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Abstract Entrainment and associated mixing (i.e., entrainment-mixing) have been shown to impact drop
size distributions. However, most past studies have focused on warm clouds and have not considered the impacts
on mixed phase clouds (i.e., those containing liquid and ice particles). This study characterizes the impacts of
entrainment-mixing on mixed phase cloud properties over the Southern Ocean using in situ observations. By
taking advantage of strong correlations between droplet clustering and entrainment-mixing, a clustering metric
is used as a proxy to assess the degree of mixing. This maximizes the available sample size for a statistical
analysis of entrainment-mixing impacts on mixed phase properties. A positive relationship is found between

the magnitude of droplet clustering and large ice concentrations (those with maximum dimensions greater

than ~300 pm), suggesting entrainment-mixing enhances the Wegener-Bergeron-Findeisen (WBF) process.
Particle size distributions are averaged over different ranges of liquid (liquid water content (LWC)) to total water
content (TWC) ratio. Since the ratio is expected to transition from 1 to O during glaciation, differences in the
distributions provide insight into the relation of entrainment-mixing to mixed phase cloud evolution. Mixed
phase samples with the greatest large ice concentrations occur at LWC/TWC < 0.4 in low clustering regions.
However, these samples are relatively few, whereas high clustering regions have a greater frequency of samples
with LWC/TWC < 0.4. This suggests sublimation/vapor sinks associated with entrainment can counteract the
enhanced WBF. In high clustering regions, distributions of small droplets are relatively constant and large
droplets (>30 pm) are preferentially removed as LWC/TWC transitions from 1 to 0.

Plain Language Summary Mixed phase clouds (i.e., liquid and ice particles within the same
sample volume) have been notoriously difficult to represent in weather and climate models. To improve
simulations, continued exploration of mixed phase properties and processes using high resolution observations
is necessary. This study uses in situ observations to explore the potential impacts of entrainment and the
associated mixing (i.e., entrainment-mixing) on mixed phase microphysical properties. In situ observations

are taken primarily from low-level clouds over the Southern Ocean acquired during the Southern Ocean
Cloud-Radiation Aerosol Transport Experimental Study. This study takes advantage of the fact that cloud
drop clustering is strongly correlated with entrainment-mixing. Namely, drop clustering is used as a proxy
variable to diagnose entrainment-mixing and the associated impacts on mixed phase clouds. Results suggest
entrainment-mixing can result in an enhanced Wegener-Bergeron-Findeisen (WBF) process, as seen by a
positive relationship between drop clustering and large ice concentrations. However, the enhanced WBF process
can be offset by sufficiently strong entrainment-mixing.

1. Introduction

Mixed phase clouds, where liquid and ice particles occur in the same sample volume, have been observed in mari-
time and continental regions ranging from the tropics to the poles (e.g., Cossich et al., 2021; Costa et al., 2017;
Hogan et al., 2003; Korolev et al., 2003; McFarquhar et al., 2007; Mioche et al., 2015; A. E. Morrison et al., 2011;
Wang et al., 2021), and can be associated with cloud types ranging from thin stratiform layers to deep convec-
tive clouds (Korolev et al., 2017). The common occurrence and even persistence (H. Morrison et al., 2012) of
mixed phase clouds is unexpected due to differences in the saturation vapor pressure of liquid and ice. When
liquid and ice particles are present, ice should grow at the expense of liquid drops, commonly known as the
Wegener-Bergeron-Findeisen (WBF) process (Bergeron, 1928; Findeisen, 1938; Wegener, 1911).
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Mixed phase clouds are ubiquitous over the Southern Ocean (D’Alessandro et al., 2019, 2021; Huang
et al., 2012, 2021; Mace et al., 2021; A. E. Morrison et al., 2011; Schima et al., 2022). Large errors in simu-
lated shortwave radiative flux common for climate models over this region has been attributed to the incor-
rect representation of mixed phase clouds, and primarily to an underrepresentation of supercooled liquid
(Bodas-Salcedo et al., 2016; Naud et al., 2014). However, recent model updates approximately capture and likely
overestimate observed supercooled liquid frequencies (Gettelman et al., 2020; Yang et al., 2021). In addition,
climate models often over-estimate the WBF, resulting in unrealistic glaciation rates (Tan & Storelvmo, 2016).
Correctly simulating mixed phase clouds is crucial toward improving both weather and climate models because
of their impact on precipitation (Miilmenstédt et al., 2015) and radiation (Sun & Shine, 1994).

Previous theoretical and modeling studies considered the impacts of turbulent mixing on mixed phase properties.
For example, Korolev and Mazin (2003) found that liquid could persist within a vertically oscillating mixed
phase air parcel and that liquid could form within an ice cloud when the vertical velocity exceeds a critical
threshold. These findings are consistent with those from Hill et al. (2014) using a large-eddy simulation model
and from Heymsfield (1977) using doppler radar and airborne measurements. Less work has explored impacts of
entrainment-mixing on mixed phase properties, although one recent study (Hoffmann, 2020) utilized a millimeter
resolution linear eddy model to show that entrainment can enhance the WBF process due to increased droplet
evaporation if it is not offset by the spatial inhomogeneity of phase within the mixed areas.

Cloud top entrainment is important to quantify as it controls the evolution of macro- and microscale features
of low-level clouds. Entrainment rates are directly related to vertical gradients of temperature, humidity and
radiative cooling directly overlying the cloud (Houze, 2014; Mellado, 2017). When considering the impacts of
entrainment-mixing on microphysical properties, it is common to characterize mixing events as homogenous or
inhomogeneous (M. B. Baker et al., 1980; Latham & Reed, 1977) as these two alternative mixing schemes result
in different pathways for the evolution of drop size distributions. Homogeneous mixing is associated with vigor-
ous mixing of dry air into cloudy regions, resulting in all droplets undergoing at least partial evaporation. Inho-
mogeneous mixing is associated with weaker mixing. As dry air is slowly mixed within the cloud, a few drops
will be preferentially evaporated to return the entrained area to near saturation. Inhomogeneous mixing typically
has a greater impact on drop concentrations than on sizes. In contrast, homogeneous mixing has a greater impact
on average drop sizes since all droplets are at least partly evaporated. The former is associated with drop size
distributions having decreasing concentrations at all sizes, whereas the latter is often characterized by a shift of
the distribution toward smaller sizes.

The Damkdhler number (Damkohler, 1940) is commonly used to characterize the type of mixing and to deter-
mine the impact of entrainment on cloud microphysical properties (Dimotakis, 2005). It is defined as
rm

Da= %, (M

7
where 7, is the turbulent mixing time (i.e., eddy turnover time) and 7z, is the response time of the microphysi-
cal properties to mixing. When the response time of the cloud particles is much slower than the mixing time,

Da << 1, this indicates homogenous mixing. In contrast, cloud particles rapidly reacting to weak entrainment
events result in Da >> 1 which indicates extreme inhomogeneous mixing. The 7, is expressed as

T = (LZ/E)i 2

where L is the length scale of the entrained eddy (i.e., dry air) and ¢ is the turbulent dissipation rate. Calculations

), or reaction time (z

of 7, vary depending on whether the evaporation time (z,,, ), phase relaxation time (z eact)

evap phase
is chosen, as each expression is associated with different assumptions. Thus, 7, is more ambiguous than z,, (e.g.,
Z.Gao et al., 2018; Lu et al., 2018). Further discussion of homogeneous and inhomogeneous mixing can be found

in Devenish et al. (2012) and Korolev et al. (2016).

Although a considerable amount of work has characterized mixing in warm clouds, often examining drop
size broadening and the potential for rain initiation (e.g., Grabowski & Wang, 2013; Jensen & Baker, 1989;
Lasher-Trapp et al., 2005; Tolle & Krueger, 2014), little such work has been done for mixed phase clouds.
This study provides an observational evaluation of entrainment-mixing impacts on mixed phase cloud prop-
erties. The remainder of the paper is organized as follows. Section 2 describes the instrumentation used and
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relevant analysis techniques. Section 3 evaluates the relationship between drop clustering and multiple measures
of entrainment-mixing, which forms the basis of using clustering as a proxy to broadly diagnose the intensity of
entrainment-mixing. Section 4 relates clustering to mixed phase cloud properties to assess the impacts of mixing.
The last two sections (Sections 5 and 6) include additional discussion and concluding remarks.

