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CLOUDS

Locally narrow droplet size distributions are
ubiquitous in stratocumulus clouds

Nithin Allwayin®, Michael L. Larsen*?*, Susanne Glienke3, Raymond A. Shaw'*

Marine stratocumulus clouds are the “global reflectors,” sharply contrasting with the underlying dark
ocean surface and exerting a net cooling on Earth’s climate. The magnitude of this cooling remains
uncertain in part owing to the averaged representation of microphysical processes, such as the droplet-
to-drizzle transition in global climate models (GCMs). Current GCMs parameterize cloud droplet size
distributions as broad, cloud-averaged gammas. Using digital holographic measurements of discrete
stratocumulus cloud volumes, we found cloud droplet size distributions to be narrower at the centimeter
scale, never resembling the cloud average. These local distributions tended to form pockets of similar-
looking cloud regions, each characterized by a size distribution shape that is diluted to varying degrees.
These observations open the way for new modeling representations of microphysical processes.

arth’s radiation and water balances de-

pend strongly on cloud properties, and

their calculation in global climate models

(GCMs) relies on the assumed cloud drop-

let size distribution structure (7, 2). These
droplet size distributions are based on spatially
averaged measurements of cloud droplet num-
ber concentration and diameter (3) and are
often represented as modified gamma distri-
butions (4, 5). The use of cloud-averaged distri-
bution shapes implies that cloud processes and
interactions at droplet scales are only approx-
imately captured (6-8) and contributes promi-
nently to uncertainties in GCM response to
perturbations (9). For example, calculations of
drizzle formation rate must be corrected to
account for spatial correlations in droplet
number concentration N owing to a nonlinear
dependence that scales as N? (10) and spatial
correlations between N and cloud liquid water
mixing ratio q. (11-13). Additionally, changes
in size distribution shape are also dramatically
important for drop collision characterization
owing to a drop diameter-dependent D° scal-
ing (14). Although the dependence of cloud size
distribution shape on spatial averaging scales
has been extensively explored (15, 16), limited
spatial resolution in models has hindered
the quantification of microphysically relevant
“local” size distributions. In this work, we used
cloud measurements made with a digital holo-
graphic cloud imaging instrument (Holographic
Detector for Clouds, HOLODEC) (17-20) to ob-
tain locally sampled cloud droplet size distri-
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butions in ~10-cm?® volumes at regular intervals
as a plane traverses through a cloud. This ap-
proach contrasts with the typical ~10- to 100-m
averaging scale for airborne measurements of
droplet size distributions. Fine-scale measure-
ments of liquid water content (LWC) have been
made (21), but they do not explore the structure
of the droplet size distribution, and they break
down in the presence of large-scale drops com-
mon in stratocumulus clouds (22). By then
using a machine-learning algorithm based on
hypothesis testing (23), we investigated whether
the gamma-type representations of cloud drop-
let size distributions used in GCMs hold for
these much smaller and microphysically rel-
evant spatial scales. This measurement strategy
allowed us to ask several fundamental ques-
tions relevant to the microphysical and optical
properties in clouds: Do local cloud droplet size
distributions look like the broad, cloud-averaged
values? If not, what distribution shapes occur,
and are those shapes correlated or isolated in
space? Are local size distribution shape, droplet
concentration, and other variables related in a
simple way?

The analysis was performed on HOLODEC
data from low-level marine stratocumulus clouds
near the Azores islands in the Atlantic Ocean
during the Aerosol and Cloud Experiments in
the Eastern North Atlantic (ACE-ENA) field
campaign (24, 25). The ACE-ENA campaign
had the objective of better characterizing the
marine low-level clouds and associated aerosol
and atmospheric boundary layer properties.
These stratocumulus clouds are radiatively ex-
tremely important and are composed of indi-
vidual convective elements combining to form
a corrugated, carpet-like appearance (26). They
are thin clouds with a vertical extent of a few
hundred meters, usually residing in the bot-
tom couple of kilometers of the atmosphere.
A stratocumulus cloud system is typically as-
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sumed to be homogeneous within a grid Check for |

of a coarse-resolution cloud model; this * .
homogeneity, or lack thereof, is a central as-
pect of this study.

