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Review 1

This paper describes a theoretical explanation of physical mechanism of generating voids in clouds and some results of kine-
matic simulation. First, the authors explain the measurements of droplets inside cloud made at the top of German Alps. Then
the size distribution of droplets is presented and the voids in the cloud droplet distribution are reported in figures and videos,
which are very interesting. Next, the authors study the physical mechanism of void formation. Basic idea is to use the idea
that an inertial particle tends to be expelled from the core of Burgers vortex. Theoretical analysis for this physics had already
been done by Marqu et al.cited in the reference, and the present paper applies, in its essence, simply the results to the void
formation. In order to see whether such interpretation is the case, the authors perform the kinematic simulation, to numerically
integrate a set of equations of particles with different sizes in the flow field generated by the Burgers vortex. For two cases
of parameters among three cases, the distribution of droplets is found to generate voids, which is consistent with Fig.5 of the
theoretical prediction. Finally they argue the physical mechanism from the view points of the present analysis and visualization
of voids.

The parts of the experiment and kinematic simulation are, I think, new and it is an idea to use the analysis in terms of Burgers
vortex flow to explain the void formation. However, the part regarding the equilibrium positions and their stability is poorly
written and hard to follow.

The pages of p. 9-11 use the results of Marqu et al. without definition of some quantities, such as ¢ and ro . While the au-
thors present the parameter range for stable periodic orbit in Fig.5, the kinematic simulations were done only for three points
in the figure. Examination of the relevance of the simulation results by comparing to the theoretical results is not enough to
convince the physical reasoning of void formation. Also in the discussion, the authors argue Mie scattering as one possibility
of observing the void, but this is a speculation and lacks fundamental data or analysis. In conclusion, the present manuscript
needs considerable revision.

We substantially edited the manuscript, in particular the part regarding the equilibrium positions and their stability



5

10

15

20

25

30

with respect to void creation in order to improve presentation quality. We also substantially modified the discussion

concerning Mie scattering in order to discuss its effect on the collected data or images in a more clear way.

Technical points are listed below.

1. p.8, 4th line. the authors write A as the strain parameter. I think, this is not appropriate. I is the circulation of the Burgers
vortex so that A = 1/Re where Re is the Reynolds number of the vortex.
A is called ""nondimensional strain parameter'' in agreement with the name used in the work Marcu et al. (1995).

It is true that it is an inverse of vortex Reynolds number and this information was added in the text.

2. p.9. What are definitions of r and ¢(rq) ? The paragraph of egs. (7) and (8) without explanation does not make argu-

ments useful.

g is just the notation for arbitrary solution of the Eq.6. The function ¢(r) has no parameters. On the basis of

this suggestion the text was modified to expressed the intention expicitely.

3. p.11 How is Acr determined?
A, is defined at p.9. Its value is obtained numerically. For A = A, the equillibrium curve has a horizontal slope

at the inflection point.

Review 2

Authors report about an experimental investigation of the behaviour of water droplets measured in cloudy air at a mountain-top
station. In particular, they focus on cloud voids, that is spatial regions which are devoid of droplets. To explain the observed
phenomenon, they perform a numerical study of a model of inertial particles moving in a Burgers vortex (Marcu et al 1995),
under the action of drag and gravity forces. On the basis of these results, with model parameters matched to those of the
experiments, authors draw the conclusion that cloud voids observed under the experimental conditions were very likely a re-
sult of the presence of relatively thin yet long vortex tubes. The most interesting part of this work is the observation of the
phenomenon: cloud voids at the centimetre scale tell us that cloud droplets do not distribute homogeneously in space and that
inhomogeneities take place also at scales much larger than the estimated Kolmogorov scale of the flow.

As for the analysis and interpretation of results, I find it weak for the following reasons. To me, the application of a simplified
model like the Burgers vortex one is meaningful if we can learn something new about the dynamics of inertial particles in
turbulent flows. However this does not seem the case. Indeed a detailed theoretical analysis for the motion of inertial particles
in these vortical structures had already been done by Marcu et al.; the present paper reproduces one of possible scenarios of
the model with suitable parameters, without adding new knowledge.

Moreover, since the work of Marcu et al., there has been a considerable amount of research about statistical characterisation of

inertial particle spatial distribution in turbulent flows. Many different analysis in terms of deviations from Poisson distribution,
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Radial Distribution Function or Voronoi diagrams, have been applied to the case of polydisperse solutions also (see e.g. 2012
New J. Phys. vol. 14, 095013). Let me stress that voids appear at scales which are about 20-40 Kolmogorov scales, so distances
at the edge between the dissipative and the inertial ranges of turbulence, where the strongest intermittent fluctuations take place.
To summarise: turbulence at small scales is very different from a superposition of Burgers vortices, the use of simplified models
can be accepted at a qualitative level to make things clearer but can not replace statistical analysis. Since the observations are
interesting and worth of publication, I suggest the authors to perform additional work and to make a considerable revision of

the manuscript.

We agree with te reviewer that we use a simplified Burgers vortex model exploited by Marcu to explain the exper-
imental data. However, the original work of Marcu is just one of many theoretical models. First of all we used it to
explain behavior of polydysperse particles inside a vortex and this had not been done before. What is even more impor-
tant, we validate theoretical approach by an observation of a particular phenomenon - cloud voids.

We agree that turbulence at small scales is very different from a superposition of Burgers vortices. The use of simplified
models can be accepted at a qualitative level to make things clearer but can not replace statistical analysis of droplet
spatial distribution in 3D turbulent flow. Nonetheless there are just a few analysis specific of cloud droplets in small
scales, no 2D or 3D data on cloud droplets spatial distributions in the domains of void size and larger, not to mention si-
multaneous measurement of droplet position and size. Our analysis shows, that existence of Burgers-like vortices in the
measurement conditions are likely and they may explain observed phenomenon, which adds certainly new knowlegde.

We make an effort to improve the manuscript and present our intensions in more clear way.

Detailed comments

1. Starting from the Abstract and then few times in the paper, authors speak about sorting effect. What is it? Can they
state clearly what is the sorting effect and how it is different/similar to the preferential concentration effect? We define
clustering of particles as inhomogeneous distribution of particles in space. Preferential concentration (or prefer-
ential sampling) is specific kind of clustering: particles sample certain regions of the flow, so there is correlation
between particle spatial distribution and spatial distribution of a flow characteristic/s. The term ''sorting' was in
fact used interchangeably to ''segregation' which describes polydisperse statistics: spatial distribution of differ-
ent sized particles are anticorrelated. To make our point about clustering and sorting in vortex tube clear these

explanation was incorporated in the manuscript.

2. In Section 2, the authors should detail what are the Mie scattering visual effects. These are often called as possible co-
responsible for the creation of voids, but there are not data or analysis related to them. Have these effects been observed
in laboratory experiment? Can we reproduce similar conditions? Either the authors better detail what they have in mind,

or it is better to simply mention the problem once.



10

lpm
—10p'm
20p m
120 60 —30pm
— 90 m

{e]
(=]
=
[=]
s
]

Intensity
=
o
[f=]

150 30
10°

180

210 330

240 300

270

Figure 1. Relative scattered light intensity versus angle for a water droplet in the air. Colors correspond to different droplet radii.

