Responses to comments of the Referee #1.

Below we respond to the reviewer comments. The original comments are in the black color, our
responses blue, and additions to the text in red.

My understanding of the “scaled-DNS” presented in this manuscript is that one can simulate a
large domain size by artificially increasing the kinetic viscosity of the airflow. The Reynolds
number is kept unchanged in such simulations so that the computational cost is still feasible.
Therefore, one can study how the supersaturation fluctuations can be affected by the large
eddies. This is plausible as the small scales do not matter for the supersaturation fluctuations.
The authors further tested the application of the superdroplet approach in such a setup to tackle
the condensation process. I would recommend the publication of this manuscript after the authors
carefully discuss the following comments.

The reviewer’s summary of our methodology is correct.

The author addressed both in the abstract and in the conclusion that this is a “novel
methodology”. This statement should be treated carefully for the following reasons: 1. The
method presented in this manuscript is DNS with large artificial kinetic viscosity, which is not a
new method. 2. Mellado et al also used the same treatment (section 3 of Mellado et al).

We do not agree with this comment. Yes, Mellado et al. applied large domain in their
simulations of the stratocumulus top. However, nowhere in Mellado et al. we find the formula
showing how the viscosity needs to be increased to allow appropriate dissipation when the model
grid length is far away from the dissipation length. This is not that important for the finite-
difference model as long as proper dissipation is accomplished by the advection scheme as in the
so-called implicit large eddy simulation. But the rescaling is critical for the spectral model that
by design has no numerical dissipation. Our methodology targets traditional homogeneous
isotropic turbulence simulation applying DNS that in its original form cannot consider droplet
growth in large domains. We believe the methodology we propose and use is novel. That said,
we added a reference to Mellado et al. and a few other papers (per comments by Rev.1 and 2) in
the introduction.

The revised paragraph in the introduction now reads (new text in red, but there also some
revisions of the wording throughout):

“To this end, we propose to use what we refer to as the “scaled-up DNS” approach. Since the
largest eddies are the key for the condensational growth, one would like to apply the DNS
technique in simulations with domains much larger than currently possible. For instance, taking a
128° DNS simulation with 10 cm grid length gives computational domain of 12.8° cubic meters,
that is, comparable to the grid volume of an LES cloud simulation. To ensure a proper
dissipation of the turbulent kinetic energy (TKE) at the smallest scales, one needs to scale up the
molecular viscosity with the increase of the model grid length. The increase of the small-scale
dissipation is critical for traditional DNS models applying spectral techniques to simulate
homogeneous isotropic turbulence as applied in this study. This is different from past turbulence-
related studies applying finite-difference models with large domains and spatially-uniform



diffusion coefficients (e.g., Grabowski and Clark, 1993; Mellado et al., 2018; Rotunno and
Bryan, 2018) or no explicit diffusion at all as in the so-called implicit large eddy simulation
(ILES; e.g., Margolin et al., 2006; Grinstein et al., 2007). The increased number of droplets in
the large domain can be accounted for by the so-called super-droplet technique in which each
super-droplet represents an appropriately scaled-up number of natural droplets (referred to as the
multiplicity factor, Shima et al., 2009) as already applied in the appendix of Lanotte et al. (2009)
and in Li et al. (2019).”

Included (in red) at the beginning of section 3: “With the increased grid length, one needs to
increase molecular transport coefficients to maintain proper TKE dissipation as well as the
removal of scalar fluctuations. Note that this is different from LES and ILES methodologies
mentioned in the introduction and provides the key novelty for the spectral homogeneous
isotropic turbulence simulation. Assuming that the domain size...”.

Specific comments:

1. The paper by Mellado et al applied the same idea. Can the authors compare their work with
the one of Mellado et al?

Mellado et al. applied similar technique to the cloud top simulation applying bulk condensation
scheme. We are not sure what is there to compare.

No changes to the text.

2. Can the authors check Eq.3 again? If dR/dt=KrS/R, then R"2/2=KrS, together with Eq.2, you
will get a pre-factor of 2 instead of 4/3 in Eq.3, right?

No. Eq. 3 does not come from Eq. 2. Eq. 2 is the condensation rate applying the analytic droplet
growth rate equation that is shown in the text below Eq. 2. (We corrected an error in Eq. 2
pointed out by Rev. 2). Eq. 3 is the condensation rate derived from the change of the droplet
volume as predicted applying a finite time step. Eq. 3 ensures that the mass of water (water vapor
plus droplets) is conserved because condensation rate as given by Eq. (3) is applied in the water
vapor equation.

Added below eq. (3): “This means that droplet growth is calculated first, and then (3) is used to
derive the condensation rate.”

3. L.125: Should the intensity of turbulence determined by the single parameter, Reynolds
number? The energy dissipate rate is a small-scale quantity which describes how fast energy
dissipates in the dissipation range of turbulence. In other words, it characterizes how vigorous
the small eddies of turbulence are. It is calculated from the trace of the strain tensor. This aspect
is also discussed by the authors in the paragraph just below Eq.10. Did you mean the energy
transfer rate here, which is the rate energy transfers from large to small eddies in 3-D turbulence?



Reynolds number describes the range of scales between the scale of energy containing eddies
(about the size of the domain in DNS) and the dissipation scale, see Eq. 5 in the paper. The
intensity of turbulence is determined by the eddy dissipation rate. Yes, the eddy dissipation rate
is a small-scale quantity, but this is how intensity of turbulence is expressed in models and in
observations. TKE depends on the eddy dissipation rate and on the characteristic eddy scale, Eq.
4 in the paper. This is why TKE increases with the domain size as shown in Fig. 2 (upper row),
and the TKE dissipation rate is the same (lower row). Perhaps the discussion in Grabowski and
Abade (JAS 2017, p. 1485) can also help.

No change to the text.

4. Can the authors normalize the energy spectrum in the same way as the one of Fig.1 of Li et al.
(2019)? If the Reynolds number is the same, the normalized spectrum should collapse on top of
each other.

This can be done. However, we feel the figure in its current form is more informative for a cloud
physics reader that we target in our manuscript. The figure clearly shows the shift of spectrum
with the increase of L. Also, the figure in the current form illustrates the TKE increases with the
domain size for the same TKE dissipation rate. We prefer to leave the figure in its current
format.

No change to the text and figure.

5. Why is there an initial spike in Fig.6? I don’t understand why it is different for different
domain sizes. The water mass loading is the same for all the simulations, right?

First, please note that the spike amplitude is very small compared to the standard deviation
shown in Fig. 7. We mention that in the revised manuscript. Second, initial conditions are not in
the equilibrium with droplets that are present locally, and establishing quasi-equilibrium takes
some time. However, one may argue that this should not take as long as the figure shows.
Another aspect is that “molecular diffusion” (in quotes as this is the scaled-up molecular
diffusion), in addition to the local vertical velocity, impacts droplet growth. In fact, the duration
of the spike (longer for larger domains) suggests that the diffusion is likely the key factor. This is
where the absence of unresolved scales in the scaled-up DNS may play some role. Because those
transient conditions are just an artifact of the modeling setup, we do not think exploring this any
further is warranted.

Added to the text in red: “The spike magnitude, about hundred times smaller than the standard
deviations shown in Fig. 7, increases as the domain size increases...”.

6. As the integral time scale is different for simulations with different domain size, could it be an
idea that the authors normalize the time axis by the integral time scale?

We included two horizontal axes on bottom panels of figure 2 per reviewer request.

Technical corrections:



1. Fig.4, caption: standard deviation of supersaturation fluctuations?
2. L248: When “the” multiplicity. . .

Corrected as suggested.



Responses to comments of the Referee #2.

Below we respond to the reviewer comments. The original comments are in the black color and
our responses are in blue color. New text is in red.

Overall, we feel the reviewer missed the key aspect of the paper: the largest turbulent eddies
have the most significant impact on the diffusional droplet growth. Our desire to simulate the
large-eddy end of the spectrum, and not scales close to the molecular dissipation, is the main
motivation for the scaled-up DNS approach. The motivation has been discussed in the two
paragraphs starting at line 64 of the introduction that sets the stage for the entire manuscript.

This study uses a modified DNS to investigate the effect of turbulence on the diffusional growth
of cloud droplets in much larger domains (up to 64*64*64 m"3) compared with traditional DNS.
The method is the combination of increasing air viscosity to allow DNS in a larger domain and
using Lagrangian particle-based microphysics to lower the number of particles needed to be
tracked in a larger domain. Results show that the variance of droplet radius increases with the
square root of time, which is consistent with previous studies and the result from a stochastic
model. Different domain sizes and multiplicities are also tested to check the convergence of the
scaled-up DNS. The paper is interesting. However, I have some comments needed to be
addressed before this manuscript can be accepted.

This is approximately correct summary of the paper. A small clarification: results from the
stochastic model show that the supersaturation fluctuations in the domain are consistent with
scaled-up DNS. The figure does not show the droplet radius variance.

Major comments:

1. Running DNS in a larger domain is not new, for example, Rotunno and Bryan (2018) recently
applied direct numerical simulation to study lee vortices in a larger domain by setting viscosity
as 1 m2/s. Although the combination of this technique and Lagrangian cloud model is
interesting, it is not clear to me whether it is suitable to do that, or at least what we can learn
from it, for the following reasons:

The lack of novelty comment echoes comments from the Reviewer 1. In general, running a fluid
flow model with constant mixing coefficients, such as in Rotunno and Bryan (2018), goes long
way back. See, for instance, Grabowski and Clark (JAS 1993, p. 555) for an earlier example.
Another example is the so-called implicit large eddy simulation (ILES) approach where there is
no explicit mixing and the computational stability is ensured by the numerical algorithm (i.e., the
monotone finite-difference advection scheme). Such an approach is being used by many (see, for
instance references at the beginning of section 3 in Grabowski JAS 2014, p. 4493). However,
ILES would not work for a spectral model because proper dissipation at small scales is missing.
In our study, we utilize a spectral DNS code with scaled-up viscosity and diffusivity, and use the
code in simulations for domains that are impossible to consider with the traditional DNS. The
basis of such an increased dissipation and its application for large domains is the key novelty of
our study.

