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ABSTRACT: Cloud microphysical relationships observed during the Cloud System Evolution in the Trades (CSET) cam-
paign held between Northern California and Hawaii were analyzed to study the effects of entrainment and subsequent mix-
ing of free-tropospheric and cloudy air on cloud microphysical properties of marine stratocumulus clouds. The data
measured by Holographic Detector for Clouds (HOLODEC) were extensively used because they could provide the 3D po-
sitions and sizes of droplets within sample volume on the centimeter scale, making it possible to explore the 3D spatial dis-
tribution of droplets, which has not been possible for conventional cloud probes. This study focused on analyzing the 3D
spatial distribution of droplets and visual traits of inhomogeneous mixing and on quantifying the relationship between 3D
spatial distributions and traits of inhomogeneous mixing. Two types of spatial distributions are compared. The first is mea-
sured droplet spatial distribution and the second type is generated randomly distributed droplets using the Monte Carlo ap-
proach, that is, to analyze whether or not clustering is strong enough to classify as a clustered distribution for a hologram.
The difference between the two types of spatial distributions depends on whether they are affected by entrainment and
mixing. The holograms observed near the cloud top, where the effects of entrainment and mixing would be immediate,
showed relatively high confidence in the significance test for spatially clustered populations of droplets. Moreover, spatially
clustered holograms appeared to exhibit stronger visual traits of inhomogeneous mixing than perfectly randomly distrib-
uted holograms only when observed near the cloud top. On the other hand, these characteristics did not appear for holo-
grams observed deeper into the cloud where the effects of entrainment and mixing would be reduced. Such 3D structural
characteristics of droplet distributions seem to be consistent with vertical circulation mixing.

KEYWORDS: Cloud droplets; Cloud microphysics; Drop size distribution

1. Introduction

Rain is often observed within 30 min after cloud formation
(Rogers and Yau 1989), but there is no clear explanation for
how cloud droplets grow to become raindrops in such a short
time. It is challenging to explain the growth of cloud droplets
in the approximately 20–40 mm diameter range, where neither
the growth by condensation nor by collision–coalescence is
effective. Extensive studies have been conducted over the past
few decades to understand this problem (e.g., Baker et al.
1980; Jonas 1996; Pruppacher and Klett 1997; Vaillancourt and
Yau 2000; Shaw et al. 2002; McGraw and Liu 2004; Grabowski
and Wang 2009; Lehmann et al. 2009; Devenish et al. 2012;
Yum et al. 2015; Yeom et al. 2019; Hoffmann et al. 2019; Desai
et al. 2019; Lu et al. 2020). Turbulent entrainment–mixing
between ambient dry air and cloudy air is one of the ideas that
may solve warm rain initiation problems that are not yet fully
understood. Turbulent entrainment and mixing scenarios are
classified into two types: homogeneous and inhomogeneous
mixing. In the case of homogeneous mixing, it is considered
that the time scales of turbulent homogenization are much
shorter than the time scales of droplet evaporation. As a result,

all droplets experience the same subsaturation, eventually re-
ducing both droplet sizes and number concentration by dilu-
tion (Warner 1973). If the opposite is the case, inhomogeneous
mixing may occur. In this scenario, the droplets adjacent to the
entrained air evaporate completely but the other droplets in
the mixed parcel maintain their original sizes (Baker et al.
1980). If this parcel ascends, droplets can grow faster than
those in undiluted adiabatic parcel because with the reduced
concentration they would have less competition for water va-
por than those in the undiluted cloudy air (Yang et al. 2016).
To examine which mixing scenario is relevant to real clouds,
several studies analyzed the microphysical relationship be-
tween droplet number concentration (or liquid water content)
and droplet size observed in clouds (e.g., Pawlowska et al.
2000; Yum and Hudson 2001; Burnet and Brenguier 2007;
Lu et al. 2011; Yum et al. 2015; Yeom et al. 2017).

From the spatial structure point of view, the entrainment–
mixing process could induce spatial clustering of cloud drop-
lets. Baker (1992) studied the effect of entrainment and mix-
ing on the spatial clustering of cloud droplets as a new
observational approach to examine whether or not cloud
droplets were located perfectly randomly in space, instead of
analyzing entrainment and mixing indirectly by interpreting
measured droplet microphysical relationships. However, Baker
(1992) discussed that the explanations for spatial clustering
at small scales between 0.5 and 5 cm remain speculative and
unclear. Meanwhile, Shaw (2003) argued that spatial cluster-
ing at centimeter scales and below could also be caused by
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strong fluid accelerations leading to preferential concentra-
tion, and more recent observation (Larsen et al. 2018) sug-
gested that inertial-droplet clustering was dominant in the
range of approximately 0.1–0.5 cm but not at larger scales. On
the other hand, Dodson and Small Griswold (2019) showed
that spatial clustering not only at meter scales but also at cen-
timeter scales was enhanced in the edges of cumulus cloud
compared to the cloud center and suggested that the entrain-
ment occurring at cloud edges could lead to spatial clustering
at centimeter scales.