2. Instrumentation

This study uses observations acquired with instruments onboard the National Science Foundation/National
Center for Atmospheric Research Gulfstream-V (GV) aircraft during the Southern Ocean Cloud-Radiation Aero-
sol Transport Experimental Study (SOCRATES). SOCRATES was based out of Hobart, Tasmania and consisted
of 15 research flights from 15 January to 28 February 2018. The aircraft sampled the Southern Ocean from
42° to 62°S and from 133° to 163°W, primarily targeting cold sector boundary layer clouds. The portions of
flights returning north toward Hobart primarily consisted of 10-min level legs above cloud, in cloud, and below
cloud, followed by sawtooth legs to obtain vertical profiles of cloud properties. Both stratiform and cumuliform
clouds were sampled by the aircraft. Additional information on flight objectives and analyses can be found in
McFarquhar et al. (2021).

A suite of cloud probes and other instrumentation was installed on the GV. The cloud droplet probe (CDP) is
a single-scatter particle probe which gives information of cloud PSDs for particles with maximum dimension
(hereafter referred to as D) ranging from 2 to 50 pm. The two-dimensional stereo probe (2DS) is an optical
imaging array probe with two photodiode arrays having resolutions of 10 pm from which PSD information
is derived. Although the width of the photodiode array of the 2DS corresponds to particles with maximum
dimensions ranging from 10 to 1,280 pm, only particles having D greater than or equal to 50 pm were included
in the derived PSDs because of its small and highly uncertain depth of field for D < 50 pm (e.g., Baumgardner
& Korolev, 1997). The SOCRATES 2DS particle morphological data and size distribution information (Wu &
McFarquhar, 2019) were determined using the University of Illinois/Oklahoma Optical Probe Processing Soft-
ware (UIOOPS; McFarquhar et al., 2017, 2018), and include corrections for the removal of shattered artifacts
(Field et al., 2003, 2006). Particles larger than the width of the photodiode array were reconstructed given the
particle center is within the array (Heymsfield & Parrish, 1978). Mass distribution functions were determined
from habit-dependent mass-size relationships following Jackson et al. (2012, 2014) for the different particle
habits identified in UIOOPS (McFarquhar et al., 2018) following a modified Holroyd (1987) approach.

Samples are determined to be in-cloud or clear-sky following D’Alessandro et al. (2021), utilizing measurements
from the CDP and 2DS. Samples are considered in-cloud if the derived mass content of CDP observations (M,p)
is greater than 10~ ¢ m~> or if any particles with D > 50 pm were detected by the 2DS. The small threshold of
M, ensures that even very tenuous clouds are included in the sample. The phase of in-cloud samples is deter-
mined following D’Alessandro et al. (2021), which determines the phase of small cloud particles (D < 50 pm)
using a set of threshold values for the CDP and Rosemount Icing Detector measurements, whereas the phase of
large particles (D > 50 pm) is determined using multinomial logistic regression as well as visual examination of
particle imagery from the 2DS. Modifications to the scheme developed by Schima et al. (2022) affected the identi-
fied phase for only 2% of the times and did not impact the findings of this study; hence, the original D’Alessandro
et al. (2021) phases are used in this analysis. Only time periods identified as liquid or mixed phase are used here.
Number concentrations of the CDP (N,) greater than 10 cm ™ have generally been found to be liquid samples
in the past (e.g., D’Alessandro et al., 2021; Finlon et al., 2019; Heymsfield et al., 2011; Lance et al., 2010), and
Nepp as low as 1 cm= are generally found to be liquid samples from previous analysis of SOCRATES observa-

3

tions (D’Alessandro et al., 2021). Analysis in this study is restricted to samples with N, > 5 cm™, which are

assumed to represent liquid droplets.

The phase of a 2DS sample can be classified as either liquid, ice or mixed. Since all CDP observations are
liquid for the periods used in this study, a cloud sample is considered mixed phase if the 2DS is classified
as mixed or ice phase. Cloud PSDs combine CDP and 2DS size distributions, corresponding to cloud parti-
cles less than and greater than 50 pm, respectively. When the 2DS sample is ice phase, liquid bulk proper-
ties are derived from the CDP and ice bulk properties are derived from all 2DS particles. For 2DS mixed
phase samples, liquid bulk properties are derived from the CDP and from 2DS particles identified as spher-
ical, whereas bulk properties of ice are derived from non-spherical all 2DS particles. Because ice particles
can appear spherical due to variations in particle orientation and shape, previous studies have often applied
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additional conditions for determining the phase of spherical particles (e.g., Cober & Isaac, 2012). Following
Schima et al. (2022), mixed phase samples must have the ratio of round particles having D > 100 pm to all
particles with D > 100 pm greater than 0.3 to apply the bulk properties as described. Otherwise, all particles
greater than 100 pm are classified as ice. Particles from 50 to 100 pm are classified as ice or liquid if they are
non-spherical or spherical, respectively.

Additional instrumentation includes the Rosemount temperature probe. For steady conditions, the estimated
accuracy and precision are 0.3 and 0.01 K, respectively. Wind components were measured using the Radome
Gust Probe in combination with pitot tubes and the differential Global Positioning System. Cooper et al. (2016)
reports a net uncertainty in the standard measurements of the horizontal wind components of 0.4 m s~! and the
uncertainty in vertical wind measurements of 0.12 m s~!, although these thresholds apply to ideal sampling
conditions only. Additional information on the GV gust probe performance and processing is provided in the
manager's report (Earth Observing Laboratory, 2018). Water vapor measurements are obtained from a 25 Hz
Vertical Cavity Surface Emitting Laser (VCSEL) hygrometer (Zondlo et al., 2010). Additional laboratory calibra-
tions of the VCSEL water vapor measurements were conducted in summer 2018, and the final data were repro-
cessed (Diao, 2021). Relative humidity (RH) is calculated following Murphy and Koop (2005). The combined
uncertainties from temperature and water vapor measurements results in the uncertainty of RH ranging from
6.3% to 6.7%. Temperature, RH and wind components of the ambient air are used to determine Da in Section 3.1.

3. Entrainment-Mixing and Clustering Calculations

To calculate 7,, € is determined using equations 11 and 12 from Meischner et al. (2001), which utilizes work
from Paluch and Baumgardner (1989) and Panofsky and Dutton (1984). The calculation of L follows S. Gao

et al. (2021), namely

L=FxTAS/f (3)

where TAS is true air speed of the aircraft, fis the sampling frequency and F is the fraction of clear-sky observa-
tions within each 1 Hz sample, determined using 10 Hz observations. Clear-sky samples in S. Gao et al. (2021)
were defined as droplet free, whereas a less stringent definition of derived mass content less than 10~ g m™3
is applied here (D’Alessandro et al., 2021). The calculations of z, for the liquid and mixed phase follow Pinsky
et al. (2018), where both expressions are phase relaxation times expressing the time for reaching equilibrium
conditions between the condensate and vapor content (Appendix A). These expressions of 7, are inversely propor-
tional to the particle mean radius and number concentrations.