Because of this comment and a comment from the Reviewer 1, we added a sentence in the
introduction of the revised manuscript. The revised paragraph in the introduction now reads (new
text in red, but there also small revisions of the wording throughout):



“To this end, we propose to use what we refer to as the “scaled-up DNS” approach. Since the
largest eddies are the key for the condensational growth, one would like to apply the DNS
technique in simulations with domains much larger than currently possible. For instance, taking a
128% DNS simulation with 10 cm grid length gives computational domain of 12.8° cubic meters,
that is, comparable to the grid volume of an LES cloud simulation. To ensure a proper
dissipation of the turbulent kinetic energy (TKE) at the smallest scales, one needs to scale up the
molecular viscosity with the increase of the model grid length. The increase of the small-scale
dissipation is critical for traditional DNS models applying spectral techniques to simulate
homogeneous isotropic turbulence as applied in this study. This is different from past turbulence-
related studies applying finite-difference models with large domains and spatially-uniform
diffusion coefficients (e.g., Grabowski and Clark, 1993; Mellado et al., 2018; Rotunno and
Bryan, 2018) or no explicit diffusion at all as in the so-called implicit large eddy simulation
(ILES; e.g., Margolin et al., 2006; Grinstein et al., 2007). The increased number of droplets in
the large domain can be accounted for by the so-called super-droplet technique in which each
super-droplet represents an appropriately scaled-up number of natural droplets (referred to as the
multiplicity factor, Shima et al., 2009) as already applied in the appendix of Lanotte et al. (2009)
and in Li et al. (2019).”

Included (in red) at the beginning of section 3: “With the increased grid length, one needs to
increase molecular transport coefficients to maintain proper TKE dissipation as well as the
removal of scalar fluctuations. Note that this is different from LES and ILES methodologies
mentioned in the introduction and provides the key novelty for the spectral homogeneous
isotropic turbulence simulation. Assuming that the domain size...”.

1.1'When air viscosity is changed, it is unclear to me whether thermal diffusivity is also changed
accordingly in this study. If not, the Prandtl number will be different compared with air. It
means that this is a fluid that does not behave as air. If yes, this will be consistent with R&B
(2018).

Thermal diffusivity is also changed in the same way as the viscosity. This is clearly stated in
the abstract and we added a comment on that in section 3 below Eq. (8). The R&B study is
irrelevant in this context, see above.

Added below Eq. (8): “Thermal and water vapor diffusivities are also changed in the same
way as the viscosity.”.

1.2!Changing air viscosity and thermal diffusivity will also slow down the condensational
growth of cloud droplets following physical rules. But I guess this effect is ignored in this
study. Therefore, the scaled-up DNS in this study simulates a turbulent cloud system that is
not similar dimensionless to natural clouds. Therefore, it is unclear to me what we can learn
from it. I hope the authors can comment on this.



This comment is incorrect. The molecular coefficients applied in the droplet growth equation
are not scaled up and the typical droplet growth equation is used, see below Eq. (2) in the
manuscript. The key for the condensational growth are the supersaturation fluctuations.
Their magnitude increases with the turbulent eddy size and we aim at producing fluctuations
typical for large eddies. The supersaturation fluctuations obtained from scaled-up DNS are
consistent with the stochastic model as shown in figure 10. In short, the comment that we
simulate a “cloud system that is not similar dimensionless to natural clouds” is simply
incorrect.

No change to the text.

2. For the same energy dissipation rate, if air viscosity increases, Kolmogorov’s length scale
increases and therefore a coarser resolution can be used. However, Komogrov’s velocity
scale also increases at the same time. Larger velocity fluctuation in a larger domain leads to
larger supersaturation fluctuation (Figure 7), and thus faster broadening of droplet size
distribution (Figure 9). The reason that the variances of droplet size distribution from
DNS/scaled-up DNS are consistent with the stochastic model (Figure 10) is that they
generate/use the same strength (e.g., PDF) of the velocity field. Therefore, their agreement
and the consistency with the t"(1/2) scaling law is not a big surprise to me.

This comment provides an approximately correct summary of our results.

The fact that the results are as expected supports validity of the proposed approach. Yes, it is
expected that larger eddies feature larger and longer-lasting supersaturation fluctuations and
thus have more impact on the spectral broadening. However, specific details (such as the
spectral width increase with the domain size when following t*1/2 scaling, fig. 9) can only
be obtained with the scaled-up DNS.

An important comment is that the approach developed in this paper is being used in ongoing
studies with more realistic systems, such as a rising parcel with CCN activation. To be
relevant to a turbulent cloud, domains larger than a mere few meters are needed. This aspect
is mentioned in the final paragraph of the paper.

No changes to the text.

However, in an idealized homogeneous isotropic turbulent cloud, the velocity
(supersaturation) fluctuation should be independent of the volume we choose, meaning that
in either a volume of 1 m"3 or 10 m"3, the energy dissipation rate, Komogrov’s length scale
and velocity scale should be the same. Therefore, it is unclear to me how the simulated cloud
in a domain size associated with the increase of Komogrov’s velocity scale, is related to the
conceptual cloud with the same large domain with the original (smaller) Komogrov’s
velocity scale. Please comment on it.

The initial part of the comment is incorrect. The velocity and supersaturation fluctuations
increase with the domain size when the eddy dissipation (and thus Kolmogorov scales)
remain unchanged. This has been shown in past DNS studies that we refer to and is the key



of the argument; see also Grabowski and Abade (2017). The largest supersaturation
fluctuations come from the largest eddies, and these are related to the turbulent kinetic
energy (TKE). This is because TKE represents energy of the largest eddies of a turbulent
flow. TKE increases with the domain size and the correct scaling is given by Eq. 4 in the

paper.
No change to the text.

3. Figure 4 shows that results converge for different multiplications. As stated around line
257 “Note that for real DNS (Table 2 and Fig. 4), having a droplet in one of several dozens
of grid volumes still results in supersaturation fluctuations in agreement with real droplets.”
However super droplet even with the multiplicity equals to 1 (real droplets) is one out of
eight grid boxes, meaning that the density of droplet is low in the domain. Is it possible the
evolution of the supersaturation fluctuation shown in Figure 4 is just the background even
without droplet? I think a more careful test is to track more particles in real DNS, at least 10
per grid box, and then change the multiplicity but maintain the same number of particles in
the domain.

The initial conditions for the simulations are as in Lanotte et al. DNS study, droplet
concentration of 130 per cc and droplet radius of 13 microns (see line 119 of our ACPD
paper). Indeed, clouds are fairly diluted systems. However, it is not true that the fluctuations
for the case with droplets are the same as without droplets. The supersaturation variance in
simulations without droplets for the two domain sizes shown in Fig. 7 are about 8x10 for
the left panel and about 1.6x10 for the right panel, that is, larger than the mean of those
shown in the figure. We do not think we need to discuss this in the paper. Also, please see
revised Fig. 10.

The reviewer’s suggestion at the end of the comment does not make sense. Droplet
concentration (130 per cc) implies that it is impossible to have 10 droplets per grid box if the
grid length is 1 mm. There are on average 0.13 droplets per grid box, or one droplet in about
8 grid boxes as the reviewer notices.

Changes to the paper: Figure 10 has been revised. It now shows that supersaturations without
droplets are larger compared to the case with droplets, see the red line.

Minor comments:

1.!' Line 17: “mean droplet radius variance”, should it be “droplet radius variance”?
”Mean” was removed..

2. Line 50: “however, see the comment on that paper by. . .” This sentence is not clear to me.
This sentence has been removed.

2.! Line 101: “K is the molecular diffusion coefficient” should be “thermal diffusion
coefficient”
Changed as suggested.

3.! Equation 2: I think \delta t should be removed to make sure the unit is correct. Please
check.



Yes, this was a typo. Corrected.



Responses to comments of the Refered. #

Below we respond to the reviewer’s comments. The original comments are in black, our
responses are in blue, and additions to the text are in red. We do not agree with many
suggestions. We feel those suggestions put our manuscript in the context that we feel is not
appropriate for this work. Nether the entrainment/mixing nor the LES aspect is relevant for this
work. Please see specific responses below.

This study applies the scaled-up DNS method to simulate supersaturation fluctuations and
spectral broadening in an idealized framework of forced, isotropic turbulence. The
supersaturation fluctuations are produced by the turbulent vertical motions. Scaled-up DNS is
what I would consider to be the simplest possible form of large-eddy simulation. In scaled-up
DNS, the molecular diffusivities are increased to maintain the same kinetic energy dissipation
rate as an otherwise identical simulation with a smaller grid size. In the present application, the
range of scales between the domain size and grid size was maintained. Droplet condensational
growth was represented using the superdroplet method. The impact of the droplet multiplicity of
the super-droplet method on the simulations was studied. The results (i.e., supersaturation
standard deviations) of the scaled-up DNS were compared with those from a stochastic model,
and exhibited very good agreement.

Specific Comments

1. lines 36-45: What is described here is not the only mechanism by which supersaturation
fluctuations can be produced within a cloud, and probably not the most important. Entrainment
and mixing also produce supersaturation fluctuations and are well-known to be an important
source of spectral broadening, and should be mentioned here in order to place the focus of this
study in proper perspective. As will be mentioned later, the set-up of the simulations actually
implies an external forcing, which could be interpreted as a crude representation of entrainment.

Although we agree in general with the reviewer’s comment, we do not think bringing detailed
discussion of entrainment and mixing is needed. The paper discusses a very specific aspect of the
homogeneous isotropic turbulence impact that was studied in the past applying DNS. Our
approach extends those studies and targets DNS community. That said, we modified the
introduction and brought several references to entrainment and mixing. We do not understand the
last sentence — the simulations are forced in a way typical to the traditional DNS model.

