics were not 1075	
  

the same, and hence the number of nucleated cloud droplets was not the same. This impacted the 1076	
  

number of data points within each joint S, N, and D̅ phase space bin. However, we are primarily 1077	
  

concerned with the average condensation rate in each phase space bin, and the average value 1078	
  

should not be impacted by the number of data points within a phase space bin, provided that the 1079	
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number is sufficiently high (phase space bins with fewer than 50 data points are neglected). 1113	
  

Therefore, the differences in the aerosol activation parameterizations, or for that matter, 1114	
  

differences in the evolution of the cloud fields, should not influence the differences in the 1115	
  

average condensation rates as evaluated in our framework.  1116	
  

 1117	
  

The average condensation rate in each S, N, and D̅ joint phase space bin was calculated for all 1118	
  

simulations. All points where the cloud mixing ratio before condensation was greater than 0.01 g 1119	
  

kg-1 and the cloud droplet number mixing ratio was greater than 5 mg-1 were included in the 1120	
  

analysis. In addition, grid points with relative humidity between 99% and 101% after 1121	
  

condensation or evaporation were excluded. The condensation or evaporation rates at these 1122	
  

points were limited by the supersaturation or subsaturation, respectively, and thus the rates were 1123	
  

not highly dependent on the droplet characteristics. Since we are interested in understanding how 1124	
  

the different representations of droplet distributions impact the condensation and evaporation 1125	
  

rates, we do not include these points in our analysis. Finally, as stated above, phase space bins 1126	
  

with fewer than 50 data points were discarded. Figure 2 shows an example of the average 1127	
  

condensation and evaporation rates in the phase space bins for one simulation. As is seen in 1128	
  

Figure 2, there is a smooth transition to higher condensation rates as the saturation ratio 1129	
  

increases, and to higher condensation (S≥1) and evaporation (S<1) rates as the droplet diameter 1130	
  

or number mixing ratio increases. This is expected based on the condensation equations (Eqs. 1131	
  

(2), (3)). All other simulations behave similarly. 1132	
  

 1133	
  

In order to compare easily the condensation rates predicted by the two microphysics schemes, we 1134	
  

calculate the logarithm of the BULK to BIN condensation and evaporation rate ratios (these 1135	
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values will be referred to as ‘ln(ratios)’) for five pairs of simulations. Specifically, BULK400-1148	
  

NU2, BULK400-NU4, and BULK400-NU7 are all compared to BIN400, while BULK100-NU2 1149	
  

is compared to BIN100 and BULK1600-NU2 is compared to BIN1600. Histograms of this ratio 1150	
  

for all pairs of simulations are shown in Figure 3a-b and Figure 3e-f. This set of ln(ratio) 1151	
  

histograms will be referred to as ORIG. The data have been separated into subsaturated 1152	
  

(evaporating) and supersaturated (condensing) points. Positive values indicate that the rates in 1153	
  

the BULK scheme are larger, and negative values indicate that the rates in the BIN scheme are 1154	
  

larger. Values of ± 0.1 (± 0.2) correspond to about a 10% (20%) difference.  1155	
  

 1156	
  

First we examine the impacts of increasing aerosol concentrations on evaporation and 1157	
  

condensation rates for BULK simulations with the same shape parameter. Figures 3a-b show the 1158	
  

histograms of the condensation and evaporation rate ln(ratios) for pairs of simulations with a 1159	
  

cloud droplet shape parameter of 4 but with differing initial aerosol concentration. Table 2 1160	
  

additionally lists the standard deviation associated with each histogram. Figure 3a reveals that in 1161	
  

general the condensation rate is higher in the BIN scheme simulations as indicated by the more 1162	
  

frequent negative ln(ratios), whereas the evaporation rates are more similar between the two 1163	
  

scheme as indicated by the most frequent ln(ratios) being equal to 0. For the simulation pair with 1164	
  

an initial aerosol concentration of 1600 cm-3, there is a long tail of positive ln(ratio) values. As a 1165	
  

result, this pair of simulations has the highest standard deviation of the ln(ratio) values of all 1166	
  

simulation pairs (Table 2a). 1167	
  

 1168	
  

We now examine the impacts of variations in the shape parameter for a constant aerosol 1169	
  

concentration. Figures 3e-f show the histograms of condensation and evaporation rate ln(ratios) 1170	
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for the three BULK400 simulations that have different values of the cloud droplet shape 1188	
  

parameter. All three BULK400 simulations are compared to the BIN400 simulation. For both 1189	
  

condensation and evaporation, the ln(ratios) increase as the cloud droplet shape parameter used 1190	
  

in the BULK400 simulations increases. For the BULK400-NU2 simulation, the condensation 1191	
  

and evaporation rates are frequently 20% lower than the BIN400 rates or more, whereas, for the 1192	
  