To clarify this point we added a paragraph about Mie scattering role in particle imaging and its potential in-
fluence on void observation. Mie scattering theory (van de Hulst, 1957) was validated experimentally with the
accuracy far beyond our use (Harris, 1969). There is as well a great extent of literature devoted to Mie theory and
its applications in experiments using scattering on particles both in the laboratory flows and in the atmosphere
(see for example Dyer et al. (2006), GraBmann and Peters (2004), Fischer (2017)). The exact impact on particle
tracking and sizing in imaging experiments performed in atmospheric conditions is an area of current research.
We are definitely not able to reproduce in the laboratory conditions similar to those described in the paper in the
laboratory. Hence we cannot measure directly the Mie scattering influence on void creation. What we know is
that the intensity of scattered light is nonlinear with particle size and the angle of scattering, what we present in
Fig.1 here. Nonetheless we formulate the hypothesis of its great influence on vortex finall image with the aim to

sensitize to potential bias it may cause in the interpretation of observations.
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Figure 2. Turbulence masurement second order velocity structure functions during the cloud void event of 27th August, from MPIDS sonic

sensors (sampled at 10Hz)

Also in Section 2, they mention that the "velocity structure functions were calculated using Taylor’s frozen-flow hypoth-
esis, and the energy dissipation rates were determined using inertial range scaling". Can they show these data to see the
extent of the inertial range both for the temporal and the spatial scales?

We provide the structure functions plots made for data aquired during cloud void events in Fig.2 and 3 here.

Generally the experimental conditions were similar to these discussed in detail in Risius et al. (2015), and pre-
sented in Fig. 10 there. Obviously, lower part of the inertial range is not resolved there. Hot wire measurements,

resolving smaller scales are discussed in Siebert et al. (2015).

. At the end of page 4, the authors mention that they selected 27 voids for further analysis. Are these statistically equiva-

lent? Can the authors perform a statistical analysis of the way droplets distribute in space? See comments above.

The reason for publishing the observations of voids described in this paper is that they were unique. They were
conducted in the brain-storming process and the consequence of this fact is that they lack certain dilligence. The
data collected does not certainly allow for analysis of droplets distribution in space. Due to the specific difficulty
connected to the measurements conducted in the atmosphere there is no reliable literature data about 2D cloud
droplets distributions ranging to inertial scales whatsoever. The data collected suggest that turbulence conditions

and droplet size distributions were quite steady in the course of the void observations and we are convinced this
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Figure 3. Turbulence masurement second order velocity structure functions during the cloud void event of 29th August, from MPIDS sonic

sensors (sampled at 10Hz)

allowes us to compare these voids as they were statistically equivalent. Even if it is not the case the sheer informa-
tion of their existence, approximate size and a proof they may not be the result of edge effect is a complete novelty

and should be published to inspire future more thorough investigations.

. Table I should be enriched with turbulent flow parameters such as the value of the Taylor scale Reynolds number Re),

the value of the Kolmogorov scale 7, estimate for large-scale eddy-turn-over-time 77, and correlation length L, the
expression used for St and Sv. The Kolmogorov scale 7, = v/ve~1 was added to the Table 1. Stokes number and
sedimentation parameters were estimated using the expressions St = 7,7, 1, Sv= TnTq !, where 7, is particle
inertial response time, 7, = 7(g7,) "' is a time of sedimentation through the vortex. The adequate explanations

are added in the text. We do not have reliable estimates of the other parameters.

. Pages 8 and beyond: I would suggest that values such as A.. = 0.02176 or r; = 2.1866 to be put in a table, they have no

special physical meaning (only within the Burgers vortex model).

Values were put in the table as suggested.

. Section 4 is not clear and moreover as the authors specify: "Different scenarios of particle motion determined by above

stability conditions were shown in Fig.4 in Marcu et al. (1995). Fig. 4 here presents a simplified illustration of one

of the scenarios: three equilibrium points, unstable point near the axis, stable point far from the axis, and droplets
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rotating around the vortex center."” How are the other scenarios excluded? What is special in the one chosen? Fig.4
was included in the paper for illustrative purposes. We show particle trajectories around equillibrium points
of different stability properties in the simplest way without copying the original image. Presenting the chosen

scenario fulfills this goal and helps in the discussion.

. Here the whole analysis can also be made much shorter, and summarised in terms of the very natural rough conclusions

mentioned at the end of page 11. Details can be moved in an appendix.
The other reviewers asked for more details in the analysis and that is the reason we decided to leave it in the main
text body.

Authors want to reproduce observations of August 27: from figure 1 it is the day with a very broad radii distribution.
Have they used this shape to initialise the numerical simulations? Or can they superpose the shape they used to the
experimental one? This is not clear from the text and the sentence "A semi-Gaussian distribution of droplet radii cut
off at R = 1.5um was chosen for simulations to match the experimental values from the 27th of August (see Table 1)"
without further details does not clarify the point.

We used the gaussian distribution as presented in Fig 4 here. Havng received this remarks we decided to change

in the simulations the gaussian distribution to the one measured.

The work reports about void/clustering effects of inertial particles in turbulent flows but many relevant papers for the
topic are not cited. To mention just a few: Collins and Keswani, 2004 New Journal of Physics 6 (1), 119; Bec et al. 2007
Phys. Rev. Lett. 98, 084502; Monchaux, Bourgoin, and Cartellier, 2010 Phys. Fluids 22, 103304.

The thorough review of the research on clustering was not our intention. We mentioned only the papers that de-

scribed different important clustering mechanism. We rephrased it in the conclusions and we hope it is now clear.

. A number of typos are present.

Review 3

This is an interesting article with some novel field data and numerical results which have been interpreted with reference to

existing theoretical analysis. The extent to which this analysis is strictly applicable to real clouds is perhaps moot but it never-

theless provides a useful starting point and appropriate orders of magnitude. I would recommend publication but found aspects

of the paper, particularly the summary of the analysis (§3) and its application (§4) confusing.

I have a number of detailed points, mostly minor, which I would like the authors to consider especially with a view to improv-

ing the clarity of their arguments. I have also made a number of suggestions for improving the written English.
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Figure 4. Droplet size distributions measured with PDI probe (blue and red) with gaussian distribution cut at R = 0 superimposed.

Detailed comments

1. p.3, 1. 29 It’s not clear what ‘They’ in the sentence ‘They were smaller ...” is referring to here: ‘Swiss cheese’ or ‘cloud

holes’ ?

5 It was referring to cloud holes. This part was rephrased.

2. p.6, eq. (2) Could the authors provide a reference for this? Or at least some more motivation?

The reference to the original work of Burgers was provided.

3. p.9, L. 2 What is 7o ? Does it have any physical relevance? It would be helpful if ¢(x) were defined so that its dependence
10 on the parameters in the problem is made clear; it has an important role in the analysis.
r is just the notation for arbitrary solution of the Eq.6. The function () has no parameters. It was added

expicitely in the text.

4. p.9,1.12 I didn’t understand the sentence beginning ‘Particle motion ... especially ‘separated from the motion 2D space’.



10

15

20

25

30

It means that equations describing particle motion in the plane perpendicular to the vortex axis separate from

the equation describing motion along vortex axis. This part was rewritten to make it clear.

. p-11, eq. (9) For the linearization of eq. (6) I obtained (). While this differs from eq. (9) for non-zero A, it does give me

r* = 4mSv in the limit A — 0 in agreement with eq. (9).

We provide this calculation in the revised manuscript.

. p.11, 1.16 I didn’t understand the first sentence ... splits in parts’. Two parts?

This part was rephrased accordingly.

. p. 11, 1. 23+ Why are the conclusions ‘rough’ ? I didn’t follow all of the logic here: as the influence of gravity increases

i.e. gsind increases or the vortex core size, 9, increases (or both) then B decreases. Decreasing B means decreasing
Amax which is consistent with increasing I' (circulation). My understanding is that A < A, for void creation. So as
either gsinf or 4, (or both) increase it becomes harder for voids to form unless the circulation increases appropriately.
So I agree with the first conclusion so long as increasing minimum circulation equates to decreasing A4z -

We reformulated the text to make the understanding easier. Increasing minimum circulation equates to decreas-

ing A,,,.. so conclusions are the same as before.