In the revised introduction, the paragraph starting with “Srivastava (1989) was first...” was
removed. The revised initial paragraph in the introduction reads (added text in red):

“The impact of turbulence on the growth of cloud droplets is an important and still poorly
understood aspect of cloud physics. This is because of the wide range of spatial scales that affect
droplet growth, from the Kolmogorov microscale (about a millimeter for typical atmospheric
turbulence levels) to the scale of the entire cloud or cloud system. Cloud droplets grow by the
diffusion of water vapor and by gravitational collision/coalescence, with the former dominating
growth until droplets are large enough so the collisional growth can be initiated and eventually
led to drizzle and rain formation. For the gravitational collision/coalescence, the frequency of
droplet collisions depends on the droplet spectrum width. It follows that understanding processes



leading to the observed droplet spectra is important for the understanding of the rain onset.
Observations of natural droplet spectra go back to the early days of aircraft cloud studies (e.g.,
Warner, 1969) and continue in numerous subsequent investigations (e.g., Jensen et al., 1985;
Brenguier and Chaumat, 2001; Pawlowska et al., 2006; Prabha et al., 2012, among many others;
see also references in Grabowski and Wang, 2013). Those observations typically show that
observed droplet spectra are wider than predicted by simple models of cloud dynamics and
microphysics. In many instances, such a discrepancy can be explained by cloud entrainment
(e.g., Warner, 1973; Paluch and Knight, 1984; Su et al., 1998; Lasher-Trapp et al., 2005, among
many others). However, presence of a significant spectral broadening in undiluted and weakly
diluted cloudy volumes is more difficult to explain. One can wonder if the presence of small-
scale turbulence can lead to appreciable widening of the droplet spectra during diffusional
growth within otherwise uniform cloudy volumes.”

There are also additional revisions of the introduction as explained in responses to Rev 1 and 2,
and documented in the pdf difference file attached to our responses.

2. lines 46-47: It would be appropriate to refer here to the even earlier study by Su et al. (1998)
in which diffusional growth of cloud droplets in a turbulent environment was simulated using the
Explicit Mixing Parcel Model, which is essentially a 1D kinematic DNS. lines 54-56: Droplet
sedimentation was included in the EMPM simulations mentioned.

Su, C.-W., S. K. Krueger, P. A. McMurtry, and P. H. Austin, 1998: Linear eddy modeling of
droplet spectral evolution during entrainment and mixing in cumulus clouds. Atmos. Res., 47—
48, 41-58.

This part of the text has changed. We added several references to entrainment and mixing,
including the one suggested, see above. We do not want to single out EMPM as it is only
marginally relevant to our study. Please see our response to 1 above.

3. line 57: Unclear. What has a “small impact on the droplet spectra"?

The supersaturation fluctuations. Text modified: “Vaillancourt et al. (2002) simulations show a
small impact of local supersaturation fluctuations on the droplet spectra...”

4. lines 56—64: State what mean supersaturation was used in these studies.

Vaillancourt et al. applied a rising adiabatic parcel setup. The mean supersaturation was never
presented. Lanotte et al. and Li et al. applied no mean vertical motion (as in our study) and
started with zero mean supersaturation. This is now mentioned in the modified text:

“Vaillancourt et al. (2001, 2002) were first to apply direct numerical simulation (DNS) approach
to study diffusional growth of cloud droplets in homogeneous isotropic turbulence applying a
rising adiabatic parcel setup. (...) Similar simulations reported in Lanotte et al. (2009) applying
larger domains and no mean ascent clearly show...”

5. line 65: It is possible to do simulations with larger domains with the EMPM. It would
appropriate to mention here that the EMPM simulations reported in Su et al. (1998) used a 20-m



domain size, and EMPM domains up to 100-m domains were used in To6lle and Krueger (2014).
Tolle, M. H., and S. K. Krueger, 2014: Effects of entrainment and mixing on the droplet size
distributions in warm cumulus clouds. J. Adv. Model. Earth Syst, 6, 281-299,
doi:10.1002/2012MS000209

As stated in our response to 1 and 2, we do not want to bring entrainment/mixing in this
manuscript except in a brief comment in the final paragraph in the conclusion section.

No changes to the text.

6. lines 67—69: Be clear about the source of the supersaturation fluctuations that you are referring
to, which vertical gradients of potential temperature, not entrainment and mixing. Noting this
also makes the explanation of why large eddies produce larger fluctuations more obvious.

There are no mean temperature gradients in the traditional DNS and scaled-up DNS. In the
framework we use, larger supersaturations come only from larger and longer-lasting fluctuations
of the vertical velocity. We modified the discussion in this paragraph to read:

“Homogeneous isotropic turbulence simulations of Vaillancourt et al. (2002), Lanotte et al.
(2009) and Li et al. (2019) are limited by the computational domain size. As a result, simulations
featuring domains larger than a fraction of a cubic meter are simply not yet possible. At the same
time, as argued in Grabowski and Wang (2013) and documented in Grabowski and Abade (2017;
see Fig. 4 therein) and Li et al. (2019; see Fig. 4 therein), the impact of supersaturation
fluctuations in homogeneous isotropic turbulence on the spectral width increases with the
domain size. A simple argument is that this is because the largest turbulent eddies feature the
largest vertical velocity perturbations that result in the largest and longest-lasting supersaturation
fluctuations and thus have the largest impact on the spread of droplet growth histories. From the
point of view of realistic cloud modelling, developing and validating robust subgrid-scale
schemes for contemporary large eddy simulation (LES) models (i.e., featuring grid lengths of a
few tens of meters) requires performing DNS-like simulations in computational domains
comparable to the size of the LES grid box.”

7. lines 69-72: It would also be appropriate to mention the EMPM approach here, because it
certainly does perform “DNS-like simulations in computational domains comparable to the size
of the LES grid box." Furthermore, the recent development of a linear-eddy based SGS model
that is combined with the super droplet method by F. Hoffmann should be mentioned. Hoffmann,
F. and G. Feingold, 2019: Entrainment and Mixing in Stratocumulus: Effects of a New Explicit
Subgrid-Scale Scheme for Large-Eddy Simulations with Particle-Based Microphysics. J. Atmos.
Sci., 76, 1955-1973, https://doi.org/10.1175/JAS-D-18-0318.1 Hoffmann, F., T. Yamaguchi, and
G. Feingold, 2019: Inhomogeneous Mixing in Lagrangian Cloud Models: Effects on the
Production of Precipitation Embryos. J. Atmos. Sci., 76, 113-133, https://doi.org/10.1175/JAS-
D-18-0087.1

We do not agree that this aspect needs to be included in the manuscript. We see similarities
between DNS and EMPM, but this is only tangentially related to the main thrust of our
manuscript.



No changes to the text.

8. line 100, Eq. (1): In general, this equation should include a term w dT /dz . I suspect that this
term is missing because dT /dz ! = 0 is enforced due to the cyclic b.c. at the top and bottom
boundaries. It this is the case, it should be mentioned. It should also be mentioned that forcing dT
/dz = 0 is equivalent to forcing a nonzero gradient of potential temperature, which acts as the
source of temperature and supersaturation fluctuations.

The reviewer is correct. DNS by design cannot feature mean temperature gradients because of
the triply-periodic boundary conditions. This is why Eq. (1) does not have the w dT/dz term. Eq.
(1) is standard for the DNS of homogeneous isotropic turbulence (e.g., see Eq. 9 in Vaillancourt
et al. JAS 2001). We prefer not to bring this aspect in the model description.

No changes to the text.
9. line 111. Eq. (3): State how changes in R3 are calculated if not by using (2).

We added a brief comment on that. The key is that droplet growth is calculated first, and then
condensation rate follows from (3).

Added below eq. (3): “This means that droplet growth is calculated first, and then (3) is used to
derive the condensation rate.”

10. line 118: Please state the initial conditions, particular the initial temperature profile, as well
as the initial supersaturation profile.

There are no profiles in the spectral DNS. The initial conditions are specified in the last
paragraph of section 2 of the original submission. We added information about the assumed
temperature and supersaturation. The revised text reads (new in red):

“The modeling setup follows one of the simulations discussed in Lanotte et al. (2009). We
consider an initial mono-disperse droplet distribution of 13 pm radius and the concentration of
130 cm"'3. The liquid water content (LWC) is 1.19 gm"'3. The initial conditions include uniform
temperature of 283 K and zero supersaturation. The later gives the water vapor mixing ratio of
7.65 gkg''1. Since the mean velocity inside the DNS domain is zero, the total cloud water does
not change with time, but the initial monodisperse droplet size distribution broadens because the
supersaturation fluctuates in time and space affecting the distribution (cf. Li et al., 2019; Saito et
al., 2019). The two specific aspects are discussed in the next two section that allow extending the
DNS methodology to apply large spatial domains.’

11. Figure 2: It would be enlightening to the readers to discuss how the TKE can be made non-
dimensional in terms of flow parameters (a velocity scale specifically).

We are not sure what the reviewer has in mind here. The velocity scale comes from TKE, see
section 5. Perhaps the discussion in Grabowski and Abade (JAS 2017) can help.



No change to the text.

12. Figures 6-8: Please state whether the supersaturation statistics plotted are at the droplets or
everywhere in the flow. They are most useful for understanding the DSD properties if they are at
the droplets, as those for the stochastic model are.

This is a good point. For DNS, the statistics are for the flow and we mention this in the revision.
At some point we compared the statistics for the flow and at the droplet positions. The
differences between the two methods are small as shown in the figure below, so we decided to
use the flow statistics as a much simpler to calculate. We feel this is because gradients at the grid
scale are small due to molecular (or scaled-up molecular) transport coefficients and droplets (or
super-droplets) present only in the small fraction of grid volumes.

The upper panel in the figure below shows the statistics derived using the flow data. The figure
includes some data shown in the manuscript’s Fig. 7. The bottom panel shows statistics
calculated by interpolating the supersaturation to the droplet position. There are some small
differences, but the mean values are close. We mention that in the footnote of the revised section
4.