The effects of entrainment and mixing on droplet spatial
structure at centimeter scales within the observational frame-
work for homogeneous and inhomogeneous mixing are not
studied yet. Theoretically, in the course of inhomogeneous
mixing, spatial clustering of cloud droplets could occur. Be-
cause the time scale for turbulent mixing is much slower than
the time scale for evaporation of cloud droplets, some drop-
lets might evaporate completely in the sections that are in im-
mediate contact with the entrained subsaturated air but in
other sections droplet evaporation would be limited, which
would induce nonuniformly populated droplet spatial distri-
bution. That is, some parts are relatively sparsely populated
due to complete evaporation of droplets but in other parts
droplet population is largely maintained, and therefore looks
clustered when compared to those in relatively sparsely popu-
lated sections. On the other hand, in the course of homoge-
neous mixing, the mixing time scale is much shorter than the
evaporation time scale. Therefore, evaporation occurs uni-
formly after the entrained air is completely mixed with cloudy
air, which implies that if droplets were initially randomly dis-
tributed, such droplet distribution pattern would have been
preserved.

Several studies (Uhlig et al. 1998; Beals 2013; Beals et al.
2015) analyzed the 3D spatial distribution of droplets to quan-
tify spatial clustering. Uhlig et al. (1998) compared the first
and second neighbor distances between cloud droplets from
six holograms measured by Holographic Droplet and Aerosol
Recording system with the theoretical Poisson distribution.
Beals (2013) and Beals et al. (2015) also quantified spatial
clustering using the 1st-nearest-neighbor distance recorded by
the Holographic Detector for Clouds (HOLODEC). We use
the HOLODEC data observed during the Cloud System Evo-
lution in the Trades (CSET) campaign. The main advantage
of HOLODEC is to provide the 3D positions and sizes of
droplets within ∼13 cm3 sample volume with a temporal reso-
lution of 3.3 Hz. Conventional instruments (e.g., Cloud Drop-
let Probe or Forward Scattering Spectrometer Probe) have
been called as 1D instruments because they continuously mea-
sure a single droplet within the sample area similar to the area
of a needle (∼0.1–1 mm2). That is, HOLODEC gives us an op-
portunity to explore the 3D spatial distribution of droplets,
which has not been possible for the conventional cloud probes.
This study focuses on analyzing the 3D spatial distribution of
droplets along with the kth (k is the rank number of the near-
est neighbors) nearest neighbor as well as the 1st-nearest-
neighbor distance plot and quantifying the relationship

between 3D spatial distribution of droplets and visual traits of
inhomogeneous mixing.

This paper is organized as follows. In section 2, the
principal instruments and data processing methods are
explained. Section 3 explains the analysis method and
presents the results of 3D spatial distribution of droplets
along with the kth-nearest-neighbor distance plot. Section 4
shows the results of the analysis of inhomogeneous mixing
traits in relation to spatial clustering. A relevant discussion is
made on spatial clustering and traits of inhomogeneous mix-
ing in section 5, and the summary and conclusions are given in
section 6.

2. Data

The data used in this study were collected during the Cloud
System Evolution in the Trades (CSET) campaign held off
between Northern California and Hawaii from 1 July to
15 August 2015. A suite of instruments was installed onboard the
National Science Foundation Gulfstream-V (G-V) research air-
craft as described in detail by Albrecht et al. (2019). The airborne
instruments included the HOLODEC, cloud droplet probe
(CDP), two-dimensional optical array cloud probe (2DC), King
probe, and HIAPER Cloud Radar (HCR). In this study, we ana-
lyze the data from the two research flights, RF02 and RF10.

HOLODEC takes snapshots of cloud droplets of the diam-
eters from about 6 mm up to a millimeter range in an approxi-
mately 13 cm3 sample volume at a rate of 3.3 Hz. Glienke
et al. (2017) demonstrated that the droplet size distributions
measured by HOLODEC were consistent with those col-
lected with CDP and 2DC combined. However, HOLODEC
shows the best detectability for the droplets of diameter larger
than 10 mm (Glienke et al. 2017; Larsen et al. 2018; Glienke
et al. 2020). We focus on analyzing observed droplets larger
than 10 mm to ensure that only trustworthy HOLODEC
data are used. Moreover, droplet detection nonuniformity
(meaning that the sample volume has regions with slightly
higher or lower detectability) could be a source of spatial clus-
tering in the original sample volume of approximately 1 cm 3

1 cm 3 13 cm (Beals 2013; Larsen et al. 2018; Glienke et al.
2020). So, the sample volume of 0.6 cm 3 0.6 cm 3 10 cm
(3.6 cm3) in the central part, where HOLODEC retains approxi-
mately uniform sensitivity, is examined for analysis as Larsen
et al. (2018) did.

The cloud samples are defined with the criterion of mini-
mum 100 droplets per 3.6 cm3 volume (Larsen et al. 2018).
The aircraft data observed only when the non-drizzling clouds
criterion was satisfied are analyzed to avoid the impact of the
collision–coalescence process on cloud microphysics. The cri-
terion for non-drizzling clouds is that in-cloud mean drizzle wa-
ter content of HOLODEC measurements (radius . 25 mm) is
smaller than 0.005 g m23. The cloud microphysical variables,
such as liquid water content (LWC), mean volume diameter
(Dy), and number concentration (Nc) are examined, and spatial
clustering and visual traits of inhomogeneous mixing are quan-
tified for the cloud samples that satisfy the above criteria.
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3. Spatial clustering