BULK400-NU7 simulation, the condensation rates compared to the BIN400 simulation are most 1193	
  

frequently very similar (ln(ratio) near zero). Thus the value of the cloud droplet shape parameter 1194	
  

chosen for use in a simulation is clearly important for determining how well a bulk microphysics 1195	
  

scheme compares to a bin microphysics scheme in terms of predicted condensation and 1196	
  

evaporation rates. 1197	
  

 1198	
  

4.2 Impact of the Shape Parameter on Condensation and Evaporation 1199	
  

Fortunately, we know theoretically how the cloud droplet shape parameter will alter 1200	
  

condensation and evaporation rates and this dependency can be accounted for in our comparison 1201	
  

of the two microphysics schemes. The shape parameter term in Eq. (2) (hereafter fNU), which is 1202	
  

equal to 𝜈 !(!)
!(!!!)

! !
, indicates that when a gamma PDF is assumed, the condensation rate is 1203	
  

proportional to the shape parameter ν such that a higher shape parameter results in higher 1204	
  

condensation rates. The BIN scheme makes no assumptions about the size distribution 1205	
  

functionality. However, in order to characterize the predicted BIN cloud droplet size 1206	
  

distributions, and to facilitate the comparison of the BIN and BULK condensation rates, we 1207	
  

assumed that the predicted BIN size distributions are gamma PDF-like and found the best-fit 1208	
  

gamma PDF parameters (see Eq. (1)) for the cloud droplet size distributions at every cloudy grid 1209	
  

point in the BIN simulations. (We could just have easily fitted another PDF to the BIN 1210	
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distributions, but chose the gamma PDF since that is what is assumed by most bulk schemes, 1240	
  

including the one being used in this study. We examine the appropriateness of this choice in 1241	
  

section 4.3.1.) We then evaluated the mean value of fNU using these best-fit shape parameters for 1242	
  

each joint bin in the S, N, and D̅ phase space.  1243	
  

 1244	
  

In order to find the best-fit shape parameters, we defined cloud droplets as belonging to one of 1245	
  

the first 15 bins of the BIN liquid array (the remaining 18 bins contain raindrops), which 1246	
  

corresponded to a maximum cloud droplet diameter of 50.8 µm. Many methods are available to 1247	
  

find such best-fit parameters, but they generally all give similar results (McFarquhar et al., 1248	
  

2014). Here we used the maximum-likelihood estimation method and found best-fits that 1249	
  

minimize the error in the total number mixing ratio. Using this method, the size distributions 1250	
  

were first normalized by the corresponding total number mixing ratio, leaving only Dn and ν as 1251	
  

free parameters of the distribution (Eq. 1). 1252	
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Note that while we could determine the values of S, N, and D̅ that existed before condensation 1254	
  

occurred, we could not determine the value of the best-fit shape parameter for this time because 1255	
  

the change in mixing ratio of each bin was not output by RAMS. Thus the average shape 1256	
  

parameters used in the analysis are those that exist at the end of the time step. Nonetheless, given 1257	
  

the short time step used in these simulations, it was not expected that the best-fit shape parameter 1258	
  

would change much in one time step in most cases. The exception may be for very broad 1259	
  

distributions characterized by low shape parameters. In part due to this concern, cloudy points 1260	
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using the post-condensation shape parameters is not expected to have a large impact on the 1280	
  

results presented here. 1281	
  

 1282	
  

The shape parameter term (fNU) can be evaluated for each joint bin in the S, N, and D̅ phase space 1283	
  

for all simulations. In the case of each BULK simulations, the value of fNU is the same for every 1284	
  

phase space bin since the value of fNU is uniquely determined by the choice of the shape 1285	
  

parameter value for each BULK simulation. For the BIN simulations, fNU can be calculated using 1286	
  

the best-fit shape parameters. Unlike for the BULK simulations, the value of fNU for the BIN 1287	
  

simulations will vary amongst the phase space bins since the best-fit shape parameter is 1288	
  

determined from the freely evolving cloud droplet size distributions that are predicted by the BIN 1289	
  

microphysics scheme. We can use the values of fNU in our comparison of the condensation and 1290	
  

evaporation rates to account for the fact that the best-fit shape parameters in the BIN simulations 1291	
  

will often be different from the single prescribed value in the BULK simulations. Specifically, in 1292	
  

our analysis (but not in the simulations themselves), we adjusted the mean condensation and 1293	
  

evaporation rates (C) for each phase space bin from the BULK simulations in the following way: 1294	
  