—— L=64.0m, p=1x10°
-—= L=64.0m,u=2x10°
—— L=25.6m, p=5x10*
--- L=25.6m,u=8x10*
—— L=12.8m,pu="7x103
--- L=12.8m,pu=1x10*%
—— L=6.4m, p=2x10°

0 100 200 300 400 500 --- L=6.4m, p=4x10°
Time(s) —— L=2.56m, u=5.45x10?
0.06 --- L=2.56m,pu=1x10°

0 100 200 300 400 500
Time(s)

The added footnote reads: “Supersaturation statistics in DNS and scaled-up DNS are calculated
using fluid flow grid data and not the supersaturation interpolated to droplet positions. Limited
tests suggest that the differences between the two methods are small (not shown).



Supersaturation statistics for the stochastic model in Section 5 are for the vicinity of a droplet.
Discussion in the Appendix A of Vaillancourt et al. (2001) is pertinent to this issue.”

13. Figure 7; It would be enlightening to the readers to discuss how #S can be made non-
dimensional in terms of flow parameters.

We do not think this is possible. There are several parameters that likely play the role, and only
some (like the domain size) vary in our study. Perhaps Fig. 10 provides something along the
lines suggested by the reviewer.

No change to the text.

14. Figure 9: It would be enlightening to the readers to discuss how #R2 can be made non-
dimensional in terms of flow parameters.

Please see our reply to 13 above. No change to the text.

A general comment to 13 and 14 above: the problem has several parameters. From the fluid flow,
the eddy dissipation rate and the domain size are the key (see Grabowski and Abade JAS 2017).
From the cloud droplet perspective, the droplet concentration and initial size are relevant. We
doubt our limited set of simulations, used primarily to demonstrate the approach, allows to draw
specific conclusions in terms of nondimensional parameters. This has to be left for future follow-
up studies.

15. lines 272-73: Clarify this sentence: “The fluctuating in space supersaturation in the dynamic
simulations (i.e., real DNS or scaled-up DNS) is modelled as independent realizations of the
fluctuating in time supersaturation." I am not sure what you mean. Modelled by what? The
stochastic model? Also clarify that the stochastic model predicts supersaturation fluctuations at
the droplets. (See comment 12.)

The text has been modified to better explain how this is done in the stochastic model. The fact
that the stochastic model predicts supersaturation in the droplet vicinity is mentioned in the
footnote in section 4. The revised text reads:

”The fluctuating in space supersaturation in the dynamic simulations (i.e., real DNS or scaled-up
DNS) is modelled in the stochastic model as independent realizations of the fluctuating in time

supersaturation as described below.”

16. line 283 and Figure 10: Clarify that the stochastic model predicts supersaturation fluctuations
at the droplets.

This is mentioned in the footnote (see 15 above). The figure was modified in the revision.

17. line 317: Please explain why small-scale motions would reduce #S.



Just simply because of the heuristic argument that missing scales of motions would provide
additional smoothing of supersaturation gradients. See also our response to 21 below.

18. Section 6: It would probably be helpful to many readers to make clear how scaledup DNS
differs from LES. In my view, it is really LES but with a constant eddy viscosity, which is not a
good SGS model. Explain why you chose this approach rather than using a better SGS model? I
would also suggest that you discuss the advantages and the disadvantages of the scaled-up DNS
approach. For the problem addressed, it seems that the stochastic model captures the important
physics, and that the scaled-up DNS does not add any additional insights.

We do not agree with this comment. The paper shows how to expand traditional DNS to larger
domains at the same Reynolds number and thus to include larger eddies featuring larger
supersaturation fluctuations. We think a better analogy is the so-called implicit LES (ILES), that
is, an approach used in finite-difference models where no SGS scheme is used. Unfortunately,
such a technique cannot be used with a spectral model and this is where the scaled-up DNS fits.
We mention this in the revised introduction. For the second half of the comment, we think the
last paragraph of the conclusion section provides specific science problems to which scaled-up
DNS can be applied.

No changes to the text except of additional reference, Paoli and Shariff (2009).

19. lines 332-33: I agree with this statement. You may want to mention again other possible
methods that have been developed (such as those mentioned in comments 2, 5, and 7).

Again, we specifically target homogeneous isotropic turbulence simulation methodology. We do
not want to bring other methods as not relevant to what we present.

No changes to the text.

20. lines 365-6: This might be too general of a statement. The large eddies dominate for this
mode of supersaturation fluctuation because they span a larger potential temperature difference
for the same mean vertical gradient. For other modes of supersaturation fluctuation generation
such as entrainment, large eddies also dominate, but for a different reason (their greater mixing
time scale).

This comment is incorrect. Larger eddies feature larger and longer-lasting vertical velocity
fluctuations because of the way TKE scales with L for the same eddy dissipation rate. As
explained above, spectral DNS has no mean vertical gradients.

No changes to the text

21. lines 381-82: "Finally, one can also consider applying scaled-up DNS in simulations of the
turbulent entrainment and mixing similar to those discussed in Kumar et al. (2018).” There is a
significant drawback for this application of scaledup DNS due to the importance of the small-
scale supersaturation fluctuations in determining DSDs. Such near-Kolmogorov-scale variability
is not present in scaled-up DNS.



It remains to be seen if the small-scale supersaturation fluctuations are important compared to
large-scale fluctuations. The reviewer seems to believe so. We are not sure. Grabowski (JAS
2020) makes that point while discussing ILES simulations of the Pi chamber. He states that only
true DNS can answer this question through the comparison with LES or ILES.

We added a reference to Paoli and Shariff (2009) that is yet another method to include the impact
of entrainment/mixing into DNS and scaled-up DNS in addition to Kumar et al. (2018).

Technical Comments
1. line 139: It would be helpful to define L1 and L2.

Text modified: “...where subscripts 1 and 2 refer to different domain sizes and corresponding
Kolmogorov microscales”.
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Diffusional growth of cloud droplets in homogeneous isotropic
turbulence: DNS, scaled-up DNS, and stochastic model

Lois Thoma?, Wojciech W. GrabowsKj and Bipin Kumat
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Abstract. This paper presents a novel methodology to use the Direct Numerical Simulation (DNS) to study the impact of
isotropic homogeneous turbulence on the condensational growth of cloud droplets. As shown by previous DNS studies, the
impact of turbulence increases with the computational domain size, that is, with the Reynolds number, because larger eddies
generate higher and longer-lasting supersaturation Buctuations that affect growth of individual cloud droplets. The traditional
DNS can only simulate a limited range of scales because of the excessive computational cost that comes from resolving all
scales involved, that is, from large scales at which the turbulent kinetic energy (TKE) is introduced down to the Kolmogorov
microscale, and from following every single droplet. The novel approach is referred to as the Oscaled-up DNSO. The scaling-u
is done in two parts, brst by increasing both the computational domain and the Kolmogorov microscale, and second by using
super-droplets instead of real droplets. To ensure proper dissipation of TKE and scalar variance at small scales, molecular
transport coefbcients are appropriately scaled-up with the grid length. For the scaled-up domains, say, meters and tens o
meters, one needs to follow billions of real droplets. This is not computationally feasible, and so-called super-droplets are
applied in scaled-up DNS simulations. Each super-droplet represents an ensemble of identical real droplets, and the number o
real droplets represented by a super-droplet is referred to as the multiplicity attribute. After simple tests showing validity of the
methodology, scaled-up DNS simulations are conducted for Pve domains, the largéstof volume using a DNS 0256

grid points and various multiplicities. All simulations are carried out with vanishing mean vertical velocity and with no mean
supersaturation, similarly to past DNS studies. As expected, the supersaturation Buctuations as well as the spread in drople
size distribution increase with the domain size, with+#ieandroplet radius variance increasing in timast!/? as identibed

in previous DNS studies. Scaled-up simulations with different multiplicities document numerical convergence of the scaled-
up solutions. Finally, we compare the scaled-up DNS results with a simple stochastic model that calculates supersaturation
Buctuations based on the vertical velocity Buctuations updated using the Langevin equation. Overall, the results document
similar scaling as in previous small-domain DNS simulations and support the notion that the stochastic subgrid-scale model is
a valuable tool for the multi-scale simulation of droplet spectral evolution applying large-eddy simulation model.
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1 Introduction

The impact of turbulence on the growth of cloud droplets is an important and still poorly understood aspect of cloud physics.
This is because of the wide range of spatial scales that affect droplet growth, from the Kolmogorov microscale (about a mil-
limeter for typical atmospheric turbulence levels) to the scale of the entire cloud or cloud system. Cloud droplets grow by the
diffusion of water vapor and by gravitational collision/coalescence, with the former dominating growth until droplets are large
enough so the collisional growth can be initiated and eventuediyitin-led to drizzle and rain formation. For the gravitational
collision/coalescence, the frequency of droplet collisions depends on the droplet spectrum width. It follows that understanding
processes leading to the observed droplet spectra is important for the understanding of the rain onset. Observations of nature
droplet spectra go back to the early days of aircraft cloud studies (e.g., Warner, 1969) and continue in numerous subsequent in
vestigations (e.g., Jensen et al., 1985; Brenguier and Chaumat, 2001; Pawlowska et al., 2006; Prabha et al., 2012, among mar
others; see also references in Grabowski and Wang, 2013). Those observations typically show that observed droplet spectra at
wider than predicted by simple models of cloud dynamics and microphys@ssendor-In manyinstancessuch a discrep-

‘av‘= HHHEECToUHGPRY SISRIRRICIRIInARS S aC AV O O O a SEAASIAAIRIS ouGttHBtheEn Qa\/n/b/g

explainedoy cloudentrainmente.

. However,presencef a signibcanspectralbroadeningn undilutedandweakly diluted cloudy volumesis moredifbcult to
explain. One canwonderif the presenceof small-scaleturbulencecanleadto appreciablewvidening of the droplet spectra
duringdiffusionalgrowthwithin otherwiseuniform cloudyvolumes.