To characterize spatial clustering, droplet spatial distri-
butions of HOLODEC measurements are presented and
then those of Monte Carlo calculations are compared. Fig-
ure 1 shows an example of spatially clustered distribution of
cloud droplets observed from HOLODEC. There are rela-
tively fewer cloud droplets in the section from 30 to 90 mm
in z coordinate than in other sections. In this study these
droplet distributions are referred to as “clustered” (i.e.,
spatially correlated; Shaw (2003)) and they are quantified
using the kth-nearest-neighbor distances calculated from
3D droplet positions recorded by the HOLODEC. Figures
2a and 2b show the plots of sorted distance to the 1st- and
65th-nearest cloud droplets, respectively, for the distribu-
tion shown in Fig. 1. That is, for each cloud droplet, the dis-
tances to the 1st- and 65th-nearest droplets are identified
and sorted by the distance values. Shown together are the
purple, red, and yellow lines that represent the 90th percen-
tile, median, and 10th percentile [hereafter d90,i(k), d50,i(k),
and d10,i(k), respectively] of the 1st- and 65th-nearest dis-
tances of the ith points sorted by distance for the 10 000
Monte Carlo simulations. The total count of cloud droplets
is 777 in Fig. 1 and therefore the total number of points in
the Monte Carlo simulations is set to be equal to this num-
ber. As illustrated in Fig. 2c, when droplet clustering is ob-
vious, there would be droplets at a farther distance or a
closer distance than the randomly distributed droplets. The
following expression calculates spatial clustering (SC) as a
measure to quantify these differences in distance for the
kth-nearest droplet:

SC(k) 5

��������������������������������������∑n
i51

{[xi(k) 2 d50,i(k)]/yi(k)}2

n

√√√√√
: (1)

Here yi(k) is the measure of the distribution breadth as

yi(k) 5
d90,i(k) 2 d50,i(k) if xi(k) . d50,i(k)
d50,i(k) 2 d10,i(k) if xi(k) , d50,i(k)

,
⎧⎪⎪⎨⎪⎪⎩ (2)

where xi(k) is the kth-nearest distance of the ith cloud droplet
sorted by distance and n is the total number of cloud droplets
in the sample volume of 3.6 cm3. Figure S1 in the online
supplemental material in the Supporting Information shows
that yi is characteristically different for different k values.
Equation (1) describes how different the observed distribu-
tion is from the perfectly random distribution. Although cloud
droplets are not perfectly randomly distributed in Fig. 1,
SC(1) for the 1st-nearest neighbor is approximately 0.5,
meaning that the observed distribution is close to a perfect
random distribution, but SC(65) for the 65th-nearest neighbor
is approximately 7.1. It implies that spatial clustering varies
with the k value. Therefore, Eq. (1) was calculated not only
for the 1st-nearest neighbor but also for several other kth-
nearest neighbors.

SC(k) from the perfect random distributions is used to decide
whether there is a statistically significant deviation from perfect
randomness for each hologram sample. The kth distances of the
perfectly randomly distributed points of the Monte Carlo simu-
lations calculated above are substituted into xi(k) in Eq. (1)
and we calculate the SC(k) for each of all 10 000 Monte Carlo
simulations. And then, the observed SC(k) [SCobs(k)] and the
99.9th percentile of the 10 000 simulated SC(k) [SC99.9(k)] are
compared. For example, if SCobs(1) is 0.6 but SC99.9(1) is 1.8,
then the ratio, which indicates relative spatial clustering
(RC), is 0.33 [RC(1) 5 SCobs(1)/SC99.9(1) 5 0.33). Figure 3
shows that RC varies with k for the hologram shown in Fig. 1.
If the maximum of RC(k) (RCmax) for a hologram is greater
than 1, then it can be said that the hologram has statistically
very significant clustering (i.e., p value is lower than 0.001).
In Fig. 3, RCmax is 3.4, implying that the hologram shown
in Fig. 1 shows statistically significant clustering. On the
other hand, for the hologram shown in Fig. 4, an example of
seemingly perfectly random spatial distribution, RCmax value

FIG. 1. A snapshot of a clustered distribution of cloud droplets measured by the HOLODEC instrument.

L A E T A L . 2937NOVEMBER 2022

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 08/23/24 05:31 PM UTC



is 0.9, which is smaller than 1, indicating that clustering was not
strong enough to classify it as a clustered distribution for this
hologram. We call it a random distribution for lack of a better
term.

The next step is to analyze the droplet distributions in spa-
tially clustered holograms and randomly distributed holo-
grams, within the observational framework of homogeneous
and inhomogeneous mixing. For that, the visual traits of

FIG. 2. (a) The 1st- and (b) 65th-nearest-distance plot. The blue lines are the observed
1st- and 65th-nearest distances. The purple, red, and yellow lines represent d90,i(k), d50,i(k),
and d10,i(k), respectively, which are from 10 000 Monte Carlo simulations, the meaning of
which is explained in the text. (c) Schematic diagram of (left) random and (right) clustered
distribution of droplets.
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inhomogeneous mixing are compared between the spatially
clustered and random holograms as described in the next
section.

4. Visual traits of inhomogeneous mixing

During the flight RF02 on 7 July 2015, holograms were
observed at various cloud altitudes. Figure 5 shows that the
holograms were observed at approximately 40 m distance
from the cloud top near the time of entry into the cloud
(Fig. 5a) and approximately 50 m below the cloud top near
the time of exiting the cloud (Fig. 5b). In the middle of hori-
zontal penetration, there was a period when detectable cloud
radar echo was produced (Fig. 5c), implying that the distance
from the cloud top was deeper than 100 m for this period since
the minimum detection range of cloud radar is approximately
100 m cloud depth. It means that the distance from the cloud
top was not uniform for this penetration. To note is the varia-
tion of RCmax during this penetration (Fig. 5c). The spatially

clustered holograms (RCmax . 1) are more frequently
observed when the aircraft is relatively closer to the cloud top
than when relatively deeper into the cloud. There are 895
holograms observed near the cloud top regions that exclude
the region when cloud radar echo existed and 60 of them are
spatially clustered holograms. There are 1014 holograms ob-
served when the aircraft is relatively deeper into the cloud
where cloud radar echo existed, and only 32 of them are spa-
tially clustered holograms. Moreover, holograms with rela-
tively higher confidence for spatial clustering (RCmax . 1.5)
are mostly observed when the aircraft is near the cloud top.
The causes of the observed spatial clustering are discussed in
more detail in section 5.