 𝐶!"#$,!"##$!%!" = 𝐶!"#$,!"#$#%&'
!!",!"#
!!",!"#$

 (4) 1295	
  

Note again that the value of fNU,BIN will be different for each phase space bin. By making this 1296	
  

correction, we found the condensation and evaporation rates that the BULK simulations would 1297	
  

have had if they had used the same value of the shape parameter that best characterized the cloud 1298	
  

droplet size distributions that were predicted by the BIN simulations.  1299	
  

 1300	
  

The ln(ratios) of the modified condensation and evaporation rates from the BULK simulations to 1301	
  

the rates from the BIN simulations are shown in Figures 3c-d and Figures 3g-h. This set of 1302	
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ln(ratios) will be referred to as CORR. The most frequent value of the CORR ln(ratios) is near 1303	
  

zero (indicating that the two schemes predict the same rate) for all simulation pairs and for both 1304	
  

condensation and evaporation. The impact of the modification is most notable in Figures 3g-h 1305	
  

where the histograms of the CORR ln(ratios) now nearly lie on top of one another whereas in 1306	
  

Figures 3e-f they are clearly separated. Thus it appears that our method of accounting for the 1307	
  

value of the shape parameter has worked well.  1308	
  

 1309	
  

Furthermore, the standard deviation of the condensation rate CORR ln(ratio) histograms is 1310	
  

decreased by about half compared to the ORIG ln(ratio) histograms (Table 2a-b). This is not the 1311	
  

case for the evaporation rate CORR ln(ratio) histograms where the standard deviation is 1312	
  

increased compared to the ORIG ln(ratio) histograms in four out of five simulation pairs. 1313	
  

Nonetheless, given that all CORR histograms now have a modal value near 0, whereas this was 1314	
  

not the case with the ORIG histograms, the shape parameter appears to be the primary reason 1315	
  

why the condensation and evaporation rates in the two schemes do not always agree. 1316	
  

 1317	
  

4.3 Other Considerations 1318	
  

 While the shape parameter appears to be the primary cause of the differences in 1319	
  

condensation and evaporation rates in bin and bulk microphysics schemes, we now investigate  1320	
  

whether any of the other factors are also important.  1321	
  

 1322	
  

4.3.1 Appropriateness of the Gamma PDF 1323	
  

 One potential factor worth considering is that the gamma PDF is not always appropriate 1324	
  

for characterizing the cloud droplet size distributions in the BIN simulations. The BIN 1325	
  

Deleted: in four out of five simulation pairs 1326	
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microphysics scheme is capable of predicting any shape for the cloud droplet size distributions, 1329	
  

including size distributions that may be bimodal. To assess how well our fitted gamma PDFs 1330	
  

approximated the actual simulated cloud droplet size distributions, we calculated the normalized 1331	
  

root mean square error (NRMSE) of the fits. An NRMSE of 1 indicates that the fit was no better 1332	
  

than a straight line, and a value of 0 indicates a perfect fit. Figures 4a-b show cumulative 1333	
  

histograms of the NRMSE values from the three BIN simulations for both evaporating and 1334	
  

condensing cloudy points. Note that these are not cumulative histograms of mean values from 1335	
  

joint bins as in Figure 3, but rather they are cumulative histograms of the NRMSE values at all 1336	
  

individual cloudy grid points in the BIN simulations. The majority of grid points have NRSME 1337	
  

values of 0.6 or lower which indicates that in general the gamma PDF characterizes the 1338	
  

simulated cloud droplet size distributions very well.  1339	
  

 1340	
  

We repeated the calculations of mean condensation or evaporation rate in each S, N, and D̅ joint 1341	
  

phase space bin for the BIN simulations, but now we only included those cloudy points with an 1342	
  

NRMSE of 0.6 or more (those points with a poor gamma PDF fit). The phase space bins for the 1343	
  

BULK simulations were unaltered, but did include the modification described by Eq. (4) which 1344	
  

now used values of fNU,BIN based only on the high NRMSE points. The resulting histograms of 1345	
  

condensation and evaporation rate ln(ratios) are shown in Figures 5a-b for all simulation pairs. 1346	
  

The associated standard deviations are listed in Table 2c. This set of histograms will be referred 1347	
  

to as CORR-POOR. For evaporation, the peaks of the CORR-POOR ln(ratios) histograms shift 1348	
  

to positive values (Fig. 5a) indicating that the agreement between the BULK and BIN rates is 1349	
  

degraded, although the standard deviations of these histograms are similar compared to the 1350	
  

CORR histograms (Table 2c compared to Table 2b). The shift in peak ln(ratios) suggests that 1351	
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when the BIN simulations produce cloud droplet size distributions that poorly conform to a 1352	
  

gamma PDF, the best-fit shape parameter is less useful for understanding the differences 1353	
  

between BULK and BIN evaporation rates.  1354	
  

 1355	
  

However, for condensation rates, the results are less clear. Figure 5b shows that many of the high 1356	
  