Two clustering metrics are used in this study. The clustering index (CI) is a commonly used metric to quantify
cloud droplet clustering, whose application in cloud microphysics was first introduced in B. A. Baker (1992). CI
is defined as

Cl=

=19,

-1, “

which takes account of the fact that a uniform Poisson distribution has the variance (¢?) equal to the mean (X) of a
given quantity. Thus, CI equals zero for a perfectly homogeneous distribution and increases from this value with
increasing heterogeneity (whereas values less than zero are characteristically underdispersed). A potential caveat
of Cl is its inherent volume dependence, where CI contains “memory” of varying spatial scales within the sample
volume (further discussed in Shaw et al. (2002)). The volume average pairwise correlation (VAPC) is introduced
to partially offset this dependence and reduce scale memory,
2
VAPC = L (‘é— 1> =L )
X\ X X

where CI is weighted by the average quantity. To scale the results logarithmically, an altered CI (ACI) is intro-
duced as

0.2
ACI = log,, ?) (©)
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3 T T where the subtraction of one is removed so results are always greater than 0.
ACk (cm‘3); r=-0.14 Log scaling CI improves the visualization of clustering results, which will
2k « be evident in the following section. Similarly, an altered VAPC (AVAPC) is
introduced as
i :
% 1Fr c? 1
5 AVAPC = log,o( Z ) = log10<§(CI +1). )
g - )
'; For this study, 10 Hz observations are used to determine ACI and AVAPC at
- I 1 Hz resolution. Clustering results are applied to Npp (ACI and AVAPC;
S -1 similar to D’Alessandro et al. (2023)).
2t VAPCV: r=-0.31 -
i 3.1. Droplet Clustering as a Proxy for Mixing
-3 . 4 Analysis in the following section shows that applying a clustering method
101 102 on a relatively coarse spatial scale (~100 m) can give a direct, qualitative
Da description of the degree of mixing. Higher values of cloud drop cluster-

Figure 1. The clustering metrics ACIy (black markers) and AVAPC (red
markers) versus Damkohler number. Results are shown for 1 Hz observations
at all cloud tops as determined in D’Alessandro et al. (2023), where cloud
top is defined as z, greater than 0.975. Respective correlations are shown in
the plot. Note that only samples with clear-sky fraction (F) greater than O are
included in the plot (otherwise Da = 0).

ing indices have commonly been observed at cloud edges previously (e.g.,
Beals et al., 2015; Dodson & Small Griswold, 2019; Small & Chuang, 2008),
including for Southern Ocean clouds (D’Alessandro et al., 2023). Cluster-
ing can be related to localized turbulent flows, where droplets cluster in low
vorticity regions (Shaw et al., 1998).

Figure 1 shows the relationship between the clustering metrics and Da at

cloud top. Following D’Alessandro et al. (2023), cloud top samples are iden-
tified as those in-cloud data from ascending and descending flight legs where
the normalized cloud height (z,) exceeds 0.975, with z, determined following
McFarquhar et al. (2007) as
(Z - choudibase)
Zn = ®

(choud_lup - choud_base)

and z_

cloud_base TETET tO the altitudes of cloud top and cloud base for a particular

where z refers to altitude, and z,,4_,

layer, respectively. D’Alessandro et al. (2023) determines z and z, as the lowest and highest in-cloud

cloud_base cloud_top

sample of a given cloud layer, respectively. Although the decrease of AVAPC, with Da is more pronounced than
for ACI, both clustering metrics are negatively correlated with Da. This is analogous to clustering being posi-
tively correlated with mixing strength (i.e., low Da), which is expected as drop clustering is shown as strongly
correlated to entrainment-mixing further in this section. Additionally, all samples having Da > 1 is consistent
with most prior studies commonly observing inhomogeneous rather than homogeneous mixing (e.g., Andrejczuk
et al., 2009; Beals et al., 2015; Burnet & Brenguier, 2007; S. Gao et al., 2021; Jia et al., 2019), especially at
the relatively large mixing length scales used here (Burnet & Brenguier, 2007; Kumar et al., 2018; Lehmann
et al., 2009). This finding is also consistent with Sanchez et al. (2020), who had to assume extreme inhomogene-
ous mixing in parcel model simulations of single-layer clouds from SOCRATES to obtain results consistent with
drop concentrations reported by the CDP. However, the relationship between ACLg and Da in Figure 1 is quite
weak. In fact, previous studies have used other mixing measures in conjunction with Da to characterize mixing
due to a wide range of observed Da (e.g., Burnet & Brenguier, 2007; Kumar et al., 2014; Lu et al., 2011; Yum
et al., 2015). One reason for this is that there is no commonly accepted method for determining the eddy length
scale. Further, Lehmann et al. (2009) noted that multiple eddy length scales (and thus mixing time scales) exist
for a subsequent entrainment-mixing event. Because of this, they introduced the transition length scale (L*),
where values greater (lower) than the measured eddy length scale are indicative of homogeneous (inhomogene-
ous) mixing. It is defined as

1 3

L' =¢21.2, &)

where Lehmann et al. (2009) argue 7, should use the lower time scale between 7, and 7,,,. Values of L* are

determined using the SOCRATES observations. Similar to Lehmann et al. (2009), most values are on the order
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Figure 2. (a) The clustering metrics ACI (black markers) and AVAPC, (red markers) related to the ratio of the actual

and adiabatic cloud mass. Results are shown for 1 Hz observations at cloud top similar to Figure 1, but only for single layer
clouds with thicknesses greater than 30 m. Unlike Figure 1, results include samples with clear-sky fraction (f) greater than
and equal to 0. First order polynomial best fit lines as well as correlations are shown for the respective clustering metrics.
(b) Normalized frequency distributions of z, for different ranges of ACIy. Unlike (a), z,, is taken from single and multi-layer
clouds for all layer thicknesses. Bins for z, are at 0.025 intervals. (¢c) ACI and (d) AVAPC, related to N, Results

are colored by mean D, The solid and dashed vertical lines in (c) correspond to ACIL = 0 cm~ and ACLy = 1 cm™,
respectively, which are used as threshold values for low and high ACI in (b).

of meters and lower, much shorter than the sampling length scales of this study. For liquid phase conditions, 7,

is taken from Rogers and Yau (1996) and for mixed phase conditions, 7, is replaced by the glaciation time (i.e.,

evap
time for the total amount of liquid water to convert to ice) taken from Hoffmann (2020).

Other mixing measures often include mixing diagrams relating drop size, mass and number concentrations
to their respective adiabatic values. Relating actual to adiabatic properties can give insight to the strength of
entrainment-mixing, since adiabatically derived values assume the respective air parcel does not mix with the
surrounding environment. In order to evaluate clustering in relation to adiabatically derived quantities, Figure 2a
shows the clustering metrics as a function of the ratio of the observed mass content at cloud top (Mcpp,,ps)
adiabatic)- Madiavatic 18 determined using pressure, temperature and water vapor
similar to Braun et al. (2018). Both ACIy (black points) and AVAPC (red points)
show a strong negative relationship with the adiabatic mass ratio (correlation of —0.62 for ACIL; and —0.74

over the adiabatic mass content (M
measurements at Z,..q pee
for AVAPC), showing that the degree of clustering can be directly related to the degree of mixing. It is impor-
tant to note that the adiabatic assumption applies only to non-precipitating clouds. If removing cloud top data
associated with precipitating cloud layers, the inverse correlations increase in magnitude (—0.73 for ACIy and
—0.85 for AVAPC,). Similar to the dependence of CI on Da, a stronger correlation is found for AVAPC than
for ACI. Nevertheless, ACIy is used to determine the degree of mixing for the duration of the study because
ACI is less dependent on N, (# = —0.08) than AVAPC (r = —0.47). This is seen when comparing the clus-
tering metrics and N, in Figures 2c and 2d. The entire range of AVAPC, shifts toward smaller sizes with
increasing N, whereas the range of ACI is relatively constant for all N, Results are colored by the number
weighted mean diameter (mean D) in Figures 2¢ and 2d. Distinct modes are seen for mean D For Npp
greater than 40 cm =3, the mean D, varies from 15 to 25 pm and the majority of samples (65%) occur here. For
Nepp < 40 cm =3, higher mean Dy, (>25 pm) occur at low clustering values and lower mean Dy, (<10 pm)
occur at high clustering values. The low mean D, and high ACI are primarily where z, < 0.1 and z, > 0.9,
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Figure 3. Normalized frequency distributions of (a) ACIy and (b) ACI,; shown for different cloud phases (shaded colors).
The colored lines show normalized frequency distributions for mixed phase results with varying ice concentrations exceeding
200 pm.

which is shown by the normalized frequency distributions of z, at high ACIy in Figure 2b (blue bars). In contrast,
the high Mean D, are primarily within the cloud core as shown by z, at low ACIy in Figure 2b (orange bars).
These high Mean D, are primarily precipitating samples (including drizzle and ice), as 70% of these points
detected the presence of particles on the 2DS with D > 200 pm (not shown). Figure 2d shows that similar precip-
itating samples (i.e., having high mean D) within or near the cloud core are associated with higher AVAPCy
than many non-precipitating samples having low mean D, at higher N, (e.g., all samples having AVAPC
below —2.5), since they are weighted by lower values of N, Although ACI is used to diagnose mixing, the
choice of clustering metric is inconsequential since exchanging ACI with AVAPC throughout the analyses of
this study show similar trends.