A further consequence of decreasing B is decreasing St; and ASt since the latter is proportional to B'/3. This implies
that, for fixed 7 (circulation), the minimum particle size decreases with decreasing B as the second point suggests
though it is not written very clearly. Since ASt decreases with decreasing B this suggests the range of particle size de-
creases with decreasing B as suggested by the latter part of the third point. But decreasing B corresponds to increasing
I" which seems to contradict the first part of the third conclusion. Perhaps I have missed something in the analysis of par.
3 and 4; I would welcome more explanation.

T¢ is not circulation (it depends on the vortex core size § as well). We think this misunderstanding caused the

confusion. Total circulation of Burgers vortex is I' = v /A.

. p-12, 1.5 The last part of this sentence doesn’t read well.

It was rewritten.

. p-12, §6 Which equations are the numerical simulations solving? A Burgers vortex or the Navier-Stokes equations?

The simulations were solving particle motion equations in Burgers vortex field. It was stated explicitely in the text

in section 5.
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10. p. 12,1. 32 Z and D should be defined: are they imposed on the simulation or simply typical values?

The values were imposed on the simulations to let us account for the void creation of sizes similar to observed.

11. p.16, 1.14 My understanding of the analysis of par.3 and 4 is that A < A, for void creation yet here you are saying the
opposite.
The simulation set 2) in previous version was made with a mistake. The manuscript was changed in such a way

that it does not present simulations with A > A, ... any more.

Review 4

The paper presents field experimental observation of the so defined “cloud voids™ and attempts to provide physical mechanism
for this phenomena based on the simple model of inertial particle expulsion from strong, thin coherent vortices, using Burger
vortex as model. The field observation of the cloud voids is in itself new and interesting and worth disclosing. However, the
link to expulsion from coherent vortices is, although plausible, not as convincing as suggested in the Abstracts and Conclusion
of the paper. I would recommend a somewhat weaker conclusion unless more work is done to strengthen this interpretation.

We weakened the conclusion in the accordance to the reviewer suggestion

In relation to this and other weaknesses, below are my detailed comments:

1. According previous works such as the cited Mouri et al (2000), coherent intense vortices are observed to have diame-
ter not more than about 20 times the Kolmogorov microscale (as reported by Mouri et al.). This is consistent with the
authors’ own survey as they wrote “proportionality constant in Eq. 1 is in the range m € [3.5,24]”. Their observed void
size (centimeters) in this report is however about a hundred times the corresponding Kolmogorov length (see Table 1.).
This calls for an explanation. E.g. are larger vortices expected in atmospheric conditions?

We distinguish between the visible void size, dependent on effect of Mie scattering and vortex radii (Tab.3) which

is close to 1cm, e.g 20 times of the Kolmogorov size in accordance to Mouri et al.

2. As the authors stated, these coherent vortices are “severely intermittent”. What could be said on the prevalence of the
observed voids at the site? And could this be reconciled with known intermittency, perhaps in terms of “large-scale or-
ganization of the small-scale intermittent structures” ?

We do not have enough documented observations to discuss this issue.

3. Ideally, it would be very helpful, if the velocity or vorticity field around the observed void is also concurrently estimated

if not measured. If that is not the case, it would be helpful to establish the presence of intense vortices, long lived enough

10
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and having similar diameters under similar conditions, at the site.
Unfortunately, turbulence as ocurred in the experimental site cannot be reproduced in the laboratory. The au-
thors are working on the better instruments (light-sheets and visualization techniques), reliably working in harsh

experimental environment to collect more data.

. The Stokes number used in simulation 1) is St = 1.45. I was hoping to see St similar to the experimental value (similarly

for S,) for a better comparison (is this not the purpose, why?, in any case I recommend that). In relation to this, I don’t
know if it is meaningful to claim “visible void radii are rather ~ 2 — 2.5 ¢m, which seems close to the experimental
values” (line-4, pg.16) when parameters are not matched.

Our purpose was to prove that simulating an image of a void of diameter close to experimentally observed is
possible. Calculation of St and Sv both use vortex characteristic times: turnover time and sedimentation time. In
3D real turbulence flow estimates of St and Sv are based on Kolmogorov timescale which is a global value. The
single vortex in intermittent flow however can have completely different local parameter values. Comparison of
this numbers was provided rather to convince the reader that they cannot use them as leading indicators of parti-
cle behaviour. We elaborate on this topic in the text. Please note that the numerical simulation examples changed

in the revised manuscript (simulation set 1) is almost the same, but simulation set 2) differs from the one before).

. I'have difficulties understanding Figure 5 and the corresponding explanation in the text. In particular, I am not sure how

to interpret the dashed-lines. Better exposition is welcomed here.
Dashed lines present contours of periodic orbit radius solutions for a few chosen orbit radii: 0.5 cm, 1.5 cm, 3cm.
Colors refer to particle size for which this contours were calculated. We reformulated the whole paragraph and

we hope it is now clear.

. Line-15, pg 16: “Comparison of the modeled and observed voids led . . ..”. observe refers to the field data or the “visible

void” in the simulation?

It refers to the field data. It was clarified in the text.

. Line-4, pg.16 : “0-1.5 cm; however, . . ..". Is zero a typo here?

Yes, this was a typo.

11
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Abstract. The phenomenon of "cloud voids", i.e., elongated volumes inside a cloud that are devoid of droplets, was observed
with laser sheet photography in clouds at a mountain-top station. Two experimental cases, similar in turbulence conditions yet
with diverse droplet size distributions and cloud void prevalence, are reported. A theoretical explanation is proposed based on
the study of heavy inertial sedimenting particles inside a Burgers vortex. A general conclusion regarding void appearance is
drawn from theoretical analysis. Numerical simulations of polydisperse droplet motion with realistic vortex parameters and
Mie scattering visual effects accounted for can explain the presence of voids with sizes similar to that of the observed ones.

Preferential-coneentration—and-serting-Clustering and segregation effects in a vortex tube are discussed for reasonable cloud

conditions.

Copyright statement. TEXT

1 Introduction

The dynamics of heavy inertial particles in turbulent flow is a universal problem that appears in astrophysics, oceanography,
engineering and atmospheric sciences. In particular, in cloud physics, deeper understanding of the interaction between atmo-
spheric turbulence and cloud droplets is seen as a potential answer to many important questions (Bodenschatz et al. (2010)).
Over the years, there has been considerable speculation about the possible role of coherent, long-lived vortex structures in
cloud turbulence and microphysical processes, including both eondensation-condensational growth and collision-coalescence
growth (see Tennekes and Woods (1973), Maxey and Corrsin (1986), Shaw et al. (1998), Shaw (2000), Markowicz et al. (2000),
Hill (2005)). This paper describes the first experimental-in situ observation of a phenomenon we refer to as “cloud voids" -
cylindrical volumes devoid of droplets recorded in real clouds - and is focused on determining whether inertially induced voids

indeed may occur in clouds due to the presence of strong vortex structures.
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Vortex tubes, sometimes called “worms", are severely intermittent, coherent, elongated and long-lasting structures character-
istic of high Reynolds number turbulent flows (e.g. Mouri et al. (2000)). Past theoretical and experimental studies lack general
conclusions about their characteristic time and length scales, intensity and appearance in turbulence. In particular, most of the
research was conducted under conditions different from multiscale atmospheric turbulence. Statistical analysis based on such
research (see e.g. Jiménez et al. (1993), Belin et al. (1999), Pirozzoli (2012)) showed that Burgers vortex core size § (defined
later in Eq. 2), scales roughly with the Kolmogorov length scale 7:

d=mn ey

and that m has a distribution ranging from a few to a few tens with its mean around m = 4. Moisy and Jimenez (2004) analyz-
ing DNS instant velocity fields propose that vorticity structures’ geometrical aspect ratios evolve towards long tubes (1:1:10)
with increasing vorticity threshold. What is more they show that these structures concentrate into clusters of the size in inertial
range of scales. This implies the presence of large-scale organization of the small-scale intermittent structures. In the study by
Biferale et al. (2000), statistics of vortex filament lifetime for a low Taylor microscale Reynolds number Re) indicate that the
maximum lifetime is on the order of the integral timescale, whereas its mean scales with the Kolmogorov timescale. Numerical
experiments described in Tanahashi et al. (2008) suggest that there is a relation between root mean square velocity fluctuations

and the circulation parameter I' of a vortex tube modeled as a Burgers vortex.