As mentioned in the introduction, it is expected that spa-
tially clustered holograms would show visual traits of inhomo-
geneous mixing. This section focuses mainly on investigating
visual traits of inhomogeneous mixing at the centimeter-scale,
especially in spatially clustered holograms. For example, in
Fig. 1, Dy and Nc of the droplets at 110 to 120 mm section in

FIG. 3. RC(k) for the hologram shown in Fig. 1. The dashed red line is RC(k) value of 1.

FIG. 4. A snapshot of a randomly distributed cloud droplets, shown together with (top left) RC(k).
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z coordinate are ∼15 mm and ∼340 cm23, while Dy and Nc at
40–50 mm section in z coordinate are ∼15 mm and ∼140 cm23.
These microphysical contrasts indicate an inhomoge-
neous mixing trait. In this way, we attempt to quantify
the visual traits of inhomogeneous mixing, based on the
degree of homogeneous mixing, obtained by two different
methods.

a. Degree of homogeneous mixing in the mixing diagram

At first, we quantify the degree of homogeneous mixing in
the mixing diagram, which has been used as a useful tool to
investigate mixing characteristics (e.g., Burnet and Brenguier
2007; Lehmann et al. 2009; Yum et al. 2015). The degree
of homogeneous mixing, DHM, is the median of the set of
‘/h values {‘1/h1, ‘2/h2, …}, where ‘ and h are the length
along the rectangular hyperbolic lines shown in Fig. 6. In
Fig. 6, the adiabatic LWC is defined as LWCa 5 NaVa,
where V is the mean volume of cloud droplets and the subscript
a indicates the adiabatic value. We assume that the maximum
LWC among the LWC values calculated for all subsample

volumes in an individual hologram is LWCa and N and V of
this subsample are Na and Va, respectively. For example, after
dividing the sample volume (6 mm in x axis3 6 mm in y axis3
100 mm in z axis) evenly along the x–y plane so that the length
in the z coordinate is 10 mm, the maximum of LWC among the
LWCs in 10 subsample volumes (6 mm on the x axis 3 6 mm
on the y axis 310 mm on the z axis) is calculated. This would
mean that the DHM depends on the subsample length in
z coordinate. Here, we calculate DHM(m) for each subsample
length in z coordinate between 2 and 20 mm to ensure con-
sistent results, where m is the number of subsamples and it
ranges from 5 (for subsample size of 20 mm) to 50 (for sub-
sample size of 2 mm). When DHM(m) is calculated, the ‘ is
positive if the data point lies below the red horizontal line
shown in Fig. 6, but the ‘ is negative if it lies above the red
horizontal line. The homogeneous mixing line is calculated
based on the heat and moisture balance equations for isobaric
homogeneous mixing at the aircraft observation level. If the
volume fraction of the cloudy air is x, T, and ql can be ex-
pressed as (Yum et al. 2015).

FIG. 5. Vertical profile of 25 Hz LWCmeasured by King probe when the aircraft (a) enters and (b) exits the cloud, and
(c) time variation of RCmax (blue line), aircraft altitude (black line), and radar reflectivity factor from the HCR between
1713 and 1726 UTC during RF02 on 7 Jul 2015. Red dots in reflectivity plot indicate the estimated height of cloud top.
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T 5 Ta 2 Te 2 qla
Ly

Cp

( )
x 1 Te 1 ql

Ly

Cp

, (3)

q 5 x[qla 2 qy s(Te)RH 1 qy s(Ta)] 1 qy s(Te)RH 2 qy s(T),
(4)

where Ly and Cp are, respectively, the latent heat of vaporiza-
tion and the specific heat at constant pressure; Ta, qla, and
qy s(Ta) are, respectively, the temperature, liquid water mixing
ratio, saturation vapor mixing ratio of the adiabatic cloudy
air; and Te and RH are, respectively, the temperature and the
relative humidity of the air above the cloud top. We assume
that Ta is the average of seven temperature data collected
closest to the time of a hologram, which spans approximately
the time of HOLODEC sampling rate, and qla is derived from
LWCa. That is, the mixing diagrams are calculated for each
subsample length of a hologram. Beals (2013) stated that the
discretization of HOLODEC image cause uncertainty in
droplet mean volume V of psV/ 6

���
N

√( )
, where N is the count

of droplets and sV is the standard deviation of droplet vol-
umes in the sample volume. In this study, the uncertainty in
V/Va for RF02 is calculated and Figure S2 shows the result of
the uncertainty in V/Va. Although the uncertainty in V/Va is
smaller than about 0.1, it is not negligible if the value of ‘ and
h is small, especially when LWC/LWCa . 0.9. Therefore, the
subsample with LWC/LWCa . 0.9 was excluded when calcu-
lating DHM(m).