Droplet clustering impacts processes such as precipitation initiation (Shaw et al., 1998), evolution of raindrop
distributions (McFarquhar, 2004), and ice crystal growth (Castellano et al., 2004, 2008). However, clustering
relevant to such mechanisms is associated with spatial scales orders of magnitude smaller (~1 cm) than that
presented here (~100 m). To determine the direct relationship between the presence of ice and drop clustering,
drop clustering in liquid and mixed phase samples is compared. Figure 3a shows normalized frequency distribu-
tions of ACIy for liquid and mixed phase conditions as red and blue shading, respectively. Mixed phase results are
separately shown for different ice number concentrations with D > 200 pm. This threshold is chosen due to depth
of field uncertainties and insufficient number of photodiodes shadowed for smaller sizes (e.g., Baumgardner
et al., 2017). Distributions are relatively similar, although the liquid phase results are slightly more kurtotic
and the mixed phase results have a slight peak at 1 cm~3. Distributions for different ice number concentration
ranges (yellow, magenta and green lines) are relatively similar to those of liquid and total mixed phase samples.
Perhaps unexpectedly, mixed phase conditions with the greatest number of ice particles have distributions most
resembling the liquid phase. This is seen using the sum of the absolute difference in the bin values (i.e., Euclidian
distance) for the liquid phase and high ice concentration distributions (0.034), compared with the mixed phase
and high ice concentration distributions (0.053). Mann-Whitney U-tests and Kolmogorov-Smirnov tests were
performed to test the similarity of the distributions for the varying ice concentration ranges. The Whitney-Mann
U-test determines whether the median of one distribution is significantly greater or less than the other, whereas
the two-sample Kolmogorov-Smirnov test determines the significance of the maximum absolute difference
between the two cumulative frequency distributions, both of which use lookup tables. These tests are chosen
since they do not require prior knowledge of the distributions' shapes. Results suggest there is no statistically
significant difference between the distributions of the two lower ice concentration ranges with the mixed phase
distribution, as well as between the highest ice concentration range and the liquid phase distribution. Specifically,
both tests do not reject the null hypothesis, namely, that the distributions are similar, at a significance level of 5%.

Normalized frequency distributions of clustering calculated using M, (ACI,,) are shown in Figure 3b and test
the impact of using ACI,; rather than ACIy for the mixing analysis. The distribution of ACI,, for mixed phase
samples is clearly shifted toward greater values than for the liquid phase, with a mode approximately 1 g m~3
greater. Compared with ACIy, the Euclidian distance between the liquid and mixed phase bin values is a factor

of 2 greater (0.09) than ACIy, (0.04). Figure 3b also shows that the ACI,, distributions shift toward higher values
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Figure 4. (a—c) Average particle size distributions for the liquid phase and (d—f) mixed phase shown for different ranges of ACI by the different colored lines. Results
are shown for different ranges of N, in the respective columns. The number of samples are shown in the respective panels. Gray shading from 50 to 200 pm represents
particle sizes associated with depth of field uncertainties (e.g., Baumgardner et al., 2017).

with increasing ice concentrations. The sum of the Euclidian distances between the mixed phase and all of the
different ice concentration ranges for ACI,; is also higher by a factor of 2 (0.20) than for ACIy (0.11). Since the
liquid and mixed phase distributions are more comparable for ACI, and no apparent bias associated with ice
concentrations is observed for ACIy, entrainment-mixing is qualitatively determined using drop number rather
than drop mass clustering. Further, similarly distributed ACIy, for varying ice concentrations in Figure 3a suggests
drop clustering can be used as a proxy variable for diagnosing entrainment-mixing in mixed phase clouds without
the concern that ice particles may alternatively impact clustering values.

An initial analysis using ACIy as a proxy for entrainment-mixing is shown in Figure 4. Particle size distribu-
tions (PSDs) are averaged over different ranges of ACIy for the liquid phase (Figures 4a—4c) and mixed phase
(Figures 4d—4f) in order to observe how entrainment-mixing impacts PSDs. PSDs with larger ACI should be
associated with greater magnitudes of entrainment-mixing. Results are separated into different ranges of Np.
For both phases, the greatest differences in the PSDs for different ACI, is seen for N less than 40 cm™
(Figures 3a and 3d), where PSDs are shifted toward smaller sizes with increasing ACIy. Distributions are most
identical at the highest N,,, which show the greatest deviations at the smallest drop sizes (D < 7 um) for varying
ACIy. This is confirmed by taking the Euclidian distance of the normalized PSDs (i.e., dividing each bin by the
sum of the total distribution function), which when summed for the PSDs at N, < 40 cm™ is a factor of 2.5
greater than for PSDs at N, > 80 cm~>. This shift is observed for all particle sizes in the liquid phase (1A), but
only for particles less than 400 pm in the mixed phase (Figure 4d). Drizzle drops do not likely reach sizes larger
than ~400 pm at temperatures less than 0°C due to the potential for aircraft icing. This suggests a resilience of
large ice crystals from sublimating, which is consistent with a replenishing water vapor supply from evaporating
liquid.

The shift toward smaller sizes with larger ACIy is consistent with condensate loss due to evaporation and subli-
mation. Such a shift is characteristically attributed to homogeneous mixing, whereas inhomogeneous mixing
typically causes a decrease in the number distribution functions at all particle sizes (i.e., a downward shift in
the PSDs) (e.g., Korolev et al., 2016). However, this appearance of homogeneous mixing can be a consequence
of combining PSDs from varying environments. For example, when a cloud with average N, > 80 cm~ has
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an entrainment-mixing event that decreases the local drop concentration to less than 40 cm~3 it would then
be included in the left column. This is consistent with PSDs of N, < 40 cm™ and high ACIy having high
number distribution functions at D < 10 pm, which are more similar to PSDs of N, > 80 cm ™ compared with
lower ACI,, assuming larger particle concentrations primarily decrease. Mixed phase results in the following
section may suggest this. This is also suggested by high ACL number distribution functions of D > 100 pm in
Nepp < 40 cm~ liquid phase samples being the most similar to those at Nepp > 80 cm = (N(log(D)) < 10-' L)
compared to lower ACI.

To address this potential discrepancy (i.e., the appearance of prevalent homogeneous mixing), results must
account for the background cloud and environmental properties. This is done by analyzing results relative to
average quantities of cloud transects, which are regions of neighboring samples. Transects are defined by consec-
utive in-cloud samples having N, > 5 cm~2 (similar to D’Alessandro et al., 2021). Transects are split so that (a)
the number of 1 Hz observations never exceeds 10 and (b) transect lengths are at least 1 km. For example, a set
of 66 neighboring in-cloud samples would be split into six transects having 10 samples and one transect of six
samples. If one of the transects has a length less than 1 km, it is discarded. This results in 1781 transects having
lengths ranging from 1 to 2.1 km, with 86% of transects having lengths from 1,200 to 1,500 m. Quantities will
be prefaced with “average” (e.g., average ACIL) when referring to transect data, or referenced to by their quartile
values (e.g., Nqpp > 50th percentile).