CORR-POOR ln(ratio) histograms are still centered near 0, which indicates that the BIN and 1357	
  

modified BULK condensation rates still agree well. Furthermore, the standard deviation of these 1358	
  

histograms is similar to those of the CORR histograms (Table 2b-c). Unlike for evaporation, 1359	
  

these results for condensation suggest that the fact that the BIN simulations do not predict cloud 1360	
  

droplet size distributions that are similar to gamma PDFs is not an important reason for why the 1361	
  

BULK and BIN schemes predict different condensation rates. It is unclear why the comparisons 1362	
  

of condensation and evaporation rates behave so differently. This uncertainty will be explored 1363	
  

next. 1364	
  

 1365	
  

4.3.2 Fraction of Cloud Mass Evaporated 1366	
  

One potential reason that evaporation comparison is generally worse than the condensation 1367	
  

comparison relates to the fractional change of mass. Specifically, the comparison may be better 1368	
  

for situations in which only a small fraction of the total cloud droplet mass is condensed or 1369	
  

evaporated within a time step versus a situation in which a large fraction of mass is evaporated. 1370	
  

The reason for this is that the BIN microphysics scheme takes an iterative approach to 1371	
  

condensation and evaporation in which many small time steps are taken. After each small time 1372	
  

step the droplet properties are updated. When the droplet properties are changing rapidly, this 1373	
  

approach may be important for accurately predicting the evolution of the total mass and number 1374	
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of cloud droplets. On the other hand, the RAMS bulk scheme takes just one step (which is equal 1375	
  

to the full model time step length) and cannot account for rapidly changing droplet properties 1376	
  

within the time step. Note that both approaches to the time step during condensation and 1377	
  

evaporation could be applied to any bulk microphysics scheme, and hence the differences in 1378	
  

condensation and evaporation due to the two approaches are not necessarily specific to 1379	
  

differences in bin and bulk schemes. That being said, the behavior associated with each time 1380	
  

stepping approach should be similar regardless of the specific scheme that is employing the 1381	
  

approach. 1382	
  

 1383	
  

Cumulative histograms of the fraction of cloud mass evaporated in one full time step are shown 1384	
  

in Figure 4c for the BIN simulations. Higher fractions of mass are evaporated more frequently as 1385	
  

the initial aerosol concentration increases. This result is not surprising given that the high 1386	
  

numbers of cloud droplets nucleated from the high numbers of aerosol particles will induce, on 1387	
  

average, higher evaporation rates (Eq (2) and Eq(3)) that cause a higher fraction of mass to be 1388	
  

evaporated in one time step. Similarly, cumulative histograms of the fraction of cloud droplet 1389	
  

mass condensed in the time step are shown in Figure 4d. Again, high fractions of cloud mass are 1390	
  

condensed more frequently as the initial aerosol concentration increases. Overall, large fractional 1391	
  

changes in the cloud mass are more frequent during evaporation than during condensation. 1392	
  

 1393	
  

Again, the calculations of mean evaporation rate in each S, N, and D̅ joint phase space bin for 1394	
  

both the BULK and BIN simulations were repeated but this time with cloudy points separated by 1395	
  

low and high mass fraction change. High evaporated mass fraction is defined as 0.25 or higher. 1396	
  

Very few cloudy points undergoing condensation have a mass fraction change of 0.25 or higher. 1397	
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Likewise, very few evaporating cloudy points in BIN100 exceed this threshold.  Thus, the 1398	
  

following analysis is only performed for the subsaturated, evaporating cloudy points for 1399	
  

simulations pairs that include BIN400 or BIN1600.  1400	
  

 1401	
  

The evaporation rate ln(ratio) histograms for the two groups (referred to as CORR-LFR and 1402	
  

CORR-HFR) are shown in Figures 5c-d and the associated standard deviations are listed in Table 1403	
  

2d-e. It is immediately obvious that the two microphysics schemes behave quite differently for 1404	
  

the case of high evaporated fractions. The standard deviation of the CORR-HFR ln(ratio) 1405	
  

histograms are up to twice as large as those for ORIG or CORR-LFR (Table 2a,d). Furthermore, 1406	
  

most of the CORR-HFR histograms are shifted almost entirely to the right of 0. This result 1407	
  

indicates that when the BIN simulations evaporate a high fraction of the cloud mass in one time 1408	
  

step, they almost always predict a higher evaporation rate than the BULK simulations when 1409	
  

given the same initial cloud properties and relative humidity.  1410	
  

 1411	
  

Finally, we found that for grid points at which a high fraction of cloud mass is evaporated, the 1412	
  

cloud droplet size distributions predicted by the BIN simulations are more likely to fit poorly to a 1413	
  

gamma PDF (not shown). In order to determine which effect was more important, we performed 1414	
  

the BULK to BIN evaporation rate comparison twice more: firstly where only BIN simulation 1415	
  

points with a high NRMSE of the fitted gamma distributions and a low fraction of cloud mass 1416	
  

evaporated were included, and secondly with the opposite conditions where only BIN 1417	
  

simulations points with a low NRMSE and a high evaporated fraction were included. The 1418	
  

standard deviations of the resultant histograms are listed in Table 2f-g. In the case of high 1419	
  