Figure 7a shows the DHM(m) as a function of the subsam-
ple length in z coordinate for spatially clustered (RCmax . 1)
and randomly distributed (RCmax , 1) holograms observed
near the cloud top. The DHM(m) of spatially clustered

holograms [DHMclu(m)] is lower than the DHM(m) of ran-
domly distributed holograms [DHMran(m)]. To evaluate
whether the difference in the DHM(m) for the two groups
(spatially clustered and randomly distributed holograms) is sta-
tistically significant, we conduct a resampling test (known as the
permutation test). Under the null hypothesis that the two groups
are from the same population, all holograms [835 (random) 1
60 (clustered)] are mixed together. Then 60 are selected ran-
domly and these are classified into the clustered distribution
group, and the unselected 835 into the random distribution
group. Under the null hypothesis, the test statistic of the differ-
ence between the median DHM of the randomly selected ran-
dom group and that of the randomly selected clustered group
(i.e., DHMran 2 DHMclu) is expected to be zero. Such resam-
pling procedure is repeated 100 000 times and each time the
test statistic is calculated for each of all m values. These test
statistic values for each m constitute the null distribution of
DHMran(m) 2 DHMclu(m), which can be compared to the
observed test statistic to evaluate the statistical significance.
The p value for this permutation hypothesis test is shown in
Fig. 7b for each m (shown as a function of subsample length).
Since DHMclu(m) is expected to be smaller than DHMran(m),
this hypothesis test is one-tailed. The p values are mostly

FIG. 6. Definition of homogeneous mixing degree in mixing dia-
gram (adapted from Lu et al. 2014). The horizontal solid red and
the dashed red line, respectively, represent inhomogeneous mixing
and homogeneous mixing. The exemplary homogeneous mixing
line shown here is for RH 5 42%. The ‘ and h, respectively, are
the length along an isoline of liquid water dilution ratio LWC/
LWCa from the inhomogeneous mixing line to the observed value
and to the homogeneous mixing line.

FIG. 7. (a) DHM(m) as a function of subsample length in z coor-
dinates for the clustered (blue) and random (red) holograms
observed near the cloud top for RF02. The lines indicate median
DHM(m) and the shaded areas represent the spectral width
(10th–90th-percentile range) of DHM(m). The numbers in paren-
theses in the legend indicate the number of clustered and random
holograms; and (b) the p values for the permutation hypothesis test
as a function of subsample length in z coordinates.
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lower than 5% and even lower than 1% for longer subsample
lengths, which indicates that the observed difference of the
degree of homogeneous mixing between spatially random and
clustered distributions is indeed statistically significant at 5%
test level for most subsample lengths and even at 1% test
level for longer subsample lengths. In other words, it can be
said that spatially clustered holograms show stronger visual
traits of inhomogeneous mixing than randomly distributed
holograms do. On the other hand, the holograms observed
relatively deeper into the cloud (120 m below the cloud top)
do not show statistically significant differences between
DHMclu(m) and DHMran(m) for all subsample lengths except
for a few long subsample lengths as shown in Fig. 8.

b. Degree of homogeneous mixing in the
LWC–tp diagram

Second, we quantify the degree of homogeneous mixing,
using the new approach proposed by Yeom et al. (2021),
which uses the LWC–tp diagram to estimate the mixing type,
where tp is the phase relaxation time:

tp 5 (2pDcNcD)21 (5)

and

LWC 5
p

6
rNcD

3
y , (6)

where D is the mean diameter of the droplets, r is the density
of water, and Dc is the molecular diffusion coefficient for

water vapor. If Nc decreases but the droplet sizes remain
unchanged as in the case of inhomogeneous mixing, the
slope (gs) in the log10(LWC) versus log10(tp) diagram will
approach 21 because then LWC and tp becomes a function
of Nc only and Eqs. (5) and (6) suggest an inverse relation-
ship between LWC and tp when Dy ≈D is assumed (Yeom
et al. 2021). Such assumption is found to be reasonable as
Dy/D 5 1:0460:02 (independent of subsample length) was
found for all inhomogeneous mixing cases (gs ≈ 1) in our da-
taset. Figure 9 shows two examples of an LWC–tp diagram.
Similar to a mixing diagram, the different RH lines are deter-
mined by the heat and moisture balance equations [i.e., Eqs. (3)
and (4)]. In Fig. 9a, most of the data points clearly line up with
the inhomogeneous line and therefore the slope of the linear
regression line (gs) is almost identical to this line. It was clearly
not the case in Fig. 9b, suggesting deviation from inhomoge-
neous mixing. We consider that how much different gs is from
21 would indicate a degree of homogeneous mixing.

We analyze the gs values for the random and clustered dis-
tribution groups for each m and they are shown in Fig. 10.
Certainly, the holograms with spatially clustered droplet dis-
tributions have the gs values closer to 21 than those with ran-
dom distribution for all m values. To evaluate the statistical
significance of such differences of gs between the random and
clustered groups, the permutation test is done in the similar
manner as described above. Again permutation resampling is
done 100 000 times and the null distributions of the test statis-
tic, [median gs(m)]ran 2 [median gs(m)]clu, are generated for
all m values. The p values of the observed test statistic are so
low that the null hypothesis (the random and clustered groups
are from the same population) is rejected clearly even at 1%
test level for all m values, implying that the observed differ-
ences of gs(m) between the random and clustered groups are
statistically very significant for the holograms observed near
the cloud top. These results also indicate that spatially clus-
tered holograms appear to exhibit stronger traits of inhomo-
geneous mixing than randomly distributed holograms. On the
other hand, Fig. 11 shows that there are much less significant
differences between the gs(m) of clustered and random holo-
grams observed relatively deeper into the cloud. Figures S4
and S5 in Supporting Information compare the traits of inho-
mogeneous mixing between the random and clustered groups
for another research flight (RF10) and they show similar
trends to those for RF02 shown in Figs. 7–11.