Metivatedby-Srivastava{1989Maillancourt et al. (2001, 2002) were brst to apply direct numerical simulation (DNS) ap-
proach to study diffusional growth of cloud dropletsdurbulentenvirenmertomogeneoussotropic turbulenceapplying

a rising adiabaticparcelsetup DNS has been initially applied to turbulent particle-laden Rows to study the so-called pref-
erential concentration (or clustering) of inertial particles in turbulence (e.g., Eaton and Fessler, 1994, see also references in
Shaw, 2003)A i Husi

999or the DNS of cloud droplets growing by

the diffusion of water vapothe-droplets respond to the supersaturation Ructuations in their immediate environment as sug-
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gested by Srivastava (1989). Limited by the computational resources, Vaillancourt et al. (2002) were only able to consider

small volumes of a turbulent cloud, around 1 liter. Three sets of simulations were performed with turbulent kinetic energy

dissipation rates relevant to cloud conditions and including droplet sedimentation. Earlier studies of particle-laden turbulent

Rows typically exclude sedimentation (see Eaton and Fessler, 1994) but this is inappropriate for weak to moderate turbulence

intensities typical for natural clouds (Grabowski and Vaillancourt, 1999). Vaillancourt et al. (2002) simulations show a small

impactof local supersaturatiofuctuationson the droplet spectra: the standard deviation of the initially monodisperse droplet

distribution increases very slowly with time, of the order of 0.0t per minute. Similar simulations reported in Lanotte et al.

(2009) applying larger domairedno meanascentlearly show that the impact, although still relatively small (a few tenths

of 1 um), does increase with the domain size (see Fig. 3 therein). In similar DNS simulations, Li et al. (2019) demonstrate the

increase of spectral broadening with the increase of the domain size (i.&e¢tbesingReynolds number) and the increase of

the length of the simulations, see Figs. 3 and 4 therein. For the largest donf&i@®aind about a minute of the simulation

time, the initially monodispers&0 um droplets evolve into a spectrum with abdyim width.
BNS-Homogeneoussotropicturbulencesimulations of Vaillancourt et al. (2002), Lanotte et al. (2009) and Li et al. (2019)

are limited by the computational domain size. As a result, simulations featuring domains larger than a fraction of a cubic

metersmeterare simply not yet possible. At the same time, as argued in Grabowski and Wang (2013) and documented in

Grabowski and Abade (2017; see Fig. 4 therein) and Li et al. (2019; see Fig. 4 therein), the intpeetieftsupersaturation

RBuetuationsupersaturatiofuctuationsn homogeneoussotropicturbulenceon the spectral width increases with the domain

size. A simple argument is that this is because the largest turbulent eegliastmoststronglythelocalfeaturethe largest

vertical velocity perturbationghatresultin the largestandlongest-lastingupersaturation 3uctuations and thiaisspreadbf
the-havethe largestimpacton the spreadof droplet growth histories. From the point of view of realistic cloud modelling,

developing and validating robust subgrid-scale schemes for contemporary large eddy simulation (LES) models (i.e., featuring
grid lengths of a few tens of meters) requires performing DNS-like simulations in computational domains comparable to the
size of the LES grid boxt —eherroiemainmsmndein oo sa 0040 he condatDRIE slaqnlotionsn ol dn s o

M3 domainsizeandrena ' ; cicof thedenendencaf inanrocessennthe

To this end, we propose to use what we refer to as the Oscaled-up DNSO approach. Since the largest eddies are the key 1
the condensational growth, one would like to apply the DNS technique in simulations with domains much larger than currently
possible. For instance, takingl28 DNS simulation with 10 cm grid length gives computational domaiti28® cubic me-
ters, that is, comparable to the grid volume of an LES cloud simulation. To ensure a proper dissipation of the turbulent kinetic
energy (TKE) at the smallest scales, one needs to scale up the molecular viscosity with the increasedétbed length.

The increaseof the small-scaledissipationis critical for traditional DNS modelsapplying spectraltechniquego simulate
homogeneoussotropic turbulenceas appliedin this study. This is different from pastturbulence-relategtudiesapplyin

Pnite-differencenodelswith largedomainsandspatially-uniformdiffusioncoefbcientge.qg., Grabowski and Clark, 1993; Mellado et a
2006; Grinstein et al., 2007)

. Theincreased number of droplets in the large domain can be accounted for by the soafieddropleBtechnique in

ornoexplicitdiffusionatall asin theso-calledmplicit largeeddysimulation(ILES; e.g., Margolin et al.
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which each super-droplet represents an appropriately scaled-up number of natural droplets (referred to as the multiplicity factor,
Shima et al., 2009) as already applied in the appendix of Lanotte et al. (2009) and in Li et al. (2019).

The paper is organized as follows. The next section presents the model and modelling setup. Section 3 presents a gener:
methodology of the scaled-up DNS and discusses numerical tests of this approach. Cloud droplets are added to scaled-uj
DNS simulations in section 4 applying the super-droplet method. Section 5 compares DNS and scaled-up DNS supersaturatior
Buctuations with those obtained from a simple stochastic model. Concluding discussion is the focus of section 6.

2 The model and modelling set up

The numerical code used here is that of Kumar et al. (2012, 2014). It solves evolution equations for the three velocity com-
ponents ¢, v, w), the temperaturd” and the water vapor mixing ratig,. Cloud droplets are represented as point particles
followed in space and they grow or evaporate as dictated by their local environment. Droplet collisions are not considered. The
Navier-Stokes equations are solved by a pseudo-spectral method over a cubic volume with periodic lateral boundary condi-
tions in three directions using the fast Fourier transforms. Time stepping is performed using a second order predictor-corrector
method. The code is parallelized in two dimensions and the cubic domain is decomposed into so-called pencils. The same
procedures as in Kumar et al. (2012) are followed for the initial turbulent state preparation and the turbulence maintenance.
See Kumar et al. (2012, 2014) for more details.

Two modibcations have been made to the code to carry out the present study. First, we included an additional source/sink
term in the temperature equation that was missing in the original code. The term describes evolution of temperature Ructuations
affected by the vertical velocity. This effect is incorporated in the DNS through the source/sink tesitC;,, whereg is the
gravitational accelerationy is the local vertical velocity, and’, is the specibc heat capacity of air at constant pressure. The
complete equation for the evolution of temperature Buctuations is:

aT! | 2l L Lq; g !
—+ul u.VIr=K!' vV°"Tr+ ——C,;— =w 1
e | LY == C, cpcd c,’ @

whereK is themelecutaithermaldiffusion coefbcientf-L,, is the latent heat of vaporization, agy is the condensation rate.
Without the last term, the vertical velocity simulated by the DNS has no impact on the supersaturation Buctuations. Since the
emphasis in Kumar et al. (2014, 2018) was on the mixing between cloudy and clear air, this omission has a negligible impact
on results presented there. However, this term is critical for the current study.

Second, we modibed the way condensation rate is calculated for a single droplet. The analytic formulation applied originally
has the form:

_ A K, py AT K pu
- po! Voopo! V

SRLt, @)

where S is the supersaturatior®? is the droplet radiusp, is the air densityp,, = 10% kgm" 3 is the liquid water density,
K, =5.00x10 ' m?s’ 1is the condensational growth constant (id®2,/dt = K,.S/RwhereS-isthesupersaturation! V =
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dzx x dy x dz is the grid box volumgand!—+isthetimestep To ensure mass conservation, (2) is modibed to:

AT Py
3po!

4pr
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where! tisthetimestep,R(t) andR{+—)-R(t —! t) are droplet radii at timeandt—!—#t — ! t, respectivelyThismeans

The coupling of the Eulerian Pelds and the droplets is done using trilinear interpolation. The condensation rate is calculated
for each droplet by interpolating the values®fand ¢, from the grid points enclosing the droplet. The condensation rate
is calculated at the droplet position and then redistributed to the nearest eight grid points through a reverse procedure. The
condensation rate provides a feedback on the temperature and water vapor evolutions. Inertial effects and gravitational settling
are included in the droplet motion. More details can be found in Kumar et al. (2012).

The modeling setup follows one of the simulations discussed in Lanotte et al. (2009). We consider an initial mono-disperse
droplet distribution oft3 pm radius and the concentration 880 cm 3. The liquid water content (LWC) i4.19 gm 3. The
ratio of 7.65 gkg 1. Since the mean velocity inside the DNS domain is zero, the total cloud water does not change with
time, but the initial monodisperse droplet size distribution broadens because the supersaturation Buctuates in time and spac

affecting the distributiofef—Li-et-al—2019{cf. Lietal., 2019; Saito et al. 20].9'}'he two specibc aspects are discussed in

the next two section that allow extending the DNS methodolagy

lylargespatialdomains

3 Scaling-up DNS simulation

The intensity of turbulence is typically expressed by the turbulent kinetic energy (TKE) dissipatieninateasing the domain

size L for the same increases kinetic energy of turbulent motions. The TKE determines velocity Ructuations and controls the
supersaturation variations that play the key role in the condensational growth of cloud droplets. The TKE dependande on

L is typically expressed as (e.g., Pope, 2000):

E ~ (Le)?/® . 4)

In the classical DNS, the grid length has to be close to the Kolmogorov microgtalallow proper TKE dissipation at the
smallest scales. Increasing the domain dizeithout changing the number of grid points implies that the grid length increases

as well. We will refer such simulations as Oscaled-up DNSO. With the increased grid length, one needs to increase molecula
transport coefbcients to maintain proper TKE dissipation as well as the removal of scalar Ructhatietisatthisis different

from LES andILES methodologiesnentionedn theintroductionandprovidesthe key novelty for the spectrahomogeneous
isotropicturbulencesimulation. Assuming that the domain siZerepresents appropriate scale of energy-containing eddies, the

L/n ratio represents the Bow Reynolds numBer

N ®)
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Figure 1. Comparison of energy spectra for real and scaled-up DNS

(e.g., Pope, 2000; Grabowski and Clark, 1993). Keeping the Reynolds nihexsame for the actual and scaled-up DNS
implies that
Ly _ L2

=== 6
Uit 2~ (6)

wheresubscriptsl and 2 refer to different domainsizesand correspondindKolmogorov microscalesThe Kolmogorov mi-

croscale is given by = ( 1’5—3)1/4 wherev is the viscosity. Applying; with the same TKE dissipation ratefor both, andv,

leads to

Ly L,

/4= 374~ (7)
Vf/4 V§/4

Eq. (7) implies that when the TKE dissipation rate is supposed to be the same in DNS and scaled-up DNS, the molecular

viscosity needs to be scaled up as:

1\ 4/3
r2=1n (Lj) o ©)

wherew, is the viscosity in the real DN, is the scaled-up viscosity,; is the real-DNS domain size, atd is the scaled-up
domain sizeThermalandwatervapordiffusivities arealsochangedn thesameway astheviscosity.