NRMSE and low evaporated fraction, the standard deviations are similar to those for CORR 1420	
  

Deleted: In order to ….1421	
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(Table 2b,f), whereas in the case of low NRMSE and high evaporated fraction the standard 1423	
  

deviations are high and are similar to those for CORR-HFR. Thus, it seems that the occurrence 1424	
  

of high evaporated fraction is more important for explaining poor agreement between the BULK 1425	
  

and BIN microphysics scheme than is a poor fit of a gamma PDF to the cloud droplet size 1426	
  

distributions simulated by the BIN scheme. 1427	
  

 1428	
  

5. Conclusions 1429	
  

In this study we have compared the cloud condensation rates predicted by a bulk and a bin 1430	
  

microphysics scheme in simulations of non-precipitating cumulus clouds run using the same 1431	
  

dynamical framework, namely RAMS. The simulations were run with three different background 1432	
  

aerosol concentrations in order to consider a large range of microphysical conditions. Two 1433	
  

additional simulations with the RAMS bulk microphysics scheme were run with different 1434	
  

settings for the cloud droplet shape parameter. When the condensation and evaporation rates 1435	
  

were binned by saturation ratio, cloud droplet number mixing ratio, and mean droplet diameter, 1436	
  

the BULK rates were on average higher or lower than the BIN rates depending on the value of 1437	
  

the shape parameter used in the BULK simulations. Since the theoretical relationship between 1438	
  

the shape parameter and condensation/evaporation rates is known, we adjusted the BULK rates 1439	
  

to be those that the simulations would have predicted if they had used the same value of the 1440	
  

shape parameter as was found by fitting gamma PDFs to the BIN droplet size distribution output. 1441	
  

After doing so, we showed that the BULK and BIN rates were in general in much better 1442	
  

agreement, although the condensation rates agreed better than the evaporation rates. Additional 1443	
  

analysis supported the following conclusions:  1444	
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1. A gamma probability distribution appears to be a good assumption for the cloud droplet 1489	
  

distribution shape, and the exact knowledge of the distribution shape in a bin scheme is 1490	
  

often not necessary to minimize errors in the condensation rate in bulk schemes.  1491	
  

2. When a large fraction of the cloud droplet population mass is evaporated within a model 1492	
  

time step, the BIN scheme usually predicts lower evaporation rates than the BULK 1493	
  

scheme. This appears to be one reason why the evaporation rates comparison is poorer 1494	
  

than the condensation rates comparison. It is possible that the multiple sub-time steps 1495	
  

taken by the BIN scheme may be important for accurately predicting evaporation rates in 1496	
  

either scheme. Such a time-stepping approach could easily be implemented in a BULK 1497	
  

scheme. This reason for discrepancy  between the two schemes, however, is of secondary 1498	
  

importance compared to the shape parameter. 1499	
  

Again, it appears that the most important factor for agreement in cloud droplet condensation 1500	
  

rates between bin and bulk schemes is the shape parameter of the cloud droplet size distribution. 1501	
  

More effort is needed to understand the behavior of the cloud droplet shape parameter in order to 1502	
  

improve the representation of cloud droplet size distributions in bulk microphysics schemes. 1503	
  

 1504	
  

Although we have only investigated two specific schemes, it is expected that the results can be 1505	
  

applied more generally to bulk and bin schemes. Additional work should be conducted using a 1506	
  

similar approach in order to compare and evaluate additional microphysics schemes and 1507	
  

additional microphysical processes. While it is clear that the effective shape parameter in the bin 1508	
  

simulations explains much of the discrepancies in predicted condensation rates between bin and 1509	
  

bulk schemes, our understanding of what the most appropriate value of the shape parameter is or 1510	
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how it should vary as a function of basic cloud properties is limited. More work then is therefore 1537	
  

also needed on understanding cloud droplet distributions from observations and measurements. 1538	
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Appendix A 1547	
  