5. Discussion

a. Relationship between 3D spatial clustering and traits of
inhomogeneous mixing

It is found that the holograms observed near the cloud top
with relatively high confidence for spatial clustering exhibit
strong visual trait of inhomogeneous mixing. These findings
suggest that spatially clustered holograms observed near the
cloud top would be indeed affected by inhomogeneous mixing
of entrainment air and cloudy air. Table 1 supports this no-
tion, where Dy is almost identical between the random and
clustered groups but Nc is noticeably smaller for the clustered

FIG. 8. As in Fig. 7, but for the holograms observed relatively
deeper into the cloud.
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than for the random group when observed near the cloud top.
The reason for showing these distinguishing characteristics
between the two groups is likely to be because very dry air is
entrained in discrete blobs in the clustered groups as Baker
(1992) noted. So, we can speculate that the clustered groups
may have been observed in the regions where very dry air blobs

are entrained and then mixed with cloudy air inhomogeneously,
since the time scale for evaporation of droplets would be short
when very dry air is entrained and therefore evaporation could
occur nonuniformly. On the other hand, these distinct charac-
teristics between the two groups almost disappear for the holo-
grams observed relatively deeper into the cloud, which will be
discussed further in section 5b.

Several studies (e.g., Lu et al. 2014; Gao et al. 2020) investi-
gated the dependence of homogeneous mixing degree on spa-
tial scale. Such investigation is difficult in this study, since we
use only a part of the original sample volume of HOLODEC.
According to Beals (2013), the uncertainty of Dy increases
with the decrease of the number of cloud droplets in the sam-
ple volume. Similarly, the uncertainty of the HOLODEC
measured V/Va for RF02 increases as the subsample length
decreases, as in Figure S2. This means that the uncertainty
of DHM(m) estimation could increase as the subsample length
decreases. Furthermore, as shown in Fig. 7, the breath of
DHM(m) from their median value increases as the subsample
length decreases. On the other hand, Ys(m) is the slope of a
log–log plot, so it would be less affected by the uncertainty of
Dy. However, as shown in Fig. 10, the breath of Ys(m) from
their median value increases as m decreases, which indicates
that the confidence interval for gs increases as m decreases.
These results, therefore, need to be interpreted with caution.

b. The vertical variation of spatial clustering and
traits of inhomogeneous mixing

This study has shown that the holograms with relatively
high confidence for spatial clustering are observed more

FIG. 9. Examples of a log10(LWC)–log10(tp) mixing diagram that
show the trait of (a) inhomogeneous mixing and of (b) homoge-
neous mixing. The red line indicates the expected behavior for in-
homogeneous mixing, and the dashed lines indicate the expected
behavior for homogeneous mixing with the entrained air of given
relative humidity. The dotted black straight line represents the lin-
ear regression line between log10(LWC) and log10(tp) and gs is the
slope of this line. See that in (a) the inhomogeneous mixing line
and the regression line are almost identical.

FIG. 10. As in Fig. 7, but for gs(m).
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frequently near cloud top than relatively deeper into the
cloud. Previous observational studies (Malinowski et al. 2013; Pe-
dersen et al. 2018) suggested that the thickness of the cloud-top
mixing layer containing cloudy air and entrained clear air
ranges from 12 to 127 m. That is, the main area directly affected
by entrainment and mixing is a portion of the entire cloud layer.
Glienke et al. (2020) analyzed the variation of the number of
droplets per hologram with the flight distance into the cloud for
RF02 analyzed in this study. Diluted holograms were shown at
first, but such occurrences were reduced in the middle of hori-
zontal penetrations. As mentioned above, the cloud top
height changed during the horizontal penetration in RF02
and the distance from the cloud top was estimated to be at least
120 m for the middle of the horizontal penetration (Fig. 5).
That is, the cloud parcels sampled in this section might be less
directly affected by entrainment and mixing but relatively well
mixed. These results are consistent with that of Dodson and
Small Griswold (2019), which showed that the cloud drop-
lets observed with a phase-Doppler interferometer were

more clustered toward the edges of cumulus clouds where
the immediate effects of entrainment and mixing would
likely be evident.

Figure 12 compares the median DHM(m) and Ys(m) for all
holograms in each of the four horizontal penetrations exam-
ined in this study (two each from RF02 and RF10). The general
trends of decreasing DHM and increasing Ys are apparent as
the subsample length increases (i.e., as m decreases). However,
the focus here is the dependence on cloud altitudes. The holo-
grams observed near the cloud top in RF02 exhibit the stron-
gest visual traits of inhomogeneous mixing, showing the lowest
DHM and the closest Ys to21 regardless of subsample length,
among all four penetrations. For the penetration at deeper
cloud altitudes, visual traits of inhomogeneous mixing are
weakened. For RF10, the differences between the two cloud
altitudes are not obvious, perhaps that is because both altitudes
(120 and 220 m) are far from where immediate effects of
entrainment and mixing would appear. There are also differ-
ences between the two flights. For the same cloud altitude of
120 m from the cloud top, RF02 exhibits stronger visual traits
of inhomogeneous mixing but we have no clear answer to that
at this point. Moreover, Figs. 7–11 and Figure S5 manifest that
the statistical significance of the differences of visual traits
of inhomogeneous mixing between spatially clustered and
random holograms is the strongest near cloud top but it
reduces as the distance from the cloud top increases. It
means that spatially clustered holograms observed near cloud
top could certainly be affected by inhomogeneous mixing, but
the effect of inhomogeneous mixing is not apparent even for
spatially clustered holograms when observed relatively deeper
into the cloud. These results are consistent with the observa-
tional studies by Yum et al. (2015) and Yeom et al. (2021) as
elaborated in the next paragraph.