Previous efforts to study dynamics of heavy, inertial particles in vortices were made by simulating droplet trajectories in a
prescribed velocity field for several simple single vortex models. Such research for the simplest model of a line vortex with
stretching was conducted by Markowicz et al. (2000) with limitation to horizontally oriented vortices. In order to better under-
stand the problem of cloud droplet dynamics in atmospheric conditions the same model but with arbitrary gravity alignment
was studied by Karpinska and Malinowski (2014). Another model, free from the problem of unrealistic singularity on the
vortex axis, is a Burgers vortex with stretching. It is commonly seen as a very good approximation of a real vortex tube (Neu
(1984), Jimenez and Wray (1998)). The specific features of droplet motion for monodisperse droplets in a Burgers vortex were

examined by Hill (2005) for horizontal alignment and by Marcu et al. (1995) for arbitrary alignment with respect to gravity.

Clustering and segregation effects are of importance when talking about interaction between particles and turbulent flow.
We define clustering of particles of arbitrary sizes as inhomogeneous distribution of particles in space. Segregation refers to

the cases in which spatial distribution of different sized particles are anticorrelated. Different kinds of particle clustering in
turbulent flow were reviewed by Gustavsson and Mehlig (2016), turbulence-induced segregation was for example treated b

Calzavarini et al. (2008).

In this paper we describe the serendipitous observation of numerous, isolated voids in clouds, while conducting measurements
at a mountain-top station. The voids were visually striking and generated great excitement from the scientific team. Here, we
present direct, 2D observations of the distinct types of patterns of clear air in clouds, along with accompanying turbulence

and cloud microphysical measurements. We pose the question of whether the observed cloud voids are consistent with inertial
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droplet response to turbulence under atmospheric conditions. To answer this question, analysis of the particle dynamics in a
Burgers vortex is further developed for the heavy sedimenting polydisperse case and the model is interpreted in the context of

the observations.

The paper is structured as follows. Section 2 describes the measurement method and analysis of experimental data that
shows the phenomenon of cloud voids. Section 3 presents relevant features of single droplet trajectories in a vortex tube model.

Section ??-contintes-the-analysis-of4 projects the analysis on polydisperse droplet motion in a vortex to define the conditions of

cloud void emergence. Section 4-1-deseribes-a-method-of-finding-simlationparameters-corresponding-to-observed-eloud-veoids;

and-Seet—5 outlines the influence of Mie scattering theory specifics on droplet imaging and in consequence void observation.

Section 6 presents void numerical simulation results. Section 7 incorporates the discussion and conclusions.

2 Experimental Evidence

Intriguing structures inside clouds, as presented in Fig. 1, were recorded by means of laser sheet photography during observa-
tions performed on 27 and 29 August 2011 at Umweltforschungsstation Schneefernerhaus (UFS) on the slopes of Mt. Zugspitze
in the German Alps. Each time, the cloud event lasted for several hours. For a description of the observatory and characteriza-
tion of the cloud and turbulence conditions on-site, see Risius et al. (2015) and Siebert et al. (2015). Authors of these papers
showed that turbulence and cloud microphysical properties at the measurement site are quite reasonable representations of
measurements made in ‘free’ clouds away from the surface.

Clouds were illuminated by a laser sheet created with a frequency-doubled high-power Nd: YAG laser (532 nm, 45 W). The
sheet was set either vertical or oblique with respect to gravity. The angle between the laser sheet plane and camera recording
plane in the oblique case was chosen to increase the scattering intensity on droplets and falls within the range of 30-40 degrees.
The laser sheet in the observation region was around 50 cm wide and 1 cm thick. Images covering the approximately 2 m long

section of the sheet at a distance approximately 10 m from the source were taken with a Nikon D3S DSLR 12 Mpix camera.

Laser sheet photography was accompanied by high-resolution measurements of small-scale turbulence and cloud micro-
physics, as described in Siebert et al. (2015). Flow turbulence was measured by 3D ultrasonic anemometers operated at 10 Hz,
from which the velocity structure functions were calculated using Taylor’s frozen-flow hypothesis, and the mean energy dis-
sipation rates were determined using inertial range scaling. Droplet size was measured by a PDI probe (Chuang et al., 2008)
mounted approximately 6 m down from the camera level. Figure 2 presents the measurement set-up and recorded size spectra
of droplets. Droplet and turbulence measurements are summarized in the Table 1. The mean values refer to 30-minute long

record corresponding to the camera acquisition series.

Two kinds of events in which droplet spatial distribution is visibly inhomogeneous were distinguished in the collected im-

ages. The first kind was characterized by an irregular interface separating clear-air and cloudy-air volumes and/or cloudy



Figure 1. Examples of cloud voids observed at the UFS station with various camera-laser configurations. Pietures-Images taken on 27
August (panel a) were chosen to estimate cloud void sizes. The ones recorded on 29 August evening (panel b) show the difference between
inhomogeneities produced by cloud voids and those resulting from the mixing with clear air at the cloud edge. Other pietures-images from
29 August (panel c) suggest that the voids can be quite frequent in the sample volume. Bright spots and lines are due to presence of larger
precipitation particles. 10 cm long segment is shown to represent spatial scale assumed in the void size calculation. For more details, see the

movies attached in the supplementary materials.

volumes of visibly different properties over a wide range of spatial scales (panel b) in Fig. 1). Inhomogeneities of the second

typekind, present within the cloudy volumes, were called cloud voids in “Swiss cheese" clouds. The-word"ecloud-heles™is

example-in(?)—They-were-smater-Cloud voids were small (a few centimeters scale), the interface was usually blurry (see pan-
els a) and ¢) in Fig. 1) and the shapes of clear-air regions were often close to round or elliptic (see magnified voids in Fig. 3). It
is important to point that more intuitive expression "cloud holes" with regards to these inhomogeneities is avoided on purpose

because it is commonly used referring to the cloud-free regions occurring in stratocumulus decks, as described for example
in Gerber et al. (2005). Inhomogeneities of the first kind are argued to be created in the process of cloud — clear-air mixing

Warhaft;2000)(e.g. Warhaft (2000)). In contrast, in some series of images and movies, the shape of the recorded tracks of



27 august 2011
129 august 2011

101

1072

DF

a 103

107

107

0 20 40 60 80 100
droplet radius R[xm]

IDAR st with sonic PDI probes
ome
nemometers
46q
Tisinna T |
B | -
4 11 IE [T
‘ —-":l-_r:-j:,:m .lezlllllfllli:lillll T

Figure 2. Droplet size distribution-distributions measured with a PDI probe (top) and the arrangement of instruments at the measurement

site (bottom).

cloud droplets suggest the following cloud void origin hypothesis: they result from interactions between inertial, heavy cloud

droplets and small-scale vortices present in a turbulent cloud. Comparison of the two described cases becomes straightforward



Table 1. Properties of turbulence and cloud droplets during observation periods.