We used a DNS witl256° grid points to study scaling-up simulations without droplets. Real DNS was rui a0 .256 m
and scaled-up DNS was run with domains of sizes2.56 m, L =25.6 m and L =256 m. According to (8), the viscosity
(taken asy =0.15 cn?s' ! for the real DNS) has to be scaled-up BY.54times 46416 timesand 10,000 times for L =
256 m, L =25.6 mandL =256 m, respectively. All simulations are forced as described in Kumar et al. (2012) applying TKE
dissipation rate of 10 cn?s’ 3 as in Lanotte et al. (2009).

Fig. 1 shows energy spectra for the real 28 DNS and the three scaled-up DNS. The black dashed lines represents the
-5/3 slope expected in the inertial range. The spectral peak shifts to the left and its value increases as the domain size increase
(i.e., the wavenumber decreases). The slope remains approximately similar for the four simulations.
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Figure 2. Evolution of TKE (upper panels) and TKE dissipation rate (lower panels) for four simulations mentioned in text. The dashed lines

are theoritical valueBottom panelsshownondimensionaiime usingeddyturnovertime, see(13) in section5.

TKE in thescaled-up simulations for the same TKE dissipation ¢atieould increase following the scaling originating from
(4), that is,

Br= Ep(Ly/L2)*" ©)

whereE; andL, are for the scaled-up DNS arft and L, are for real DNS (e.gL, = 0.256 mandE, = 20 cm?s’ ). Fig.

2 shows the evolution of TKE and TKE dissipation rate for the four simulations in Fig. 1. For the TKE evolution, dashed lines
show the expected scaling based on (9). TKEs from the scaled-up DNS simulations agree with the theoretical scaled-up TKE
values. To show that the DNS and scaled-up DNS feature the same TKE dissipation rate, we also show the dissipation rate
calculated using the simulated enstrophy as typically done in DNS studies. The plots show that the forcing is approximately
correct in the scaled-up simulations. The scaled-up simulations need to be run for longer times, with the time scale following
the L/ E/? scaling of the large-eddy turnover time. The simulations show that the scaled-up DNS with viscosity modiPed
according to (8) produces expected TKE.

The simulations shown in Fig. 1 and Fig. 2 feature the same dynamic range, that is, the same Reynolds number and the
L/n ratio. However, one may also consider scaled-up DNS simulations where the dynamic range is changed. For instance, one
may compare simulations with the samand L, and different numbers of grid poinf§ coveringL. For such simulations,
the change of the Kolmogorov microscaje L/N suggests the required rescaling of the dissipation coefpcients. gince
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Figure 3. Energy spectrum comparison of real DNS and scaled-up DNS. Left/right panels correspadft024° real DNS.

3\ 1/4 . . . - ]
(”?) , assuming = const gives the scaling similar to (8):

N\ 43
= (N;> 2 (10)

that is, with the number of grid points rather than the domain size providing the scaling.

The scaling (10) is illustrated in Fig. 3 that shows the spectra in simulations with the domain size of either 0.512 m or
1.024 m and applying either DNS or scaled-up DNS. The spectra are obtained at Pnal simulation times. The red lines represen
spectra for the real DNS, and green and blue lines show spectra for scaled-up DNS. Scaling-up accurately predicts the energ
at the largest scales, but some energy at smaller scales, still far from the dissipation, is lost. This means that the total TKE for
a scaled-up DNS is slightly lower than the real DNS within the same volume. For the simulations shown in Fig. 3, TKE for
L of 0.512 mis 34.2, 32.0, and 26.6m?s’ ? for real DNS (N=512), and scaled-up DNS with N=256 and 128, respectively.
Fort-L of 1.024 m, TKE is 55.0, 50.0, and 41@m?s’ 2 for real DNS (N=1024), and scaled-up DNS with N=256 and 128,
respectively. Because for the condensational growth the interest is on the largest scales as discussed in the introduction, th
energy loss at smaller scales can be considered less important. However, this aspect is relevant for the comparison betwee

scaled-up DNS and the stochastic model as discussed in section 5.

4 Applying superdroplets for the scaled-up DNS

For a scaled-up DNS, one needs to follow signibcantly larger number of droplets when compared to DNS. For instance,
for the droplet concentration df30 cm 2 one needs to followl.3 x 10'! droplets for a domain of. =10 m. This is not
computationally feasible. To overcome this problem, one can use the so-called super-droplets (Shima et al., 2009) instead of
real droplets, where each super-droplet represents an ensemble of real droplets with the same radius. Position and velocity o
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Table 1. Number of super-droplets and their multiplicity for real DNS domains of voléré cm® and12.8% cm?.

L =6.4cm L =12.8cm

Ns =34078;u =1 Ns=272630;p=1
Ns =17039; 4 =2 Ns=54526;u =5
Ns =6815;4=5 Ns=27263;u =10
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Figure 4. EvelutionStandardieviationof the supersaturatiofiuctuationstandarcdeviationluctuationdor 6.4° cm® real DNS (left panel)
and12.8 cm? real DNS (right panel). Colors represent different multiplicity as marked inside each panel.

each super-droplet is predicted in the same way as for the real droplet. The number of real droplets represented by a single
super-droplet is referred to as the multiplicity attribptéShima et al., 2009).

At the onset of simulations, super-droplets are inserted into the computational domain in the same way as regular droplets,
that is, they are randomly positioned inside the domain and subsequently followed in space and time as regular droplets. The
condensation rate for a super-droplet is calculated a&3)nekcept for an additional multiplicity factqr. The evolution of the
temperature and water vapor mixing ratio Buctuations is affected by the condensation rate of super-droplets within a grid box
in the same way as regular droplets.

The super-droplet approach is prst tested in the real DNS. Fig. 4 shows evolutions of the standard deviation of the supersat-
uration spatial Ructuatiohgor real DNS ofL = 0.064 m(64° grid points) andL = 0.128 m (128 grid points) with different
multiplicity parameter. Number of superdroplets used and their multiplicity are listed in Table 1. For randomly distributed real
droplets, the two simulations have droplets in one out of about eight grid boxes. For super-dropftsimulations, this
number changes to one out of about 15 grid boxeg for2 and about 38 grid boxes for= 5. For thel 28 simulations, super-

ISupersaturatiostatisticin DNS andscaled-ufDNS arecalculatedisingRuid Row grid dataandnotthe supersaturatiomterpolatedo dropletpositions.
Limited testssuggestshatthe differenceshetweerthe two methodsaresmall (not shown).Supersaturatiostatisticsfor the stochastianodelin Section5 are

for thevicinity of adroplet.Discussiorin the AppendixA of Vaillancourtetal. (2001)is pertinentto thisissue.
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Figure 5. Evolutions of the radius squared standard deviatigq:§ for real DNS with different multiplicity parameters. Left/right panels

corresponds t64° /1283 real DNS (L = 6.4/12.8 cm). Colors represent different multiplicity as marked inside each panel.

droplets are on average in one out of about 43 and 87 grid boxgs#®@ and 10, respectively. The mean supersaturation is
close to zero as expected (not shown). Supersaturation standard deviations Ructuate similarly in all simulations with the mean
values close among all multiplicities. The mean value of the standard deviation is larger for the larger domain in agreement
with simulations discussed in Lanotte et al. (2009).

In general, the multiplicity value should be decided carefully because too large multiplicity results in too many grid boxes
without droplets when compared to real droplets and this may cause undesirable effects in the mean supersaturation and it
spatial variability. In the two DNS cases, slight deviations in the mean supersaturation are present, although the simulations
are not long enough to document the impact with conbdence. For the scaled-up DNS, the number of droplets is in billions and
we have to select higher multiplicity values to make computations feasible. The evolution of the radius sRépstandard
deviation ¢ r2) from the above simulations with droplets and super-droplets is shown in Fig. 5. Initially (i.e., at t = 0), the
distributions are monodisperse (i.ez> = 0). Supersaturation Buctuations in response to local vertical velocity Buctuations
lead to the increase @fz: in time. After some initial adjustment, the increase approximately follows'tffescaling witht
being the time from the start of the simulation. This agrees with the study by Sardina et al. (2015) who applied a stochastic
model and DNS. Similar result is also shown in Li et al. (2019) 8ade-et-ak2019-seeFig-5-therein):Saito et al. (2019)

. As expected, the z> values are larger for the larger domain, in agreement with Fig. 3 in Lanotte et al. (2009) and Li et al.
(2019).

After the super-droplet technique is tested in DNS, the same method is used in scaled-up DNS. In general, one may expeci
that if the multiplicity is increased beyond a certain value, the results will start deviate from those with a low multiplicity
featuring a larger number of super-droplets. However, high multiplicity is desirable to reduce the number of super-droplets that
need to be followed. For the DNS, the number of super-droplets was shown to be relatively low to maintain similarity between
real droplet and super-droplet solutions (see Fig. 4 and Fig. 5; as low as one super-droplet in a few dozen of grid volumes).
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Figure 6. Evolution of the mean supersaturation for various scaled-up domains. Colors represent different domain size; different line styles
correspond to different multiplicities. The additional simulation of 10 super-droplets per grid volume is only showhgfbim® and

64.0% m® volumes.

With scaled-up DNS, one might expect a different requirement because of a stronger local forcing of the supersaturation due
to higher TKE and thus larger vertical velocities.