Yum et al. (2015) suggested that the mixing of the en-
trained air near cloud top is dominantly inhomogeneous for
the subtropical marine stratocumulus clouds observed off the
coast of Chile, but traits of homogeneous mixing became ap-
parent in midlevels of clouds. Since RH would be high in mid-
levels of clouds, it can be said that this result is consistent with
the model simulation of Andrejczuk et al. (2006) that showed
that the mixing at high values of RH tended to be homoge-
neous. However, such vertical variation of mixing traits was
also found in Yeom et al. (2021) for the North Atlantic ma-
rine stratocumulus clouds. It was argued that such variation
was due to vertical circulation mixing (Wang et al. 2009; Yum
et al. 2015; Yeom et al. 2021). According to Wang et al.
(2009), the vertical circulation mixing mechanism is driven by
evaporative and radiative cooling at the cloud top (e.g.,

TABLE 1. Average values of liquid water content (LWC), mean volume diameter (Dy), number concentration (Nc), and relative dispersion
(s/D) for RF02. Here s is the standard deviation of droplet diameter.

Location Distribution LWC (g m23) Dy (mm) Nc (cm
23) s/D

Near cloud top Clustered 0.40 6 0.17 14.6 6 1.4 247 6 89 0.16 6 0.03
Random 0.46 6 0.13 14.6 6 1.6 288 6 72 0.16 6 0.03

Deeper into the cloud Clustered 0.64 6 0.17 16.4 6 1.6 278 6 70 0.18 6 0.04
Random 0.65 6 0.12 16.8 6 1.4 274 6 57 0.19 6 0.04

FIG. 11. As in Fig. 10, but for the holograms observed relatively
deeper into the cloud.
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Nicholls 1989; Gerber et al. 2005), which might induce buoy-
ancy reversal that is large enough to satisfy the criterion for
cloud-top entrainment instability (CTEI) (Deardorff 1980).
Malinowski et al. (2013) similarly argued that once CTEI cri-
terion is satisfied, the mixed parcels in the cloud-top mixing
layer could go down to the well-mixed region, if these parcels
were not affected by convective circulation. The cloud-top
mixing layer can be thicker when CTEI criterion is not satis-
fied than when CTEI criterion is satisfied, because mixed par-
cels can remain in the cloud top region when CTEI criterion
is not satisfied. Moreover, Yum et al. (2015) and Yeom et al.
(2021) showed that vertical variation of mixing traits was
found when CTEI criterion was satisfied. We try to calculate
CTEI to evaluate whether the clouds we examined here can
be subject to vertical circulation. The CTEI criterion pro-
posed by Randall (1980) and Deardorff (1980) is given by

Due 2 k
Ly

Cp

( )
Dqt , 0, (8)

where D indicates jump between the free troposphere and the
cloud top. The ue and qt are the equivalent potential tempera-
ture [ue 5 u 1 (Ly /Cp)qy] and the total water mixing ratio,
and the k is the stability parameter, which would be 0.23
for all cases analyzed in this study (Yamaguchi and Randall
2008). For RF02, the CTEI criterion was indeed satisfied
when estimated with the vertical thermodynamic profile ob-
served when the aircraft exited the cloud, but it was not the

case when entering the cloud (not shown). For RF10, the clos-
est vertical profile was about 60 km away from the location of
cloud exit but it did indicate that CTEI was satisfied. Because
of the remoteness of the profile from the clouds, however, it
is difficult to have confidence in such estimation. Mean-
while, Katzwinkel et al. (2012) showed that mixing between
free-troposphere and the cloudy air near cloud top could be
caused not only by buoyancy reversal but also by vertical
wind shear. We calculate the gradient Richardson number
(Ri) to characterize the growth and decay of turbulence
caused by wind shear and atmospheric stability for RF02:

Ri 5
g
ul

Dul

(DU)2 Dz,

where g is the acceleration due to gravity, ul the liquid water
potential temperature (ul 5 u 2 (Ly /Cp)ql), and U the hori-
zontal wind velocity. For RF02 wind shear is estimated to be
stronger when the CTEI criterion is not satisfied than when
satisfied (not shown), and it leads to Ri being smaller where
CTEI criterion is not satisfied (∼2) than where satisfied (∼4),
which suggests shear-driven turbulent mixing could play a
role in driving mixing when CTEI is not operating. There are
significant uncertainties in estimating CTEI and wind shear
due to limitations in observing vertical profiles of cloud
thermodynamic properties and wind shear near the cloud
top region. Moreover, Gerber et al. (2013, 2016) showed evi-
dence that the prediction of CTEI dealing with jumps across
entrainment interface layer (EIL) is inaccurate because droplet
evaporation primarily cools the EIL, and that radiative cooling
dominates entrainment at the base of the EIL. Certainly, there
is more work to do in understanding the behavior of the EIL
including its partitioning into layers as described by Malinowski
et al. (2013) and its effect on the entrainment process and
linking microphysical observations to various mechanisms
for turbulence production.