The average ACI and average AVAPC, are shown in relation to the N, 20th and 80th percentiles for all tran-
sects in Figures 5a and 5b, respectively. To provide an all-encompassing analysis of mixing and maximize the
sample size, in-cloud data are included in the analysis regardless of their proximity to cloud edge. Both ACI and
AVAPC, increase as points diverge from the 1:1 line. This is consistent with greater mixing and the resulting
evaporation of available condensate within localized regions of the transects, which are represented by points
further from the 1:1 line where the 20th and 80th percentiles of N, are more different. Specifically, these
clustering values (where the 20th and 80th percentiles of N, are more different) are capturing cloud filaments
on the order of meters produced by entrainment-mixing events. Figures 5¢ and 5d shows the covariance of the
clustering metrics for the N, 20th and 80th percentiles for all transects. The vast majority of values are negative
(>85%) and increase in magnitude with greater divergence of the N, percentiles. This shows that clustering
and N, within most transects are negatively correlated (i.e., clustering is primarily correlated to the low Npp
samples rather than high N, within the respective transects), consistent with clustering localized to regions of
low droplet concentrations resulting from entrainment-mixing processes. Mixing for increasing divergence in
the N, percentiles is also evident in Figure 5e, which shows points colored by average Mean D, The lowest
average Mean D, are observed at the greatest differences in the N, percentiles, consistent with decreasing
drop sizes due to evaporation.

Mixing diagrams relating droplet concentration and volume weighted mean radius (7,) have commonly been used
in the past to distinguish homogeneous from inhomogeneous mixing (e.g., Burnet & Brenguier, 2007; Lehmann
et al., 2009; Pawlowska et al., 2000) as homogeneous mixing is associated with greater variability of r,. This
variability is analyzed in Figure 5f, which shows points colored by the difference of the 80th and 20th percen-
tiles of r,. The difference in r, percentiles does not increase with increasing difference of N, percentiles, but
rather with decreasing total N, (both 80th and 20th N, percentiles decreasing). This irregularity highlights
why studies often use complementary measures of mixing alongside N-r, relationships (e.g., Gerber et al., 2008;
Lehmann et al., 2009). Many of these points with low N, have the highest average Mean D, associated with
precipitation (discussed in reference to Figures 2c and 2d). Further, average ACIL and AVAPC are the least
similar at low N,p, where average AVAPC are relatively high regardless of the difference in N, percentiles.
Many of these relatively high values of AVAPC overlap with the high Mean D, associated with precipitation.
In addition, the correlation of clustering with the log-scale difference in the 80th and 20th N, percentiles is
much greater for ACIL despite not having results directly weighted by N, as for AVAPC, (shown in Figures 5a
and 5b), which is likely due to differences at log average N, These findings highlight the reason for choosing
to use average ACI for the remaining analysis.

Figure 5 has thus shown that droplet clustering is directly related to differences in the background droplet concen-
trations. To relate the transects directly to mixing measures, Figure 6 shows average ACIy related to average
L and 7,,. Droplet clustering is significantly correlated with average L (v = 0.53), consistent with the negative
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average ACIy, (b) average AVAPC, (c) covariance of ACIy and N, (d) covariance of AVAPC and N;, () average mean
D¢pp and (f) the difference of the 80th and 20th percentiles of the volume weighted mean radius. The black line represents the
1:1 line.

covariance of average ACILg and low N, within transects (Figure 5¢). Clustering is also positively correlated
with 7,,, which considers the instantaneous turbulent motions directly related to e.

Multiple benefits are associated with utilizing clustering as a proxy variable. It allows for an indirect estimation
of L by obtaining an approximation of F without relying on a stringent clear-sky threshold, since clustering is
associated with lower number concentrations resulting from evaporation (Figures 5a—5d). This allows for low
Ncpp gaps between cloud filaments, which may not meet the stringent “droplet-free” condition, to be considered
in the mixing analysis. This method also maximizes the total number of available samples. Other methods such as
controlling results by the mass content over the adiabatic mass content similarly limits the possible sample size by
limiting observations to regions adiabatic values can be derived. This also applies to other metrics such as entrain-
ment rate, which is generally restricted to the entrainment interfacial layer. Further, ambiguous assumptions and
uncertainties in determining entrainment rates (Chen et al., 2011; Romps, 2010; Wood, 2012) and Da are avoided.
An additional benefit associated with the use of transects is that results are directly applicable to weather models
having comparable horizontal grid sizes (~1 km). The following section presents findings incorporating the use
of transects to characterize the impacts of mixing.
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4. Impacts of Mixing

Figure 7 shows average PSDs for liquid phase (Figures 7a—7c) and mixed
phase (Figures 7d-7f) samples. Figure 7 differs from Figure 4 in that
results are organized by different ranges of 1 Hz ACIy as well as average
ACIy, with the largest averages in the right column. Transects expected
to be associated with stronger entrainment-mixing events are in the right
column, whereas weaker or nonexistent entrainment-mixing is associated
with the left panels. Percentiles of 1 Hz ACI meeting the conditions within
each respective panel are shown as the different colored PSDs. The PSDs
organized by 1 Hz percentiles are relatively similar within each respec-
tive panel, suggesting relative homogeneity amongst 1 Hz ACIy within
transects. However, notable differences are observed between the PSDs
within the varying panels. For both phases, higher percentiles of 1 Hz ACI
(>80th; red lines) generally have lower number distribution functions for
D > 50 pm at average ACIy greater than the 30th percentile compared with
lower ACIy percentiles (black and blue lines; Figures 7b, 7c, 7e, and 7f).
For mixed phase samples, this trend is only observed from 50 to 300 pm
for average ACIy 30th to 70th percentiles and from 50 to 200 um for above
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Figure 7. (a—c) Average particle size distributions for liquid and (d-f) mixed phase samples. Results are separated by percentiles of transect average ACIy for each
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Figure 8. Similar to Figure 7, except results from Figure 7F are separated into three average ACI percentile ranges.

the 70th percentile (Figures 7e and 7f). Lower number distribution functions of 1 Hz ACI > 80th are also
seen from 10 to 50 pm, most notably at average ACIy greater than 70th percentile. These lower N(log(D)) for
greater 1 Hz ACI, is characteristic of inhomogeneous mixing, which was not evident in Figure 4 when transect
data were not used.

The most distinguishing differences of PSDs are observed over different ranges of average ACIy. For the liquid
phase, PSDs are relatively similar amongst the different ranges, with the greatest differences observed at the larg-
est drop sizes. Specifically, at D ~ 14 um the number distribution functions are ~103 L~! regardless of average
ACIy, whereas the number distribution functions of large drops (D greater than ~40 pm) steadily decrease with
increasing average ACIy, consistent with evaporation from entrainment. The PSDs for mixed phase conditions
are much more variable amongst average ACIy compared with the liquid phase. The most notable trend is the
difference in the number distribution functions of large particles between average ACILy less than and greater than
the 30th percentile. Less than the 30th percentile, N(log(D)) from ~100 to 400 um are observed at 1-10 L=, and
rapidly decrease to 0.1 L~ and lower at sizes greater than 600 pm (Figure 7d). This peak is primarily attributed to
samples from mixed phase drizzle associated with the second and sixth research flights (RF02&06, respectively).
Representative particle imagery for the different ranges of average ACIy are shown underlying the respective
columns, and the cases shown for RF02 and RFO06 highlight these drizzle cases within the lower average ACIy
transects. Drizzle from RF02 occurred together with large ice crystals as seen in Figure 7g, whereas drizzle
from RF06 occurred mainly in the absence of ice with the exception of a few cases of small graupel, seen as the
aspherical particles in Figure 7j. Number distribution functions from ~400 to 800 pm increase with increasing
average ACIy (>30th percentile) by a factor of 3-5. Additionally, 1 Hz ACIL from the 30th to 70th average ACI
percentiles (Figure 7e) capture this transition, namely, N(log(D)) at D > 400 pm increase above the 20th percen-
tile, and a “dip” occurs between ~100 and 200 pm. This dip is shown below to be likely related to the removal of
large drops. The increase in number distribution functions from ~400 to 800 pm with increasing average ACIy
as well as the 1 Hz ACI, in Figure 7e is consistent with enhanced WBF due to droplet evaporation, as noted by
Hoffmann (2020) (i.e., increasing concentrations of large ice particles).