August 27th | August 29th
Energy dissipation rate ¢ [m?/s3] 0.055 0.070
Kolmogorov length scale n [mm] 0.50 0.47
Komogoroy timescale 7 Js] 0.017 0015
Mean droplet radius R [pm] 129 £4.8 64+£1.5
Sauter mean radius R32 [um] 18.1 73
Stokes number St (mean) 0.126 0.035
Stokes number St3o (Sauter) 0.247 0.045
Sedimentation parameter Sv 0.676 0.172
Froude number F'r 0.431 0.470
Number density n [cm™3] 56 + 47 no data

when conducted on the basis of the movies in the database (Karpinska et al., 2018). In the movie "ms01" between 13s-and-22s
13 s and 22 s there are two cloud void appearances. Motion of the void in the homogeneous cloud field resembles motion of a

worm. Movie "ms02" presents cloudy and clear air mixing at the cloud edges.

5 There were a few series of cloud void images collected with various laser-camera settings on the two experimental days.
The best quality series, made in the morning of the 27th, was chosen for void size analysis. For the series of 17 photos selected
for analysis, there were four in which voids were not clear enough to be accounted for. In the remaining 13 photos 27 voids
were identified. Each one’s size was manually determined. In the case of a round void, the diameter was taken as the size; in a
case of flattened or ellipsoidal void, the maximal chord was taken. The typical void diameter was estimated to be 3.5+1 cm;

10 the maximal, 1244 cm; the minimal, 1£0.5 cm. Images from the analyzed series from the morning of August 27th showing
examples of objects identified as voids are presented in the panel a) of Fig. 1. voids-Voids captured on the 29th of August
were not analyzed due to the large uncertainty resulting from the unknown geometry of the camera-laser set-up. The general
experimental observation was that the voids were smaller then those on August 27th. Definitive experimental verification of
the cloud void origin is not possible on the basis of collected data only; however, in next sections, we argue that void creation

15 due to inertia of droplets present inside vortex tubes is highly probable.

3 Motion of Heavy, Inertial Particles in the Vortex Tube Model

To address theoretically the issue of cloud void origin, we follow the concept of the polydisperse inertial droplet population
response to a coherent vortex pattern. In this section we take the first step on this track presenting relevant features of single
droplet trajectory in the chosen vortex tube model. A population of particles is assumed to form a dilute collection of material

20 points, heavy and inertial, displaced by gravity force and viscous force (Stokes drag) only. Burgers vortex (Burgers, 1948) is



Figure 3. Example close-ups of variously shaped cloud voids observed at the UFS station with different camera-laser configurations. 5 cm

long segment is shown to represent spatial scale assumed in the void size calculation.

used as a model of a steady vortex tube. The z-axis in the cylindrical coordinate system (r, ¢, ) is aligned with the vortex axis.

Hs-3D velocity field v is determined by two parameters: circulation I' and stretching strength :

F ’7‘2
v:—%rér—l—?(l—e_ﬁ)écp—l—'yzéz, 2)
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where § = \/2v/7 is the vortex core size and v denotes the kinematic viscosity. A particle’s equation of motion is as follows:

L1 .

P=—(v-7)+g, 3)
Tp

where 7, is the particle relaxation time and g = —g (sinf€, + cos €. ) is gravitational acceleration inclined by the angle 6 €

[0,90°] with respect to the vortex axis.

The analysis of single droplet motion in projection on a plane (r, ) perpendicular to the vortex axis (henceforth called 2D
space) was conducted by Marcu et al. (1995) and is summarized below. The behavior of a droplet inside the vortex depends
on a set of six parameters {I',7,6,7,,¢,v}. The nondimensionalization of the equations leads to Eq. 4 and gives a set of

dimensionless parameters {St, Sv,0, A}:

r* — = —Gt1 (Ar* + 4 Svsin@)
2 41t = St1 ( L(1- e_#) —rrp* — Svcosgo) . 4)

2mr*

2 =Gt ! (Az — 2% — Svcot 9)

Henceforth, dimensionless variables are denoted by *. Stokes number St was-here is calculated with the use of the characteristic

timescale of the Burgers vortex flow, which is the vortex core rotation time 7 = §°T' "%, so St = TpTy ' = 7,162, The sedi-

mentation parameter Sv is a ratio of 7y to the timescale of sedimentation through the vortex: Sv = 7,7, l=§gr,sinfl 1. It

characterizes motion in a plane perpendicular to the vortex axis. The last quantity 4-—=+4+—Listhe strain-parameterA = vI' "' = 1/Re

is the nondimensional strain parameter, the inverse of vortex Reynolds number Re,, . It is worth mentioning that the ratio of

Stokes number to the sedimentation parameter, called Froude number F'r = StSv~1, is a measure of the influence of gravita-

tional force on the droplet motion. In the limit of a large Froude number, gravity is considered negligible.

As one can see in Eq.4 equation describing particle motion along the vortex axis is separated from the equations describin
motion in 2D space.

3.1 Motion along the vortex axis

Motion along the vortex axis is determined by stretching outflow drag and gravity force. As a consequence particle z position

shows an exponential dependence on time. What is more, every droplet has one unstable equilibrium point at 2 = SvA = cot @ = v L g7,

The analytical solution was presented in (Karpinska and Malinowski, 2014).
3.2 Motion in the plane perpendicular to vortex axis

The solutions of the-abeve-equations-Eq.4 have several different attractors in 2D space(valid-for3D-ease-without-gravity-or
with-gravity-. It is helpful to distinguish two cases: with gravity and without gravity (valid as well when gravity is parallel to

the vortex axis).
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Table 2. Existence of equillibrium points with respect to A and Sv parameters. A.r, 75, 5., SUmin, SUmas defined in the text body.

4 2> Aer | Sy arbitrary |1 eg. point
A < Aer[SUming SVmaz] 2 0L 3 eg. points

3.2.1 Without gravity (vertical vortex

For every particle of a given radius a stable, circular periodic orbit exists if St < St., = 1672 A. For St > St.,., there exists a

stable equilibrium point positioned on the vortex axis. A radius of the periodic orbit satisfies the equation:

r2\/A/St — [1—exp(—r**/2)] /2m =0. 5)
5 3.2.2 With gravity (inclined vortex)

Nonparallel alignment of the gravity vector and vortex axis (6 7 0) destroys the axial symmetry of the system and introduces

the presence of other attractors, such as limit cycles and equilibrium points outside the axis.