Implementation of the Hebrew University BIN scheme into RAMS 1548	
  

 1549	
  

While the present study is only concerned with warm phase processes, the methods to interface 1550	
  

the Hebrew University BIN scheme with the RAMS radiation scheme (Harrington, 1997) will be 1551	
  

described here for completeness, including those for the ice species. The RAMS radiation 1552	
  

scheme uses pre-computed lookup tables for the extinction coefficient, single-scattering albedo, 1553	
  

and asymmetry parameter for each hydrometeor species. Three of the hydrometeor species in the 1554	
  

BIN correspond directly to species in the RAMS microphysics scheme, namely, aggregates, 1555	
  

graupel, and hail. All liquid drops are represented as one species in the BIN, so these liquid bins 1556	
  

are classified as either cloud droplets or rain drops using the same size threshold used by the 1557	
  

RAMS microphysics scheme to distinguish these two species. Finally, the BIN represents three 1558	
  

ice crystal types – plates, columns, and dendrites. Separate RAMS radiation look-up tables 1559	
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already exist for these different ice crystal types, but like for cloud and rain, there are two tables 1560	
  

for each crystal type depending on the mean size of the crystals. In RAMS, the small ice crystals 1561	
  

are referred to as pristine ice, and the large ice crystals as snow. Again, the same size threshold 1562	
  

used to distinguish these two ice categories is used to assign bins from the BIN ice crystal 1563	
  

species as either pristine ice or snow.  This fortuitous overlap in the ice species has allowed for 1564	
  

the seamless integration of the BIN hydrometeor species with the RAMS radiation scheme. For 1565	
  

each set of BIN bins that corresponds to a RAMS species, the total number concentration and 1566	
  

mean diameter is calculated, a gamma distribution shape parameter of 2 is assumed, and the 1567	
  

appropriate set of look-up tables for the corresponding RAMS species is used for all radiative 1568	
  

calculations.  1569	
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Table 1. Definitions of symbols used. 1666	
  

Symbol Definition 
es Saturation water vapor pressure 
D Cloud droplet diameter 
D̅  Volume mean cloud droplet diameter. rc=πρwND̅3/6 
Dn Characteristic cloud droplet diameter. Dn

3=D̅3Γ(ν)/Γ(ν+3) 
fv,BULK, fv,BIN Ventilation coefficients for the BULK and BIN schemes, respectively 
GBULK, GBIN Term to account of the impact of latent heat release, vapor diffusion, and heat 

diffusion on the condensation process. See Walko et al. [2000] and Khain and 
Sednev [1996] for the formulations used in the BULK and BIN schemes, 
respectively. Units are kg m-1 s-1. 

N Cloud droplet number mixing ratio 
n Concentration of cloud droplets per unit cloud droplet diameter interval 
rc Cloud water mass mixing ratio 
rv Water vapor mass mixing ratio 
rvs Saturated water vapor mixing ratio 
S Saturation ratio 
T Air temperature 
t Time 
Γ Gamma function 
ν Gamma distribution shape parameter 
( )* Value of a quantity after advection and all other model processes but before 

microphysical processes have occurred during a model time step 
 1667	
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Table 2. Standard deviation of the ln(ratio) histograms shown in Figures 3 and 5.  1668	
  

 1669	
  

	
   (a)	
  	
  Original,	
  
all	
  data	
  
(ORIG)	
  

(b)	
  
Corrected,	
  all	
  
data	
  (CORR)	
  

(c)	
  Corrected,	
  
high	
  NRMSE	
  
only	
  (CORR-­‐
POOR)	
  

(d)	
  
Corrected,	
  
low	
  fraction	
  
mass	
  
evaporated	
  
(CORR-­‐LFR)	
  

(e)	
  Corrected,	
  
high	
  fraction	
  
mass	
  
evaporated	
  
(CORR-­‐HFR)	
  

(f)	
  Corrected,	
  
high	
  NRMSE	
  
and	
  low	
  
fraction	
  mass	
  
evaporated	
  

(g)	
  Corrected,	
  
low	
  NRMSE	
  
and	
  high	
  
fraction	
  mass	
  
evaporated	
  

Evaporation	
  
BULK100-­‐
NU4/BIN100	
  

0.032	
   0.025	
   0.025	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
  

BULK400-­‐
NU4/BIN400	
  

0.044	
   0.055	
   0.056	
   0.041	
   0.056	
   0.038	
   0.054	
  

BULK1600-­‐
NU4/BIN160
0	
  

0.097	
   0.120	
   0.134	
   0.090	
   0.160	
   0.105	
   0.153	
  

BULK400-­‐
NU2/BIN400	
  

0.041	
   0.054	
   0.053	
   0.053	
   0.046	
   0.041	
   0.055	
  

BULK400-­‐
NU7/BIN400	
  

0.061	
   0.072	
   0.064	
   0.047	
   0.087	
   0.041	
   0.082	
  

Condensation	
  
BULK100-­‐
NU4/BIN100	
  

0.057	
   0.033	
   0.027	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
  

BULK400-­‐
NU4/BIN400	
  

0.056	
   0.027	
   0.035	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
  

BULK1600-­‐
NU4/BIN160
0	
  

0.057	
   0.033	
   0.032	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
  

BULK400-­‐
NU2/BIN400	
  

0.059	
   0.029	
   0.032	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
  

BULK400-­‐
NU7/BIN400	
  

0.050	
   0.026	
   0.023	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
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  1670	
  