Strong mixing events are further examined in Figure 8, where mixed phase results greater than the 70th percentile
are separated into 70th—-80th (Figure 8a), 80th-90th (Figure 8b), and greater than 90th (Figure 8c) percentiles.
Although there is no clear average ACIy threshold that categorically defines the presence of entrainment-mixing,
the right-most panel with the highest ACIy in Figure 8 shows the clearest downward shifts in PSDs amongst
1 Hz ACI percentiles (expected with inhomogeneous mixing; Figure 7f). This adds confidence toward relating
the strength of entrainment-mixing to mixed phase properties. Number distribution functions for D greater than
300 pm increase with increasing average ACIy. Most notably, number distribution functions slightly increase
from 300 to 500 pm with increasing average ACI. Specifically, N(log(D)) vary from 0.3 to 0.8 L=! (0.2-0.5 L")
above (below) the 90th percentile of average ACI,, suggesting large ice concentrations increase with more prom-
inent entrainment-mixing. In addition, mixed phase PSDs have less prominent peaks at ~15 pm and a slight
broadening from 15 to 25 pm with increasing average ACL, which although observed in Figures 7d-7f is more
pronounced here. Overall, drop number distribution functions for D < 10 pm are relatively similar when compared
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Figure 9. Similar to Figure 7, except results are only shown for mixed phase at temperatures (a and b) less than —8°C and (¢
and d) greater than —8°C.

amongst the average ACI percentiles, whereas relatively larger drops may be preferentially evaporating, as seen
by an approximate order of magnitude decrease in number distribution functions at 50 pm with increasing ACI.

To evaluate how results vary for different temperatures, mixed phase results for average ACIy greater than the
30th percentile are separated into different temperature ranges in Figure 9, with lower (higher) temperatures at
A&B (C&D). Similar to Figure 7, downward shifts of PSDs for greater 1 Hz ACIy percentiles at larger aver-
age ACI (indicative of inhomogeneous mixing) are observed for both temperature ranges. Number distribution
functions for D > 400 pm are relatively similar for varying 1 Hz ACI, at temperatures greater than —8°C, which
may suggest weak mixing is sufficient to induce an enhanced WBF process. This is consistent with increased
N(log(D)) at D > 400 pm for average ACIy above the 30th percentile (Figures 7d and 7e). It may also suggest an
enhanced WBF process is more prevalent at lower temperatures, where the difference between the liquid and ice
saturation vapor pressures is greater. This is consistent with number distribution functions at temperatures less
than —8°C, outside the Hallett-Mossop secondary ice crystal production zone (Hallett & Mossop, 1974), which
markedly increase for average ACI greater than the 70th percentile.

Findings of the increasing number distribution functions of large ice with increasing average ACIy have thus
far been attributed to entrainment-mixing events enhancing WBF. Considering that the characteristic pathway
of the WBF process is the transition of liquid to ice, the liquid water content (LWC) over the total water content
(TWC; ice and liquid) would be expected to transition from 1 to O during these events. Thus, if an enhanced WBF
process were present, a hypothetical set of mixed phase samples would more likely be associated with lower
values of LWC/TWC compared to a weak WBF process. Figure 10 directly relates average ACI to 1 Hz mixed
phase samples within the transects for all temperatures (Figure 10a), temperatures less than —8°C (Figure 10b)
and temperatures greater than —8°C (Figure 10c). The joint histogram is normalized over each average ACI bin.
For all temperatures, the frequency of LWC/TWC at 0.9-1.0 gradually decreases from ~0.9 to 0.2 as average
ACI increases from —0.6 to 1.0. The frequency of lower LWC/TWC correspondingly increases with increas-
ing average ACI as well, having frequencies skewed toward higher LWC/TWC at low average ACI and more
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Figure 10. Normalized joint histograms relating 1 Hz mixed phase samples of liquid water content/total water content to
transect average ACIy (a) for all temperatures, (b) for temperatures less than —8°C, and (c) temperatures warmer than —8°C.
Results are normalized by average ACIy bins, where the sum of each row equals one. The number of samples for each average
ACI bin are shown in the narrow plots immediately to the right of the respective histograms. Percentiles of average ACI are
shown by the colored horizontal lines.

uniformly distributed at high average ACIy. Results in Figures 10b and 10c examine the impacts of temperature
related to differences such as the greater difference in liquid and ice saturation vapor pressures at lower temper-
atures, as well as the potential of enhanced ice particle regimes associated with secondary ice production from
—3° to —8°C. Both trends mentioned above are observed for both temperature ranges, although they are much
more prevalent at temperatures less than —8°C. Namely, the frequency of samples at relatively low LWC/TWC
and low average ACI, is greater at higher temperatures, which may be due to the sufficiency of weaker mixing
to induce an enhanced WBF, increased riming or errors associated with misclassification of drizzle (which can
appear as aspherical particles) as ice.

To explore how mixed phase PSDs vary depending on the amount of glaciation, PSDs in Figure 11 are calculated
for different ranges of LWC/TWC for all average ACI (Figures 11a—11c) and for the upper 50th percentile of
ACI (Figures 11d-11f). Note that sample sizes are shown in the respective panels, and the difference in sample
sizes between the highest and lowest ranges of LWC/TWC decreases with increasing average ACIy, consistent
with findings in Figure 10. As previously mentioned, the liquid mass is expected to decrease whereas ice mass
is expected to increase as LWC/TWC transitions from 1 to 0. This is consistent with trends in the average PSDs
for all ranges of average ACIy, where number distribution functions of particles with D greater than 200 pm are
greatest for LWC/TWC < 0.4 and lowest for LWC/TWC > 0.9. Number distribution functions of particles with
D < 50 pm also decrease with decreasing LWC/TWC for all average ACI. However, number distribution func-
tions for D < 15 pm decrease more rapidly for the average ACI less than the 70th percentile compared to higher
percentiles of the average ACIy. In fact, these number distribution functions only vary by 8-30% for different
LWC/TWC above the 70th percentile (Figure 11c). The difference in the number distribution function for D
between 30 and 100 pm amongst difference ranges of LWC/TWC increases with increasing average ACIy, char-
acterized by decreasing number distribution functions for D = 100 pm. These particles are most likely droplets
(based off assumptions of CDP sensitivity to spherical particles and from visual examination of 2DS imagery)
which are preferentially removed at relatively high average ACI, suggesting larger drops are preferentially evap-
orating with more prominent entrainment-mixing in mixed phase clouds.

Results in Figures 11d-11f focus on differences in PSDs at relatively high ACI, in part to avoid the large set of
drizzling samples discussed previously (Figure 7d), which appear as sharp decreases in the number distribution
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Figure 11. (a—c) Average mixed phase particle size distributions (PSDs) shown for percentiles ranging over all mixed phase samples and (d—f) for percentile ranges
exceeding the 50th percentile. Colored lines represent average PSDs for different ranges of liquid water content/total water content. The number of 1 Hz mixed phase
samples (contained within the respective transects) is shown in each respective panel. Results are shown for temperatures less than —2°C.

functions at D = 400 pm for average ACIy less than the 30th percentile (Figure 11a). This is also done to
account for the inability to determine when entrainment-mixing is in fact taking place (similarly discussed in
reference to Figure 8). Similar trends of decreasing N(log(D)) at D < 10 pm with decreasing LWC/TWC for
relatively low average ACI (50th to 70th percentile; Figure 11d), and decreasing number distribution func-
tions at 100 pm with increasing average ACI are observed. In addition, the difference in particle sizes from
30 to 100 pm with decreasing LWC/TWC, which are primarily large drops, is much more apparent at greater
average ACIy, as the colored lines do not overlap and increasingly diverge. This is most notable at average
ACI, greater than the 90th percentile, which also has an order of magnitude difference in drop sizes from 10
to 30 pm (Figure 11f).