For a nonzero 6, every particle always has equilibrium points in 2D space. Positions of these points are determined by Sv

10 and A. They can be obtained by solving the equation for the radial component 7*:

2 2
. L—exp(=57) )\ _

Now, let f4(r*) be the left hand side of Eq. 6. A plot of this function for a given A is called a-an equilibrium curve (see Fig.2
in Marcu et al. (1995)). Detailed analysis of equillibrium curve dependence on parameters is performed below and leads to the
conclusions summarised in the Table 2.
15

It is easy to find that f4(0) =0 and lim,-_, fa(r*) = co. Moreover, there exists a critical value Az=0-02176-A,, for
which bifurcation from one unique solution (for A > A.,) to maximally three solutions (for A < A,) occurs. A, corresponds
to equillibrium curve that has a horizontal slope at the inflection point. A, value was estimated numerically (see the Table 3).
For A > A,, the equilibrium curve is a monotonically increasing function se-there-is-exaetly-one+2*Lof r* so there exist exactly

20 one solution for every Sv value. For A < A, the equilibrium curve always has one maximum at 7, ... and one minimum at

7 in- The inflection point at A = A, on the equilibrium curve -whichties-at+—=2-1866:lies at r; (see the Table 3). It restricts
values of 7, ., from above --and values of r};,, . from below. Consequently, for Sv < fa(r,,,,) and for Sv > fa(r,,.). there
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Table 3. Burgers vortex nondimensional numbers

Acc[0.02176 |
A, 001917
is only one solution. For Sv—=fx{ri—andfor-Sv=Fa{rt 3 SVpnin = fa(rt...) and for Svp,.. = fa(rk ...), there are

two solutions. For fa(r?,;,) < Sv < fa(r , there are three solutions.

maz)
max

The-stability-Not only is the existence of the solutions important but their stability as well. Let 7o denote an arbitrary solution
of Eqg. 6. The exact form of the stability condition of the solution #{-rj is governed by the function ¢(r{) (as defined in Marcu

et al. (1995)). The exacteondition-depends—condition can take two different forms depending on the sign of ¢{}—Sinee-the

. 1 [1—exp(—r3?/2)] [1—exp(-7E?/2) «2
¢(T0) = (277)2 ,r>OkQ 7,,62 - eXp(_rO /2) (7)
The function has only one zero at +-=1-585261;there-are-two-casesr (see Table 3). For small radii (rg < %), the equilibrium

is stable if:

®)

For greater radii (r§ > r}), the condition for stability depends explicitly only on A:

Az o(r5). ®)

The equilibrium point satisfying the first type of the condition was shown to be a focus:-, the second type --a-node-Different

L 7 conditionciwerechowninFie 4 1nM a 00

10
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Table 4. Stability conditions of particle equilibrium points present in the Burgers vortex with respect to vortex strain parameter A and

dimensionless distance from the vortex axis r*. Ay, ©(r™), 7%, rin and 7,4, defined in the text body.

S T: (r::T:nam) [r:naxvr:nin) Z T;knin

A< A stable partly unstable | stable
unstable for St > A/|¢(rg)|

stable

Analysis of the equilibrium point stability conditions
with emphasis on the dependence on strain parameter A. The results were-are described in detail below and are-summarised in
Table 4.

obtained-numerteally-Generally, stability conditions are different for A ranges separated by A; = max,.« r5) ) (approximate

value obtained numerically in the Table 3). A > A; always satisfies then the condition expressed by 9. The term “partly un-

stable" in the table refers to the following: In the range of <rsg<rr.., foragiven A, only a small

* *
max’’ min

*
max

fraction of the total range (near points 7 and r . ) is stable. This range grows with increasing A. Numerical experiments
show, however, that their domain of attraction in the presence of other stable points (at least one exists always) is relatively

small.

Combination of multiple existence conditions with stability conditions creates a variety of single particle motion scenarios.
Some of them are shown in Fig4 in Marcu etal. (1995). These scenarios are used in the next section to carry out a search
for vortex model parameter values that produce a void. Fig. 4 here illustrates one of these scenarios in which there are three
equilibrium points: I - unstable point near the axis, II - unstable middle distance point, III - stable point far from the axis.
A particle, depending on initial position and velocity, rotates around point I or is weakly attracted by unstable point II or is
strongly attracted by stable point II.

11
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Figure 4. Example illustration of monodisperse droplets trajectories in 2D space (projection on a plane perpendicular to the vortex axis) with

zero initial velocity. Particle trajectories (color lines) show the presence of three equilibrium points marked with black dots: I - unstable near

vortex axis, Il - unstable middle distance point, III - stable point far from the axis. Some droplets rotate around the vortex core on various
orbits, some of these orbits may correspond to limit cycles. Different attraction regions can be noticed.

12
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4 Cloud void creation conditions

Using conclusions concerning motion of a single particle, the following hypothesis on polydisperse particle collective behaviour
can be formulated: a void can be created if a majority of the droplets have an unstable equilibrium point close to the axis
I S rs. leading to a limit cycle or periodic orbit attraction. Radius of curvature should be large enough for a void to be
noticable. In case of multiple equillibrium points existence, attraction by stable equilibrium point far from the axis 14 > 7.
should not considerably influence droplet trajectories close to the void considerably. The first and the last condition are
inspected in the first subsection below, the second condition in the next subsesction.

4.1 Polydisperse particles

Obtaining mathematically strict condition for creation of an arbitrary sized void in arbitrary polydisperse collection of droplets

is-would be too detailed and too complicated to be used-directly-for-comparison-with-profitable for explanation of crude ex-
perimental results. Thorough analysis of single droplet motion hewever,ean-be-in addition to what was presented in the paper
Marcu et al., 1995)) was performed and used to draw approximate conclusions —Fhe-ebvious—statement-about polydisperse

droplet motion.
The most obvious conclusion is that when circulation of the vortex is too small: A > A..,., the motion of particles is determined

mostly by the gravitational force and resembles simple-falling-sedimentation through the vortex -but-with curved trajectories.
W%WW tA< Acr ?abl&%ndtea%es—ﬁa&&he—veid—eaﬁbeﬁea{edff—me—majeﬂfy
int-+—for a void to be created.

The other condition is _that equillibrium points near the vortex center for majority of the particles are unstable, allowing
circulation around the vortex axis. Inequality 8 is exploited below to find the qualitative depenedence between vortex and
particle parameters that fulfills this condition.

Firstly distance from the vortex axis of the equillibrium point should be in the range 7* < riean-be-approximated-using-&
tinearization-of-. It allows approximation of relation described by Eq. 6 =

in the vicinity of r* = 0. The approximation is made with the assumption that in this vicinity the dependence on A is weak
see Fig.2 in Marcu et al. (1995

2 1— _*22 2 1— _*22 2 *2
(Sv) :7'*2 1+( eXp( r /)) :T*2+( eXP( r /)) 17"*2+ 1 L:r*2(1+(47TA)72),

A 27 Ar*2 (2m Ar*)? 4m2 A2 4
(10)
r* ~4rSv (1+(47TA)2)_%. (11)
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2873 gsinf§3
——

const

The above approximations are used in simplification of the stability condition determined by Eq. 8. In the end the condition
for unstable points near the axis splitsin-are algebraicly transformed and expressed by spliting it in two parts. The first part

concerns only the vortex parameters and the second part the particle sizes.

The first part requires that strain parameter A must-be-small-enough(is small enough:
A< Apgy x B (2)
and consequently circulation targe-enough):-

I large enough:

A< Ao =27 "9B"3 + O(T > Typip xB?). 713 (13)

The second part demands that particle Stokes number falls within the range (St1,S5t1 + ASt) and it is related to the vortex
parameters (results shown to the leading term order in A):

Stlo(A

. (14)
AStx BA™?

B is a new dimnensionless parameter depending on vortex core size § and gravity influence gsinf:

* 2
o T 14
D= 28,”3 const

gsinfé3”

15)

Maximal strain parameter A,, ... (minimal circulation I',,;,,) increases (decreases) weakly with B. So the larger the vortex core

size 0 and gravity influence gsinf the larger the minimal circulation needed.
The following reugh-conclusions can be drawn from the above approximated relations:

— There is a threshold (minimal) value of circulation needed for void creation. It increases with gravity-inflaenee-({gsin#linclination

angle (sin ) and vortex size 9.

— The greater the circulation the smaller particles have their unstable points near the axis.