Figure	
  1.	
  Shape	
  parameter	
  (ν)	
  values	
  as	
  a	
  function	
  of	
  cloud	
  droplet	
  number	
  concentration	
  1671	
  

as	
  reported	
  by	
  Miles	
  et	
  al.	
  (2000)	
  using	
  16	
  previous	
  studies.	
  Values,	
  cloud	
  classification,	
  1672	
  

and	
  groupings	
  are	
  based	
  on	
  their	
  Tables	
  1	
  and	
  2.	
  The	
  three	
  solid	
  gray	
  lines	
  show	
  proposed	
  1673	
  

relationships	
  between	
  the	
  cloud	
  droplet	
  concentration	
  and	
  the	
  shape	
  parameter.	
  G98	
  is	
  1674	
  

from	
  Eq.	
  9	
  in	
  Grabowski	
  (1998).	
  RL03	
  is	
  from	
  Eq.	
  3	
  in	
  Rotstayn	
  and	
  Liu	
  (2003)	
  with	
  their	
  1675	
  

α=0.003.	
  MG07	
  is	
  from	
  Eq.	
  2	
  in	
  Morrison	
  and	
  Grabowski	
  (2007).	
  All	
  equations	
  were	
  1676	
  

originally	
  written	
  for	
  relative	
  dispersion,	
  which	
  is	
  equal	
  to	
  ν-­‐1/2,	
  and	
  have	
  been	
  converted	
  to	
  1677	
  

equations	
  for	
  ν	
  for	
  this	
  figure.	
  1678	
  

	
  1679	
  

	
   	
  1680	
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  1681	
  

Figure	
  2.	
  The	
  average	
  condensation	
  and	
  evaporation	
  rates	
  (g	
  kg-­‐1	
  s-­‐1)	
  in	
  joint	
  bins	
  from	
  1682	
  

BIN400.	
  (a)	
  Joint	
  bins	
  where	
  the	
  relative	
  humidity	
  is	
  101-­‐101.1%	
  (b)	
  Joint	
  bins	
  where	
  the	
  1683	
  

cloud	
  droplet	
  diameter	
  is	
  18-­‐19	
  μm.	
  (c)	
  Joint	
  bins	
  where	
  the	
  cloud	
  droplet	
  concentration	
  is	
  1684	
  

20-­‐21	
  mg-­‐1.	
  See	
  the	
  text	
  for	
  more	
  information	
  about	
  the	
  joint	
  bins.	
  	
  1685	
  

	
  1686	
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  1688	
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  1691	
  

Figure	
  3.	
  Normalized	
  histograms	
  showing	
  the	
  logarithm	
  of	
  the	
  ratio	
  of	
  BULK	
  to	
  BIN	
  (a,	
  c,	
  e,	
  1692	
  

g)	
  evaporation	
  and	
  (b,	
  d,	
  f,	
  h)	
  condensation	
  rates.	
  (a-­‐b)	
  and	
  (e-­‐f)	
  show	
  histograms	
  using	
  the	
  1693	
  

original	
  data,	
  and	
  (c-­‐d)	
  and	
  (g-­‐h)	
  show	
  histograms	
  where	
  the	
  correction	
  in	
  Eq.	
  (4)	
  has	
  been	
  1694	
  

applied.	
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  1707	
  

	
  1708	
  

Figure	
  4.	
  Cumulative	
  histograms	
  of	
  (a-­‐b)	
  the	
  normalized	
  root	
  mean	
  square	
  error	
  (NRMSE)	
  1709	
  

of	
  the	
  fitted	
  gamma	
  PDFs	
  to	
  the	
  simulated	
  cloud	
  droplet	
  size	
  distributions	
  in	
  all	
  three	
  BIN	
  1710	
  

simulations	
  and	
  (c-­‐d)	
  the	
  fraction	
  of	
  cloud	
  mass	
  evaporated	
  or	
  condensed	
  in	
  a	
  time	
  step	
  in	
  1711	
  

all	
  three	
  BIN	
  simulations.	
  (a,	
  c)	
  show	
  evaporating	
  cloudy	
  points	
  and	
  (b,	
  d)	
  show	
  condensing	
  1712	
  

cloudy	
  points.	
  1713	
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  1714	
  