For the scaled-up DNS study, we appl2a6® domain to represent volumes with characteristic lengths of several meters.
The TKE is scaled as explained in section 3 with relevant parameters listed in table 2. As the table shows, scaled-up DNS
simulations typically have a relatively small number of super-droplets per grid box, similarly to DNS. This is because of
computational efbciency considerations. However, one may question such an approach because scaled-up DNS include a larg
number of real droplet (e.g~ 10° for scaled-up DNS witd cmgrid length and much larger numbers for scaled-up DNS with
larger grid lengths). To show that the standard deviation of the supersaturation spatial distribution is not affected by the small
number of super-droplets considered in the scaled-up DNS simulations, we included additional simulations (shown in bold in
the Table 2) that include about 10 super-droplets per grid volume and follow about 160 millions of super-droplets. Although
arguably still a small number, 10 super-droplets per grid box is the number considered in one of the sensitivity simulations in
Grabowski (2020). By comparing results of simulations with various numbers of super-droplet per grid volume, Grabowski
(2020) shows that the number as small as 10 is sufbcient to reasonably represent condensational growth of natural droplets i
idealized simulations of laboratory chamber experiments. Fig. 6 and Fig. 7 present evolutions of the mean supersaturation anc
standard deviation of its spatial distribution for the scaled-up simulations from Table 2. The bve scaled-up domains shown in
the table and bgures correspond to the domain kin&2.56, 6.4, 12.8, 25.6 and 64 m. Note that the simulations extend to
times of several minutes, that is, a signibcant fraction of a small convective cloud life cyclémilbtionsexeeptl2-8and64
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Table 2. Details of DNS and scaled-up DNS. From left to right: domain lengthyrid lengthl, viscosityv, Turbulent kinetic energy?,

number of superdroplets in the domaily, multiplicity 1, number of superdroplets per grid volumvg /N3

L(cm) I(ecm) v(em?s™) E(cm®s™2?) Ns 1 N /N3
Real DNS 25.6 0.1 0.15 20.0 ~22x10% 1.0 0.13
Scaled-up DNS 256.0 1.0 3.231 94.0 ~1.7x10% 13.0 10.0
~4.0x10° 545x10> 0.24
~22x10% 1.0x10° 0.13
640.0 25 10.965 171.0 ~1.7x10% 203.125 10.0
~1.7%x10" 2.0x10° 1.01
~85x10% 4.0x10% 0.51
1280.0 5.0 27.630 270.0 ~1.7x10% 1.63x10%® 10.0
~39x%x107 7.0x10° 2.32
~2.7x107  1.0x10* 1.61
2560.0 10.0 69.624 420.0 ~1.7x10% 1.3x10%* 10.0
~4.4x107  5.0x10* 2.62
~2.7x107  8.0x10* 1.61
6400.0 25.0 236.235 750.0 ~1.7%x10% 2.03x10° 100
~34x107 1.0x10° 2.03
~1.7%x10" 2.0x10° 1.01

m-scaled-upimulationsare run withtwe-threedifferent multiplicities for super-droplets as listed in Table 2. As Fig. 6 shows,

the mean supersaturation for all bve scaled-up cases is close to zero after the initial spike. The spike pagmithdedred

timessmallerthanthe standardleviationsshownin Fig. 7, increases as the domain size increases, and it is slightly larger for

the higher multiplicity. Higher multiplicity also causes larger Buctuations after the initial spike, but the mean does not seem to

be signibcantly affected. The standard deviation shown in Fig. 7 increases with the domain size as expected. For all domains.

standard deviations are similar for various multiplicities. In particular, based onriar@l 64 m simulations, the low number

of super-droplets per grid volume (desirable for computational efbciency) seem to insignibcantly impact the supersaturation

statistics.

To further study the impact of the multiplicity, additional scaled-up DNS simulations are run2&&hgrid points for

a domain of size12.8® m3. All simulations are listed in Table 3, with some already considered in Table 2 and Fig. 6 and
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Figure 7. Evolution of standard deviation of supersaturation Ructuations for different domain sizes. Colors represent different domain size;

different line styles correspond to different multiplicities. The additional simulation of 10 super-droplets per grid volume is only shown for

12.8% m® and64.0% m?® volumes.

Fig. 7. Total number of real droplets for ti2.8% m® domain with droplet concentration B0 cm 2 is about2.7 x 10,

The grid volume of the256° grid points andl2.83 m® simulation is125 cn®. Whenthe multiplicity is 1625, the number of
super-droplets is close to 170 millions and there are on average 10 super-droplets per grid volumg.i$Vheril0®, the
number of super-droplets is close to 40 millions and there are on average about 2.3 super-droplets per grid volumés When
further increased tt x 10%, the number of super-droplets per grid volume decreases to about 16=Fox 10*, the number
further decreases to about 0.32 (i.e., a super-droplet in about 3 grid volumes). Finglly; 8192 x 10°, a super-droplet is
approximately in one out of 50 grid volumes.

Results obtained from these simulations are shown in Fig. 8 with some results already shown in Fig. 7. As the bgure shows,
only the largest multiplicity, with a super-droplet in one out of 50 grid volumes differs signibcantly from other simulations. The
highest multiplicity simulation also results in the non-zero mean supersaturation (not shown). Note that for real DNS (Table 2
and Fig. 4), having a droplet in one of several dozens of grid volumes still results in supersaturation Ructuations in agreement
with real droplets. This suggests that the maximum multiplicity that can be used in scaled-up DNS depends on the domain size.
This perhaps should not be surprising because the magnitude of the vertical velocity perturbation and thus the supersaturatior
forcing increases with the domain size. Results for the largest domain considered in the curre®Stath) 6uggest that the
multiplicities selected for the scaled-up DNS provide robust (i.e., independent of the multiplicity) outcomes.

As shown in Fig. 9, evolutions of the radius squared standard deviatiotior scaled-up DNS domains follows the same
trend as in the real DNS, that is, the standard deviations increase in &ist&'2. The results are shown for the bve scaled-up

cases mentioned above. Scaled-up DNS for each domain was run for three different multiplicity values, one of them being
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Figure 8. Standard deviation of supersaturation Ructuationd 208> m? scaled up domain. Colors indicate different multiplicities.
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Figure 9. Evolutions of the radius squared standard deviadign for different domain sizes in the scaled-up DNS simulations. Horizontal

bars along each line show variability resulting from different multiplicity used for each domain size.

14



285

290

295

300

Table 3. Number of super-droplets and multiplicity for differeti.8% m? scaled-up domain simulations.

Number of superdropletdi)  Multiplicity ()

~ 1.6 x 107 1625

~3.9x 107 ~Tx103
~ 2.7 %107 ~1x10*
~ 5.4 x10° ~5x10%
~3.3x10° ~8x10°

10 super-droplets per grid volume. The error bars correspond to the standard deviation among realizations with different
multiplicities. Overall, the scatter resulting from different multiplicities is relatively small. The key result in Fig. 9 is that the
spectral width increases with the domain size. For domain sizes of a few tens of meters, the spectral width after a few minutes
reaches values of 1-Zuthat is comparable to those observed in near-adiabatic cores of small cumuli (e.g., Jensen et al., 1985)

or subtropical stratocumulus (e.g., Pawlowska et al., 2006).

5 Stochastic model

We apply the stochastic model similar to that in Grabowski and Abade (2017) to simulate Buctuating supersaturation and com-
pare results to the real and scaled-up DNS. The RBuctuating in space supersaturation in the dynamic simulations (i.e., real DNS
or scaled-up DNS) is modelled the stochastiegnodelas independent realizations of the Buctuating in time supersatugetion
describedbelow. For each realization, the supersaturation Buctuations are driven by the vertical velocity Ructuations as given
by the Ornstein-Uhlenbeck process (e.g., Pope, 1994). In its Pnite difference implementation, the velocity perturbations are
updated as in Grabowski and Abade (2017):

w'(t+ o) = w'(t)e T+ \J1—€ Fouy, (11)
whereét is the model timesteps?, is the vertical velocity variance obtained from TKE as
=_-F, (12)

1 is a Gaussian random number with zero mean and unit variance generated at every timesstiep,eddy turnover time

calculated as

L C. 1/2
INFORE <E> . .

where(C; is a constant equal to 1.5 as in Lasher-Trapp et al. (2005). Supersaturation Buctuations evolve according to the

equation
ds' S
W = alw! — ol K (14)

15



305

310

315

l.e—1. T T T T T T TTTTT] T T T 11T g

l.e—2.

os (%)

l.e—4 il Lol L il Lo
0.01 0.1 1. 10 100
L (m)

Figure 10. Standard deviation of supersaturation Buctuations in DNS and scaled-up DNS (colour circles) and the stochastic model (black
stars). Vertical lines for the stochastic model represent variability among individual realizations. For DNS and scaled-up DNS, the variability
comes from different multiplicity for super-droplets; it is not shown as it is smaller than the symbol size. Red circles in the left half are for
DNS with three different multiplicities as in Fig. 4. Blue circles are 266> scaled-up DNS simulations. Red circles for= 64 m are for

1283 (lower symbol) ands12® (upper symbol) scaled-up DNS simulations. The two data points for the stochastic mod&lwith512 m

and L = 1.024 m come from applying TKE from either DNS or scaled-up DN®e red andblue lines showresultsfrom the stochastic

modelwithout dropletsandwith the quasi-equilibriunsupersaturationrgspectivelySeetext for details.

wherew' is the vertical velocity perturbation evolving as in (14), is a temperature-dependent numerical coefbcient and
Trelaz 1S the phase relaxation time that depends on the temperature and pressure as well as on the droplet concentration an
mean radius. For the conditions considered in this stugdy,4.753x 10 * m" * and7,¢jqx = 3.513 s

The stochastic model used here applies 1000 realizations, each starting from a random velocity perturbatipr[as.in
(11)] and zero supersaturation, and run for 6 eddy turnover times. The time sty an¢i(14) is taken as one thousandth of
the eddy turnover time. The number of realizations is sufpcient to give results that change insignibcantly when the number is
further increased. Subsequently, the standard deviation of the supersaturation temporal evolution for each realization is derived
Its mean value averaged over all realizations together with the standard deviation among realizations is used in the comparisor
with the DNS and scaled-up DNS simulations. Fig. 10 shows the standard deviation of supersaturation Ructyatiens€d
from the stochastic model as explained above for different domain sizes together with similar results from the DNS and scaled-
up DNS dynamic simulations. The brst bve poirfis50.064, 0.128, 0.256, 0.512, 1.084n) correspond to the real DNS,
whereas the last bve points £ 2.56, 6.4, 12.8, 25.6, 64:@m) correspond to scaled-up DNS. The stochastic model uses
TKE simulated by either DNS or scaled-up DNS, and for 0.512 andi-624m-1.024m by both. The vertical lines for the
stochastic model show twice the standard deviation among the realizations. The red circles in the left part of the bgure are from
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DNS simulations. Standard deviations from different multiplicities as shown in Fig. 4 are smaller than the circle radius and
thus they are not shown. The blue symbols are for scale@56p256° DNS simulations; standard deviations from different
multiplicities are again smaller than the radisisally;-the Thered circles forb=64-m-L = 64 m showog in scaled-up DNS

simulations with grids o128° and512. Theredline showsresultsfrom the stochastienodelwithout droplets thatis, with no
lasttermontherhsof (14). Finally, the blueline is for the stochastianodelassumingyuasi-equilibriunsupersaturatiors”

thatis, with thelhs of (14) equalto zeroandthusS' = S = ajw'T .