— The range of particles having unstable points near the axis increases with increasing circulation and decreases with

increasing gravity influence and vortex size 4.

14
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Building up on these results it may be concluded that it is harder to observe voids created by horizontally aligned vortices than

vertically aligned ones and the-harder-with-inereasing range-of particlesizesit is the harder the larger particle size range is.

5 VertexTube Model-Parameter Ranges

4.1 Particle orbit in a void - radius of curvature

results-are deseribed-betowln order to obtain a void, a majority of the droplets must circle around the axis and curvature of their
trajectory should be large enough for a void to be noticable. In order to estimate the curvature radius we perform the following.
reasoning, For simplicity particle and vortex constants and parameters are now chosen to match those of water droplets in the
cloudy air and henceforward particles are called droplets. Firstly, a basic vortex spatial scale is established for the measurement

conditions. Premises found in the literature deseribed-discussed in the introduction were used for making the assumption that

the proportionality constant in Eq. 1 is in the range m € [3.5, 24]. Therelation-between-the-vortexstretchingparameter-and-the

It means 0 € [0.18,1.20] cm for August
27th measurements. Secondly, droplet trajectory curvature radius is approximated by the periodic orbit radius deseribed-by

which is a solution of Eq. Sseems-reasonable—Figure-5-presents-contours-of periodic-orbit radius—solutions-as-afunction—o

sizesFR-were—chosen—te—represent—. For this reason, various solutions of Eq. 5 are presented in Fig. 5 in function of vortex
arameters. Every color represents one of droplet sizes: R = 3,13,23 pm chosen to be within the experimental range for

August 27th (see Table 1). Colered-arcas—correspond-to-the-periodic-orbit-existence-condition5-QOverlapping colored surfaces

match regions in which solutions can exist (what corresponds to the condition St < St.,—Fhisleadsto-the Himitation-of-the

o e £ £ T oo =5 ¢ _1n=3

is). Dashed lines are contour plots of
0.5 cm, 1.5 cm, 3 cm. Using the information presented in this plot, the

solutions of chosen (close to experimental) void sizes:

analysed strain parameter was further limited, from A < 4., downto A € [10~*.8-1073].

5 Mie scattering influence on particle imagin,

15
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Figure 5. Contour plot of stable periodic 2D orbit radius for droplets of radii & = 3, 13,23 wm covering the experimental range on August
27th. Selected ranges of vortex parameters: vortex core size J and strain A are in x an y axes, respectively. Overlapping (blue on a top, then
pink and green) colored surfaces match subspaces in which stable periodic 2D orbit exist for droplet radius given by its colour. Dashed lines
are contour plots of solutions of chosen void sizes:0.5 em .1.5 cm., 3 cm. Black points represent parameters set for simulations as described

16
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The Mie scattering theory is a rigorous mathematical theory describing the problem of elastic scattering of light by a dielectric
sphere of arbitrary size and homogeneous refractive index in the case in which a sphere size is similar to or larger than the
wavelength of the incident light. It shows a complex angular and particle size dependency of the scattered light intensity
(van de Hulst, 1957). Thus brightness on images of laser light scattered by polydisperse set of droplets does not have to be
monotonic with the droplet size. The reasons are described below.

Firstly the camera sensor pixel responds with a signal registration only if it receives an amount of energy exceeding a certain
treshold. Light scattered on a particle passes through the optics and undergos some transformations, What is more particle
image on the sensor is characterized by internal intensity distribution. Image size depends on particle size, optics magnification,
position with respect to the focus and other factors (see Olsen and Adrian (2000)).

Secondly the scattered light intensity at an arbitrary angle depends nonlinearly on particle size. Bigger particle can give lower
intensity than the smaller one or there may be several order of magnitude difference in intensity between particles differing by
one order of magnitude in size.

For the purpose of our simplified analysis, the following assumptions are made:

— One particle image is recorded by one pixel,_

— the signal received by a pixel changes linearly with incident light intensity only,

— particle is in focus and its image size and depends linearly on the particle size,

— the experiment in clouds was set up to allow best visualisation of maximal number of particles possible.

In order to compare results of the simulations with the measurements a procedure of droplet size and colour scaling is proposed.
Mie scattering intensity calculation is performed with the help of algorithm that was described in Bohren and Huffman (2007).
The scattering angle corresponds to 40 deg. In the size range of cloud particles the light intensity has a general growing
tendency, but it is still strongly nonlinear. There are 3 orders of magnitude difference between particles of 1 ym and 30 pm
radius. Relative intensity is calculated on this basis. Next, the brightness scaling is made. It assumes that experiment was set-up
to let visualisation of 95% of particle size spectrum. Particle size at which particle size distribution cumulant reach 95% was
calculated. Particles larger than this size have get brighness equal to 1 in the plots. The other particles brighness scales linearly.
with relative scattered light intensity. To mimic camera sensitivity there is a threshold below which particles get brighness 0.
In the plot with white background the relation is opposite, so brightest particles are black, and the least bright are white. This
color scaling was used in the next section for numerical simulation plots.

6 Numerical SimulatiensSimulation Results

The hypothesis of cloud void appearance was verified by numerical simulations. To imitate processes occurring in real vor-
tex tubes in clouds and examine the effect exerted on a droplet field by the presence of a vortex, a cylinder-shaped domain

was chosen. At ¢t = 0, the domain was filled uniformly with a given number concentration n of droplets. Droplets leaving the

17
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Table 5. Sets of vortex and particle parameters chosen for numerical simulation. St, Sv, F'r are mean values. Only sets 1) and 2) give the

visual effects of the cloud void.

6 [em) 0 A Amaz Trls] St Sv Fr
D| 6510 |6783m/8 | 7500003 | 0:0003600017 | 000300020 | 145123 | 6:00140.0034 | 3182360
2) | 24210 | w/4 | 6004800014 | 0604600017 | 604500093 | 6055026 | 0940.0159 17
3) 0.5 07831/8 | /400030 | 6067600030 | 0002400050 | 0068049 | 005700223 | +09622

simulation domain were eenstantly-removed, and no interaction between droplets was imposed. Initial positions of the new
droplets appearing-in-the-demain-at £ > 0 were randomized on the cylinder surface to obtain conditions “outside the cylin-
der” of homogeneous spatial distribution with the same n. The initial velocity of these droplets was adjusted to the radial
inflow velocity. The simulation domain size was chosen to be capable of showing phenomena at scales larger than standard

experimental cloud void size, such that Z = 42-20 cm long and D = 5 cm in radius. Sensitivity to different values of D was
examined, and no significant dependence on void creation was noticed. An-almeostconstant-dropletnumber-Droplet trajectories
were calculated by solving numerically Eq.3 in Burgers vortex velocity field. Droplet number concentration within the domain

WwaS-ootahnecaH—+tn oY O Htation § Tat an—a outton—ot—-arop ad bHto a = H Wa O

for-simulations-to-match-the-experimental-values-is almost constant and pattern does not change. Droplet radius distribution

matches the experimental distribution from the 27th of August (see Table 1 and Fig.2 for comparison). Since droplets do not
interact with each other and results do not depend on droplet concentration, n = 10em—>-6r#=-26-cm™~> was chosen t#-order

s-as a compromise
between computational costs and visibility purposes. After a few seconds each simulation becomes steady. 40° scatterin
angle was chosen for calculation of Mie effect in the post-processing of simulation results;-a40°seattering-angle-was-used-

Fwo-stmulationsThree simulations’ parameter sets are presented below. Two of them, 1) and 2) ;-with-parameters-deseribed
in Table 5 may result in the presence of a round or close to round void around the vortex axis. Simulation 3) does not show

anything close to void creation or any other persistent pattern formation. The-three-simulation-cases-werechosen-to-indicate
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Figure 6 presents a 3D picture-views (panels a and b) with a 2D eross-seetion—cross-sections (c and d) at the last, quasi
stationary stage of simulations 1) and 2). In the database (Karpinska et al., 2018) one may find 2D and 3D animations from the
simulationsboth-in2D-and-3D. Animations "ms03" and "ms04" correspond to set 1), "ms05" and "ms06" to set 2), "ms07" and
"ms08" to set 3).