Although the number distribution functions of large ice (D > 200 pm) still differ for ranges of LWC/TWC above
the 90th percentile of average ACIy, they are the least variable compared to lower average ACIy percentiles. This
is consistent with evaporating drops primarily replenishing the subsaturated air resulting from substantial dry air
entrainment, which may also impede ice crystal growth. In contrast, the highest number distribution functions of
large ice occur at low LWC/TWC for average ACIy between the 50th and 70th percentiles. However, there are
fewer samples at low LWC/TWC for lower average ACIL compared with higher average ACIy. This is likely why
the highest large ice concentrations occur at average ACI above the 90th percentile in Figure 8. Namely, averages
at low average ACI are heavily weighted by samples having high LWC/TWC. These findings suggest that at
substantially strong mixing, the enhanced WBF process associated with evaporating drops is partially offset by
sufficiently large intrusions of dry air.

4.1. Results in Context of Cloud Morphology

Results thus far have examined entrainment-mixing regardless of cloud type and location within the clouds (e.g.,
cloud top, cloud base, etc.). Averaged PSDs in relation to the normalized cloud height (z,) are shown in this
section and related to the transect analysis.
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Figure 12. Average particle size distributions for (a) liquid and (b) mixed phase samples for different ranges of z,.

Figure 12 shows average PSDs for the liquid (Figure 12a) and mixed phase (Figure 12b) samples at cloud base
(z, < 0.1), cloud top (z, > 0.9) and within the cloud (0.1 < z, < 0.9). The PSDs shift toward larger particle sizes
with increasing z, for the liquid phase, consistent with particle growth via condensation and collision-coalescence
of an ascending air parcel. However, large drop number distribution functions (D > 200 pm) are nearly similar
regardless of z,. In contrast, the highest concentrations of large ice particles in mixed phase samples are observed
at cloud top and are lowest near cloud base. Peak number distribution functions of large ice crystals also shift
to slightly larger sizes (from 300 to 500 pm) with increasing z,, suggesting large ice particles are preferentially
growing at cloud top. It is important to note that although ACIy are often greater at cloud top than cloud base,
relatively high ACIy occur at cloud top and cloud base (Figure 2b). Analysis of 1 Hz and average ACI, are not
controlled by normalized cloud height, so results may (perhaps likely) combine samples from both of these
regions. Since large ice concentrations are found to be lowest at cloud base (Figure 12b; Figures 13b and 13c),
there is the possibility for an underestimation of entrainment-mixing WBF enhancement. Regardless, these peak
sizes from 300 to 500 pm are similar to those observed with relatively high average ACI throughout this study
(e.g., Figure 8), highlighting the potential importance of entrainment-mixing on WBF process rates.

Mixed phase results are separated according to the number of cloud layers in Figure 13. PSDs from single-layer
clouds are shown in Figure 13a and from multi-layer clouds in Figure 13b. The cloud layer classification follows
D’Alessandro et al. (2023). Not only have mixed phase occurrence frequencies been found to be much larger
in multi-layer clouds (D’Alessandro et al., 2023), but notable peaks of large ice concentrations from 300 to
500 pm are primarily observed in multi-layer clouds as well. These peaks are enhanced for middle cloud layers,
defined as cloud layers residing between the highest and lowest cloud layers of multi-layer clouds (Figure 13c).
D’Alessandro et al. (2023) shows air immediately overlying these middle layers is nearly saturated, whereas
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Figure 13. Similar to Figure 12, except results are only shown for mixed phase samples. Results are shown for (a) single layer clouds, (b) multi-layer clouds, and (c)
middle cloud layers (residing between the highest and lowest cloud layers of multi-layer clouds). The blue text is average relative humidity immediately overlying the
respective cloud layer types (taken from D’Alessandro et al. (2023)).

D’ALESSANDRO AND MCFARQUHAR

16 of 24

858017 SUOWWOD SAIERID 3|qedlidde ayp Aq peusenob afe Sajo e VO ‘88N JO S3INI 104 ARIqIT8UIIUO AB]IM UO (SUORIPUOD-PUR-SWLIBIALID /B | 1M AtRIq 1 BU1|UO//SONY) SUORIPUOD PUe SWB | 8U) 88S *[S5202/c0/82] Uo ARIqIT8UlIUO AB]IM ‘80:ew0D JO Juswileds BeoN Aq 2z98e0arez02/620T 0T/I0p/wodfs|imAreiqijpuluosqndnfe;/sdny woy papeojumoq ‘ST ‘€202 ‘96686912



. Yeld ,
A\IV Journal of Geophysical Research: Atmospheres 10.1029/2023JD038622

ADVANCING EARTH
AND SPACE SCIENCES

subsaturated conditions are commonly observed overlying single layer clouds as well as the highest layers of
multi-layer clouds (blue text in Figure 13). This suggests the importance of an ample moisture supply toward ice
crystal growth in entrainment-mixing events, contrary to simply considering dry air enhancing evaporation and
the resulting available vapor content.

5. Overview of Findings

This study uses in situ observations from SOCRATES to provide a statistical analysis on the impacts of
entrainment-mixing upon mixed phase cloud properties over the Southern Ocean. Strong correlations exist
between drop clustering and the ratio of actual to adiabatic mass content at cloud tops (—0.62 to —0.74), as well as
clustering and mixing length scales (0.53). These and other findings suggest clustering on scales of 100-1,000 m
is primarily related to entrainment-mixing. Because of this, droplet clustering is utilized as a proxy variable for
qualitatively determining the degree of mixing. Observations are split into transects, defined as regions of neigh-
boring 1 Hz samples which range from 1.0 to 2.1 km in horizontal sampling distance. The use of transects allows
for samples associated with local entrainment-mixing to be analyzed in relation to the background microphysical
properties and allows for analysis on spatial scales comparable to horizontal grid spacing in weather and climate
models.

Clustering is positively related to ice particle concentrations with maximum dimensions exceeding 200 pm,
suggesting entrainment mixing enhances WBF process rates. Average number distribution functions associated
with the highest percentiles of clustering (>70th percentiles) closely resemble those at cloud top of multi-layer
clouds, suggesting entrainment-mixing is a major factor determining ice characteristics at cloud top.

Clustering is examined as a function of LWC/TWC in order to ascertain impacts of mixing on mixed phase evolu-
tion, considering that values will transition from 1 to O during glaciation. Distributions of LWC/TWC are heavily
skewed toward 1 at minimal/non-existent clustering, and transition to more uniform distributions of LWC/TWC
with increasing clustering. This trend is more pronounced at temperatures less than —8°C, where the difference
in the saturation vapor pressures of liquid and ice is greater than at higher temperatures. Results suggest that a
minimal amount of mixing may increase the likelihood for mixed phase samples to undergo complete glaciation
on spatial scales of ~100 m. Average PSDs are similarly examined as functions of LWC/TWC to evaluate mixed
phase evolution. Drop number distribution functions between 10 and 20 pm decrease with decreasing LWC/TWC
regardless of weak or prevalent clustering. At relatively low clustering, small drop number distribution functions
(D < 10 pm) are found to decrease with decreasing LWC/TWC, which is consistent with glaciating conditions. In
contrast, larger drop number distribution functions (D > 30 um) are preferentially reduced with decreasing LWC/
TWC when clustering is prevalent. These results suggest different drop size modes are preferentially removed
during glaciation depending on the relative strength of entrainment-mixing.