Figure	
  5.	
  Similar	
  to	
  Figure	
  3.	
  Histograms	
  of	
  the	
  logarithm	
  of	
  the	
  ratio	
  of	
  BULK	
  to	
  BIN	
  1715	
  

condensation	
  and	
  evaporation	
  rates	
  but	
  with	
  conditional	
  sampling	
  of	
  the	
  data.	
  (a-­‐b)	
  Only	
  1716	
  

BIN	
  simulation	
  data	
  points	
  with	
  an	
  NRMSE	
  greater	
  than	
  0.6	
  are	
  included	
  in	
  the	
  analysis.	
  (a)	
  1717	
  

Shows	
  evaporation	
  and	
  (b)	
  shows	
  condensation.	
  (c)	
  Only	
  BIN	
  and	
  BULK	
  simulation	
  data	
  1718	
  

points	
  where	
  the	
  fraction	
  of	
  evaporated	
  mass	
  in	
  one	
  time	
  step	
  is	
  less	
  than	
  0.25	
  and	
  (d)	
  1719	
  

where	
  the	
  fraction	
  of	
  evaporated	
  mass	
  is	
  greater	
  than	
  0.25	
  are	
  included	
  in	
  the	
  analysis.	
  1720	
  

	
  1721	
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Figure 5 displays a scatterplot of the average shape parameters and the condensation and 

evaporation rate ratios presented in Fig. 4 for each of the three sets of simulations. The 

black line plotted in all three panels is the same and shows the theoretical condensation 

rate ratio that we would expect if there were no other differences between the bin and 

bulk condensation equations aside from the value of the shape parameter (and assuming 

that the bin scheme always predicts cloud droplet size distributions that conform to a 

gamma distribution). Recall that in the BULK simulations the shape parameter is 

constant and has a value of 4. Therefore, specifically, the line is equal to (see the ν 

dependency in Eq. 2).  

 

In all three pairs of simulations, the mean shape parameter in the BIN simulations 

explains a large fraction of the variability in the condensation rate ratios, particularly for 

points with a supersaturation greater than 0.1% (blue dots) or a relative humidity between 

90 and 99% (yellow dots). Note that at low shape parameter values, both the theoretical 

ratio and the modeled ratios indicate that the BULK prediction can be 50% higher than 

the BIN prediction or more. As the initial aerosol concentration increases, the spread of 

the points in these two categories around the theoretical expectation increases but is 

otherwise qualitatively similar. The increased spread is in part due to the fact that the 

BULK1600 and BIN1600 simulations cover a larger area of the S and ND̅ phase space 

(Fig. 4). Therefore there are more points displayed in Fig. 5c and each point has on 

average fewer instances of condensation included in its average (not shown). As a result, 

it is difficult to draw conclusions about how the bulk versus bin condensation rates 



change as a function of the initial aerosol concentration, except to say that aside from the 

change in spread, there are no startling differences. 

 

The quality of the match between the predicted and the model-derived condensation 

ratios is lower for points with relative humidity values close to saturation (99-100.1%; 

orange dots). These points tend to lie much farther from the predicted ratio line and show 

less correlation with the mean shape parameter value. Many	
  points	
  in	
  this category 

instead have ratios near 1, indicating that both schemes predict the same 

condensation/evaporation rates. For these points, it is likely that the supersaturation or 

subsaturation is entirely removed in one time step. In such a case, the shape of the droplet 

size distribution, as well as all of the other scheme differences, has no impact on the 

condensation/evaporation rate. If, on the other hand, the supersaturation or subsaturation 

is nearly, but not entirely removed, the predicted rate is likely sensitive to the scheme’s 

time stepping method and large differences between the condensation/evaporation rates 

predicted by the two schemes can arise. Finally, at high sub-saturation (0-89% RH; 

purple dots), the ability of the shape parameter to predict the condensation rate ratio is 

also diminished. In this regime, cloud water mixing ratio is low and droplets are small. 

Any of the other differences between the two condensation schemes could be responsible 

for the disagreement here. 
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 Given that the shape parameter associated with the bin scheme cloud distributions 

explains the condensation rate ratios well under most conditions, differences in 

the formulations of the ventilation coefficient and G terms may not be important 

except possibly when the relative humidity is low.  



 For relative humidity conditions near saturation, the rates predicted by bin and 

bulk schemes are often similar since the supersaturation or subsaturation is 

entirely consumed in one time step. If, on the other hand, the supersaturation or 

subsaturation is only mostly removed, then large discrepancies in the 

condensation rates may appear.  

Except when small residual supersaturation or subsaturation remains at the end of the 

1. 	
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