6. Summary and conclusions

The HOLODEC data obtained from the Cloud System
Evolution in the Trades (CSET) Campaign that was held be-
tween Northern California and Hawaii are analyzed to inves-
tigate the effects of entrainment and subsequent mixing on
droplet spatial structure and droplet spectra at centimeter
scales within the observational framework for homogeneous
and inhomogeneous mixing. Our main results can be summa-
rized as follows.

With the capability of HOLODEC to discern the 3D struc-
ture of cloud droplet distributions, we quantify spatial cluster-
ing of droplet distributions using the kth-nearest-neighbor
distance. Beals (2013) also quantified spatial clustering using
3D droplet positions recorded by HOLODEC but he did only
for the 1st-nearest-neighbor distance to measure spatial clus-
tering. For the hologram data we examine in this study, the
spatial distribution of the droplets estimated from the first-
nearest-neighbor distance shows no clear difference from the
random distribution, even for the holograms that appear to
show clustered droplet distribution: the statistical measure of

FIG. 12. The median values of (a) DHM and (b) gs for all holo-
grams in each of the four horizontal penetrations examined in this
study, shown as a function of subsample length in z coordinates.
The distances from the cloud top are indicated in parentheses in
the legend.
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clustering for the 1st-nearest neighbor, SC(1), is similar to the
value found in random distribution. However, spatial cluster-
ing of the kth-nearest neighbor, SC(k), is clearly different
from that of random distribution, for the k values much
greater than 1. That is, spatial clustering varies with k. So the
relative clustering, RC 5 SCobs/SC99.9%, is calculated for each
k, and the maximum, RCmax, is determined, as an ultimate
measure of clustering. The value of k that produces RCmax

may provide the information on the length scale of spatial n
as Baker (1992) argued. That is, it can be said that spatial clus-
tering is maximized at the kth-nearest distance scale that pro-
duces RCmax. It is found that the average of the kth-nearest
distance of RCmax for each spatially clustered hologram is ap-
proximately 2 cm for RF02. This is consistent with Dodson
and Small Griswold (2019), which argued that entrainment
mixing could affect spatial clustering at centimeter scale.

Moreover, it is found that RCmax tends to be higher for the
holograms observed near the cloud top than relatively deeper
into the cloud, implying higher confidence for spatial cluster-
ing for the holograms near the cloud top. This finding suggests
that the immediate effect of entrainment and mixing is to
induce spatially clustered droplet distribution patterns. How-
ever, spatially clustered holograms are also observed rela-
tively deeper into the cloud, although they are observed less
frequently. Perhaps the clustering continues down from the
cloud top as the mixed parcels descend. Or it might have been
caused by inertial clustering as demonstrated by Larsen et al.
(2018) using the 3D radial distribution functions. To note is
that in this study small droplets (diameter , 10 mm) are not
considered because of the poor detectability of these droplets
by HOLODEC. If the concentration of undetected small
droplets were significant, the uncertainty in our assessment of
spatial clustering might not be negligible. The average Nc

from CDP that measured droplets of 2–50 mm diameter range
were approximately 300 cm23 for RF02 and 200 cm23 for
RF10, respectively, and the concentrations only for 2–10 mm
diameter range were 14 cm23 for RF02 and 38 cm23 for
RF10, respectively. So the uncertainty due to the neglection
of small droplets might be tolerable for RF02 but perhaps not
for RF10. Notwithstanding these limitations, such high statis-
tical confidence of spatial clustering for the holograms near
the cloud top suggests that including small droplets would not
change the test results.

The ultimate question we address is the relationship be-
tween spatial clustering and traits of inhomogeneous mixing.
We assume that the droplet spatial structure is affected de-
pending on whether the mixing of entrainment air with cloudy
air is inhomogeneous or homogeneous. Indeed, the holo-
grams with spatial clustering and those with randomness show
clear differences in the visual traits for inhomogeneous mix-
ing: the holograms with spatial clustering show smaller DHM
and Ys than those with random distribution. Such visual traits
of inhomogeneous mixing are the strongest for the holograms
observed near the cloud top, which is firmly supported by the
permutation test. Meanwhile, the visual trait of inhomoge-
neous mixing is statistically much less significant for the spa-
tially clustered holograms observed relatively deeper into the
cloud. So we suggest that the spatially clustered holograms

observed near the cloud top indeed experienced inhomoge-
neous mixing but deeper into the cloud, such traits became
much less apparent even for spatially clustered holograms.

These results are consistent with those of Yum et al. (2015)
and Yeom et al. (2021), who found that traits of inhomoge-
neous mixing were strong near cloud top but traits of homo-
geneous mixing became apparent in midlevels of clouds. They
suggested that the mixing of the entrained air near cloud top
is dominantly inhomogeneous for subtropical marine strato-
cumulus clouds, but traits of homogeneous mixing became ap-
parent in midlevels of clouds due to vertical circulation
mixing. So it may be the case that the modulation of cloud
microphysical parameters during the descent of entrainment
affected parcels resulted in the removal of inhomogeneous
mixing traits even for spatially clustered holograms. Another
thing to note is that the statistical significance of the visual
traits of inhomogeneous mixing for spatially clustered holo-
grams increases as the subsample size increases. This is prom-
ising because larger subsample size means higher number of
droplets being analyzed and therefore greater confidence for
statistical evaluations. However, additional data and analyses
are necessary to substantiate the results.
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