Overall, the stochastic model seems to reasonably represent the scale dependence of the supersaturation Ructuations. |

small scales (i.el, = 0.064 and 0.12&);-m), presenc®f dropletshasa smallimpacton supersaturatiofuctuationsandthe

scaledependencé approximatelyasfor the casewithout dropletsasshownby the redline. At thosescalesDNS seems to
underestimate supersaturation Buctuations. Arguably, this is because of the small Reynolds number and thus a poor separe

tion between forcing and dissipation scales. For scaled-up DNS, the stochastic model underestimates supersaturation Ructue
tions and the spread between the scaled-up DNS and stochastic model increases with the increase of the spatitiiescale.
largestscalesconsideredi.e., L = 12.8,25.6 and 64 m), the quasi-equilibriumsupersaturatioprovidesa good estimateof

the supersaturatioBuctuationsasshownby theblueline. This agreeswvith theargumenput forwardin GrabowskiandWan
2013,seediscussiorin thelastparagraplof section3.4).

There are a few reasons for the discrepancy between the stochastic model and scaled-up DNS. First, stochastic model use

TKE obtained from the scaled-up DNS. However, scaled-up DNS features reduced TKE when compared to the real DNS
as documented in section 3. Allowing more TKE on input for the stochastic model would shift the stochastic model results
upwards, that is, closer to the scaled-up DNS. But increasing the Reynolds number in the scaled-up DNS ingrasses

well. This is illustrated by three data points for= 64m scaled-up DNS with28*, 256°, and512° simulations. Second,
scaled-up DNS excludes scales of motion that are smaller than the scaled-up Kolmogorov microscale. For insfance, for
25.6m and256° simulation, the scaled-up Kolmogorov microscale is 0.1 m. Hence, scales of motion between 10 cm and 1
mm are excluded when compared to the real DNS. Arguably, these small-scale motions in real DNS can affect supersaturation
Ructuations and redues;. Such an argument seems to be contradicted by the resultd withdm becauses increases, not
decreases, betwed@8’, 256°, and512 scaled-up DNS-However, it is unclear if the increase @f with the further increase

of the Reynolds number (i.e., the number of grid points) continues once real DNS is approached with further increase of the
simulation towards th6400¢ real DNS limit. Finally, one might argue that assuming a Gaussian vertical velocity distribution

in (11) is an increasingly poor assumption with the increase of the domain size. Higher frequency of large vertical velocity

perturbations (i.e., above the Gaussian distribution) should result in larger supersaturation RBuctuations.

6 Discussion and Conclusions

This study presents a novel modelling methodology that extends the traditional technique to simulate homogeneous isotropic
turbulence, the direct numerical simulation (DNS). DNS is typically used for small-scale simulations applying grid lengths of
the order of the Kolmogorov microscale, that is, about a millimeter for typical levels of atmospheric turbulence. Such a choice
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allows proper dissipation of the turbulent kinetic energy (TKE) that cascades through the inertial range from large scales where
TKE is introduced. To reach domain sizes of about 1 cubic meter and beyond with a grid length of about 1 mm requires
tremendous computation resources, with simulations featuring spatial scales of tens of meters and beyond (i.e., volumes of
1,000s of cubic meters and larger) impossible for a foreseeable future. At the same time, one should expect that the larges!
turbulent eddies affect the diffusional growth of cloud droplets most signibcantly because such eddies feature the largest anc
the longest-lasting vertical velocity and supersaturation perturbations. It is thus desirable to have a modelling approach similar
to the traditional DNS, but capable of reaching signibcantly larger spatial scales, say, tens and hundreds of meters.

This paper presents such an approach. The key idea is simple: rather than assuming that the dynamic model grid lengtt
is the Kolmogorov microscalg, we start with the DNS domain size-L,_ and adjust the Kolmogorov microscale given the
computational resources. For instance,tfef, = 100 m and12® simulation, ~ 0.2 m. However, to use a traditional DNS
code one needs to allow proper TKE dissipation (as well as the scalar variance removal) at the smallest scales. It follows that
the molecular transport coefpcients from the traditional DNS need to be properly increased. The Reynolds number similarity
is applied to develop a proper scaling, see (8) and (10). The modibPed modelling approach is referred to as the scaled-up DNS
Section 2 presents numerical simulations applying the spectral DNS code that document robustness of the scaled-up DNS
technique. We show that DNS and scaled-up DNS simulations with the same Reynolds number (i.e., tihgrsaatie)
forced to maintain the same TKE dissipation rate feature the expected TKE scaling (4). However, when real DNSs are replaced
by scaled-up DNSs with a reduced Reynolds number (i.e., keépinthe same and increasimy, a small fraction of the TKE
is lost. As one might expect, the closer scaled-up DON$ ratio is to the real DNS ratio, the closer are TKEs between the two
simulations (cf. Fig. 3 and its discussion).

For simulations targeting growth of cloud droplets in homogeneous isotropic turbulence, the scaled-up DNS faces the prob-
lem of a large number of droplets that need to be followed inside the computational domain. For instance, a cube volume with
L =100 m and droplet concentration @00 cm 2 contains about0'* droplets. Following all of them is computationally not
possible. We apply a method already used in Lanotte et al. (2009) and in Li et al. (2019) and referred to as the super-droplet
method in Shima et al. (2009). A super-droplet represents an ensemble of real droplets with the same radius; position and
velocity of each super-droplet is predicted in the same way as for the real droplet. The number of real droplets represented by &
single super-droplet is referred to as the multiplicity attribute (Shima et al., 2009). The multiplicity attribute is included in the
condensation rate calculations. The super-droplet metfsais brst tested in real DNS and then implemented in the scaled-up
DNS. Real DNS withl = 0.064 m(64° grid points) and. = 0.128 m(128® grid points) and with different multiplicity param-
eters give consistent results even if the multiplicity parameter results in a super-droplet present in one out of a few dozen grid
boxes. For scaled-up DNS (and likely for the real DNS as well), there is an upper limit for the multiplicity parameter before
supersaturation Buctuations start deviating from the value obtained with lower multiplicities. Scaled-up DNSs presented here
suggest that there should be at least a few super-droplets per grid box for approximately converged solutions. Such an estimat
agrees with the result of idealized laboratory cloud chamber simulations reported in section 4 of Grabowski (2020).

The scaled-up DNSs starting from unimodal droplet distribution with no mean ascent (i.e., as in Lanotte et al., 2009; Li

et al., 2019) extend the validity of the scaling relationship obtained previously in either DNS simulations (e.g., Li et al., 2019;
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Saito et al., 2019) or in stochastic model simulations (Sardina et al., 2015). The scaling implies that the standard deviation of
the droplet radius squared increases in tinast/2. DNS results of Li et al. (2019) show that the evolution of the droplet
distribution spread depends on the Reynolds number (i.e., the DNS domain) and is insensitive to the TKE dissipation rate. The
Reynolds number dependence is consistent with the eddy hopping argueeesedtion3.5in Grabowski and Wandg2013

and the dominating impact of the largest eddies for the spread of the droplet size distribution. The standard deviation of the
droplet radius squared increases in our simulationd/dsas well, with systematically larger values for larger scaled-up DNS
domains as shown in Fig. 9.

Finally, we also consider supersaturation Buctuations in a simple stochastic model of a droplet ensemble (Grabowski and
Abade, 2017) and compare the Buctuations to those simulated in DNS and scaled-up DNS. The key advantage of the stochasti
model is that its computational cost is just a tiny fraction of a DNS simulation. The simulation time of the stochastic model
is typically a mere few seconds on a laptop computer comparing to hours of wall clock time of high performance massively
parallel computer applied in DNS and scaled-up DNS simulations. As argued in Grabowski and Abade (2017), the stochastic
model provides a simple and physically appealing approach to multiscale large-eddy simulation of a cloud applying Lagrangian
particle-based microphysics (see Grabowski et al., 2019, for a discussion of the Lagrangian microphysics).

The scaled-up DNS methodology presented here was developed with diffusional growth of cloud droplets in mind. The next
step can be to apply this approach in a rising parcel simulations as in Grabowski and Abade (2017) to understand the impact of
turbulence on the cloud condensation nuclei activation/de-activation near the cloud base (see discussion in Abade et al., 2018)
One can argue that scale-dependent supersaturation Buctuations can induce signibPcant droplet concentration heterogeneities
the cloud base that arguably affect droplet growth aloft. One may also consider applying the scaled-up DNS to the problem of
droplet collisions. However, since collisions between cloud droplets take place at sub-Kolmogorov scales, applying scaled-up
DNS for turbulent collisions is not straightforward. Finally, one can also consider applying scaled-up DNS in simulations of
the turbulent entrainment and mixing similar to those discussed in Kumar et al. @@dBaoli and Shariff (2009)5uch sim-
ulations would extend the still relatively small-domain DNS simulations into domain sizes comparable to the large entraining
eddies in natural cumuli as discussed in Grabowski and Clark (1993). We hope to explore some of these research directions ir

the future.

Data availability. Data supporting the study is available at https://www.tropmet.res.in/~majbles/Lois-Thomas/ACPPples.zip and can be ac-

cessed upon request.
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