6. Concluding Remarks

The goal of this study was to provide a qualitative assessment of the impact of mixing on mixed phase microphys-
ical properties. Drop clustering has been argued to provide a simple and effective measure to broadly diagnose
the strength of entrainment-mixing. In fact, previous studies have attempted to characterize entrainment-mixing
and its impacts based on drop size distribution inhomogeneities (Bower & Choularton, 1988; Paluch, 1986;
Paluch & Knight, 1984). Although clustering undoubtedly fails to capture the associated complexities and rele-
vant properties of air-mass interactions, analysis here separates mixed phase properties by broad percentile ranges
of clustering in order to capture the general strength of mixing and its impacts. Persistent trends (e.g., increasing
number distribution functions of large ice with greater average ACIL) combined with findings consistent with
current theoretical understandings of mixing (e.g., downward shifts in average PSDs with increasing ACI indic-
ative of inhomogeneous mixing, decreasing number distribution functions of large drops with increasing average
ACI for liquid phase transects) suggest the results presented here capture the intended mixing-cloud particle
interactions.

Previous studies have argued for or against different clustering metrics for reasons such as scale dependence (B.
Baker & Lawson, 2010; Shaw et al., 2002). However, scale invariance is expected to be minimal since number
concentrations are normalized by a constant sample volume. In addition, the clustering metric is only in service
of diagnosing the magnitude of mixing. The study does not intend to provide an absolute measure of clustering
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but rather to inform the observational and modeling communities of potential pathways for the evolution of mixed
phase microphysical properties in the presence of entrainment-mixing.

A few studies have already been introduced that discuss direct relationships of droplet clustering on local micro-
physical properties (Castellano et al., 2004, 2008). However, these effects are determined on much smaller spatial
scales than the scale of clustering presented in this study. Regardless of these potential impacts of clustering on
microphysical properties, such considerations do not nullify findings relating entrainment-mixing to mixed phase
evolution. Rather, mixing likely enhances clustering which effectively impacts the microphysical properties.
For example, clustering resulting from dry air insertion may lead to enhanced evaporation of droplets near the
edges of drop clusters due to differences in the local vapor density fields within clusters and near cluster edges
(Castellano & Avila, 2011). It may prove helpful to disseminate direct impacts of mixing and clustering on mixed
phase properties.

Clustering is calculated on spatial scales orders of magnitude greater (100 m) than those considered in most of
the theoretical clustering studies listed here (~1 cm). Commonly deployed in situ instrumentation for most field
campaigns, including SOCRATES, are unable to determine clustering at finer spatial scales. Such probes require
averaging over relatively long durations to compensate for the instruments' inherent lack of ergodicity. Other
probes, such as the Holographic Detector for Clouds (HOLODEC), have the advantage of obtaining size distri-
butions by imaging a constant volume sample field. Few intercomparisons between these instruments have been
performed (e.g., Beals et al., 2015; Glienke et al., 2017; Jackson et al., 2014), and those comparing varying scales
of clustering are warranted in order to disseminate primary and secondary causes impacting mixed phase prop-
erties. The HOLODEC would also be advantageous for characterizing particle phase from 50 to 100 pm, due to
the inability of the 2DS to adequately diagnose sphericity with the relatively coarse resolution of the diode array.

Future work should aim to constrain mixing properties by directly relating entrainment rates with mixed phase
properties at cloud top. Similar work evaluating entrainment-mixing is warranted for different cloud types and
regions globally, which will be associated with varying atmospheric phenomenon, turbulent features, and mixed
phase properties. Additional work should also explore the impacts of phase inhomogeneity on the potential
enhancement of WBF within the length scale of mixed phase observations (~100 m) used here.

Appendix A: Equations Used to Determine Da
The turbulent dissipation is taken from Paluch and Baumgardner (1989) and shown as:

3
Dan2
g= —N___ 3 (A1)
4.01b)2 1,

where b ~ 0.2(27)** (taken from Panofsky and Dutton (1984)), [, is the length scale and Dy, is taken from
Meischner et al. (2001) and shown as:

2 2
Din(1, TAS) = 1 a0 =l - 5] + 5[0 - U2<t_ was)] + (A2)
3 |w(t) - w<t N Tﬁ:S )]

and additional terms are defined in Appendix B. The phase relaxation times used to determine Da are taken from
Pinsky et al. (2018), although the phase relaxation time for the liquid phase has been introduced in earlier studies
(Korolev & Mazin, 2003; Pinsky et al., 2015) and is expressed as:

A pA _ -
Tphase,w = < pfF,,_ 2 Nwrw> (A3)

where A, is expressed as:

1 L.>
A, = - + TR (Ad)
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and F, is expressed as:
prw2 puwRVT
Fo="ores+—— A5
“7 KR/T? ' euD. (A5
and additional terms are defined in Appendix B. To derive the phase relaxation time for the mixed phase, the
phase relaxation time for the ice is used (Korolev & Mazin, 2003; Pinsky et al., 2015) and expressed as:
-1
4rpiA —
Tphase,i = <MN,-I‘,-> (A6)
piFi
where A, is expressed as:
1 L,Li
Ay = —
3 » T oRT (A7)
and F; is expressed as:
_ L pRT (AB)
" KR/T?  eD.
and additional terms are defined in Appendix B. The phase relaxation times of the liquid and ice phase are
combined to determine the relaxation time for the mixed phase (Pinsky et al., 2018) and is expressed as:
. Tphase,w Tphase,i
phasem = -+
(Tphase,w + Tphase,i) (A9)
The shorter microphysical response time between the phase relaxation and evaporation times is selected when
determine L*. The evaporation time for the liquid is taken from Rogers and Yau (1996) and is expressed as:
r mZ
Tevap = _ﬁ (A10)
where A is expressed as:
_ 1
[(i _1>M+ﬂu*R\'T:| (A11)
R,T KT D.e,
The evaporation time for the mixed phase is defined as the time for complete glaciation to occur within a mixed
phase cloud (Hoffmann, 2020), which is expressed as:
q
Tgl = S Tphased Al12
o =0 (A12)
and additional terms are defined in Appendix B.
Appendix B: Table of Contents
Symbol Description
ACI Altered Clustering Index
AVAPC Altered Volume Average Pair Correlation
CI Clustering Index
D Maximum particle dimension
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Symbol Description

Da Damkohler number

D, Coefficient of diffusion of water vapor in air
e Saturation vapor pressure for ice

e, Saturation vapor pressure for liquid water
F Clear sky fraction

f Sampling frequency

K Coefficient of thermal conductivity of air
L Mixing length scale

L, Latent heat of sublimation

L, Latent heat of vaporization

L* Transition length scale

LwWC Liquid water content

L, Length scale

M Mass content

Mean D Number weighted mean diameter

N Number concentration

N; Ice number concentration

N, Liquid number concentrations

q, Liquid water mixing ratio

4qy; Ice saturation vapor mixing ratio

9, Liquid water saturation vapor mixing ratio
q, Water vapor mixing ratio

R, Gas constant for water vapor

7 Ice particle radius

r, Liquid particle radius

T, Number weighted mean radius

r, Volume weighted mean radius

K Supersaturation

t Time

u East wind component

v North wind component

TAS True air speed

TWC Total condensed water content
VAPC Volume Average Pair Correlation

w Vertical air motion

z Altitude

ZitomiL i Cloud top altitude

Zeloud_base Cloud base altitude

Z, Normalized height

€ turbulent dissipation rate

B Evaporation time

Tyl Time for glaciation of mixed phase cloud
T, Turbulent mixing time

Tohase Phase relaxation time
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Symbol Description

Tphase,i Ice phase relaxation time
Tohase.m Mixed phase relaxation time
Tphase,w Liquid phase relaxation time
7 Microphysics response time
Treact Reaction time

Pa Density of air

P Density of ice

Lo Density of liquid water
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Data Availability Statement

The data were collected using NSF's Lower Atmosphere Observing Facilities, which are managed and oper-
ated by NCAR's Earth Observing Laboratory. The NSF SOCRATES campaign dataset is publicly availa-
ble and can be accessed at http://www.eol.ucar.edu/field_projects/socrates. Data includes 2DS PSDs (Wu &
McFarquhar, 2019), raw 2DS particle imagery (NCAR/EOL, 2018) and alternative in situ instrumentation
(NCAR/EOL, 2022).
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