Droplet spatial distribution in and around
resented voids show signs of clustering and segregation. Standard quantitative indicators of these phenomena (radial distribution

function, fractal dimension, Voronoi diagram, segregation lenght) designed for homogeneous isotropic turbulence in our case

would be difficult to interpret so another approach is proposed.

Droplet size distribution was divided into five bins in a way the bins are equal in droplet number. Number concentration n
with respect to the distance from the vortex axis r was plotted in panels eand--) and f) of Fig. 6with-different-shading-colors
representing-. The ploted 1 values represent the mean over 50 succesive time instants. Different shading colors represent
contributions from different size groups—A-hemegeneous-, so the darkest plot represents smallest droplets - first size group,
the brighter represents the first and the second size group together etc. If the distribution of droplets in space-would-give-a

eyeles-are-elearly-seen—Line-the domain was homogeneous it would be plotted as horizontal, parallel, equally spaced lines.
Red line plots in the same panel present droplet mean radius (R) and droplet mean visible radius (.S) {sealed-aceording-to-Mie
seattering)-with-respeet-to-the-distaneefrom—vertex—axis—+versus distance from the vortex axis. Visible radius reflects droplet

relative sizes in the camera image estimated by including Mie scattering and the camera threshold sensitivity influence as
defined in Sec.5. In the absence of sorting horizontal-Hines-Their-actual-shape

e, both plots would approach

Panels e and f of Fig. 6 show that droplets around the void radit-are-rather~2-2-5-em;-which-seems-close-to-the-experimentat

vakues-and-is-on-the-order of the Burgers-vortex-core size-dare nonhomogeneously distributed and segregated by size in space.
The most inner part of the figure in panel e) is almost devoid of droplets. The larger distance from the axis the bigger the
particles circling around the void. Animations of motion clearly present that this is caused by limit cycle attraction, which
radius apparently grows with droplet size. This is pronounced in panel ¢ as well. Visible void radius is around 2.5 cm. whereas
“real” (no droplets) void radius is estimated to be 1 cm. Panel f of Fig. 6 shows more blurry situation: the inner part of the
vortex is not empty, but the droplets are smaller (less visible) then those more away from the axis. For increasing visibility
treshold visible void size increase in both cases.
Values of St Sv (mean of polydisperse particle set) in simulated vortices differ essentialy from values in Table 1. Estimations
of St and Sv in 3D real turbulence flow are based on a global value - Kolmogoroy timescale. Calculation in the simulation
use vortex model characteristic times. Local parameter values of single vortex in intermittent turbulent flow can be completely.
different then global flow characteristics.
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Figure 6. Positions of droplets in simulations 1) (left side) and 2) (right side) as described in Table 5 in perspective view (panels a and b) and
in 2-emv4 cm-thick central slice projected on a plane perpendicular to the vortex axis (panels ¢ and d). The blue arrow shows the direction
of gravity. In panels a-d, droplet eotor-and-size and colour are propertional-scaled respectively to the Mie-seattering-intensityrules described
in Sec.5. The red fines-tracks behind the particles in panels a and b reflect the last A¢+=6-66-5-At = 0.0055 s of the droplet trajectory (for
clarity every 10th droplet is drawn). The gray-dashed circles in panels ¢ and d reflect the approximate shape and size of the visible void
in the droplet field. Panels e y-and f y-present: the number concentrgigon of droplets n with different blue shading colors representing the
contribution from different size groups - left axis, droplet mean real radius (solid red line) ;-right-axis—and mean visible radius (dashed red

line) - right axis, all with respect to the distance from the vortex axis r.
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In summary, there are two possible factors together creating the visible effect of the void. The first one is collective droplet
dynamics: the majority of the droplets move on helical trajectories, being attracted in 2D space by the limit cycle or by a stable
point near the axis. Fhe-targest-onesLarge droplets may be slowly attracted by their equilibrium point far from the vortex axis

in 2D space, but in the course of attraction they circle around the axis. At the same time, a significant ratio of the characteris-

tic timescale of motion in the plane perpendicular to vortex axis with respect to motion along the vortex axis is needed. The

Secondly, segregation of particles with respect to the
distance from the vortex axis can influence visible void size due to Mie scattering effects. Even if the circulation is not strong.
enough to displace the smallest particles far from the vortex axis istble aser-sheetpi ‘
it is possible that their images are
not recorded by the camera, Therefore visible void size can depend vitally on imaging capability.

7 Discussion and Conclusions

Visualizations of cloud droplets by means of laser sheet photography performed at the Schneefernerhaus observatory revealed
the presence of voids - holes in the form of curved elongated cylinders with a radius of a few centimeters{see-the-movie-in
the-supplementary-matertals). The possibility of such cloud voids or “Swiss cheese" cuts in clouds was suggested by former
studies of the Stokes motion of cloud droplets in idealized Burgers or line vortices. Using information on cloud droplet size
distributions and turbulence parameters collected in the course of observations, as well as literature discussions on vortex tubes
in turbulent flows, we have shown that the cloud voids observed under the experimental conditions were very-likely a result of
the presence of relatively thin yet long vortex tubes. Approximate theoretical conditions of void creation en-primariy-—vortex

were proposed and vortex circulation was shown to be
the parameter of the greatest importance in the conditions formulation. The calculations are consistent with the observation that

voids are present under some conditions and not under others. Comparison of the modeled and ebserved-experimental voids
led to the conclusion that properties of the Mie scattering of-taser-sheetlight-have-to-be-aceounted-for-to-reproduceplay great
role in reproducing of the proper size and shape of the-ebserved-eloud-voids—cloud voids observed by laser imaging.

This finding, if confirmed in clouds far from the atmospheric surface layer, might help to better understand the effect of high
Reynolds number turbulence on clustering, size sertirng-segregation and probably collisions of cloud droplets. In the literature,

several perspectives on this-preblem—werepresented:—the-eentrifuge-mechanismfor-sma particles-in-the-dissipation—rang

re-the clustering mechanism were

resented, to name just a few: Maxey (1987), Coleman and Vassilicos (2009), Falkovich and Pumir (2007),Gustavsson and Mehlig (2011).
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The paper of Gustavsson and Mehlig (2016) presents a thorough review of research on clustering. Authors are aware of the fact
that considering droplet motion within a single vortex ;-as a representative of coherent dissipative structures expected to exist
in turbulent flows, as-in-the-present-paper,-is a strong simplification in comparison to the cited works. However, the research
conducted for non-sedimenting particles in Ravichandran and Govindarajan (2015), Deepu et al. (2017) suggests that fixed
point attraction and caustics formed by limit cycle attraction strongly increase the clustering and collisions of particles near
single and multiple vortices. This fact should become very distinct motivation for investing in both experimental and theoretical

research aiming at thorough quantitative characterization of cloud void events.

Code and data availability. Numerical simulation code available on demand. Data repository containing experimental movies and an-
imations of simulations is retrieved from: https://www.researchgate.net/publication/328429794_Data_supporting_the_paper_Turbulence

induced_cloud_voids_observation_and_interpretation.
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