We investigated data from horizontal cloud
transects at constant altitudes and over length
scales that approached the typical grid box
length scales of GCMs for four flights in the
ACE- ENA field project, covering a range of
cloud conditions (tables S1 and S2). Each of
the cloud transects was designed to sample
clouds at a constant altitude in an “L” shape
before moving to a different altitude. This
would suggest that any differences in droplet
size distributions are not from differences in
adiabatic growth profiles at different heights
(assuming a constant cloud base), thus helping
to isolate the horizontal inhomogeneity.

In a given flight segment, the size distribu-
tions in all holograms of a truly well-mixed,
homogeneous cloud would be similar to each
other, with only slight differences due to sam-
pling. Presumably, these distributions would all
appear similar to the cloud-averaged gamma
distributions typically observed and used in
models and remote sensing retrievals. Alterna-
tively, in another extreme limit, it is possible
that even well-mixed stratocumulus clouds
remain microphysically heterogeneous with
each holographic volume, revealing disparate
local droplet size distributions with no two vol-
umes in the cloud resembling each other.

What we needed was a way to explore how
measured droplet size distributions vary and
how they compare to each other. When we
first started this investigation, we asked the
simple question: Do local droplet size dis-
tributions look like the mean for a flight seg-
ment? The answer was almost universally no.
That inspired a related question: Do local size
distributions ever look like each other? As a
result, we developed the algorithm described
by Allwayin et al. (23), designed to compare
individual local droplet size distributions and
group them into clusters of distributions with
similar shapes. This is achieved by combining
a nonparametric hypothesis test that identi-
fies the holograms having the same distri-
bution shapes with a clustering algorithm that
groups these similar holograms. No assumption
about the functional form of the underlying
distribution shapes is used in the algorithm
(see the supplementary materials for more
details on the algorithm). For a given segment,
the algorithm outputs groups of holograms that
have the same underlying distribution shape.
Each such group can therefore be represented
by a single distribution shape, referred to in
this work as the characteristic droplet size
distribution. A relatively small number of such
characteristic distributions holds the poten-
tial to encapsulate spatial variabilities in cloud
microphysical properties along a horizontal
flight path.
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Each of these local size distributions could
potentially appear anywhere within the flight
segment, but we show below that it is com-
mon for holograms in the same “cluster” to
appear spatially near each other in the cloud.
Notably, none of these clusters have the
shape of the cloud-averaged size distribution;
the clusters exhibit relatively narrow size dis-
tributions that, when averaged over a cloud,
combine to construct the assumed broad shape
used in GCMs.

Results and discussion

In an overwhelming majority (30 out of 31) of
the cloud transects analyzed, multiple local char-
acteristic size distribution shapes were identi-
fied. Characteristic size distributions were thus
found to be ubiquitous and to exist for seg-
ments across multiple research flights spanning
a variety of cloud conditions. This suggests that
the global cloud size distribution formed by
combining all droplets in a given cloud seg-
ment can be decomposed into multiple char-
acteristic distributions. These characteristic
distributions were formed by local cloud sam-
ples of nearly identical size distribution shapes
and were identified by the algorithm as clus-
ters, an example of which is illustrated in Fig. 1.
The cloud transect shown is for a 60-km seg-
ment at an altitude of 850 m, obtained during
the research flight on 18 July 2017. The distri-
butions were normalized as probability density
functions (PDFs), and a cluster only depended
on the shapes of the individual size distribu-
tions, each with an assigned line color (Fig. 1A).
Additionally, not all local samples were classi-
fied with a cluster, as shown by the unclustered
light gray distributions. The relative frequency
of occurrence can be seen in the cloud droplet
number-size distributions (Fig. 1B). The aver-
age size distribution formed by combining the
cloud drops from all holograms is shown by
the thick black line. It is clearly evident that
the individual, local cloud size distributions
are narrow when compared with the segment-
averaged global distribution and have peaks
spanning a range of diameters (Fig. 1B). They
have almost no similarity in appearance to
the global averaged distribution, and indeed,
nearly all individual holograms failed the
Kolmogorov-Smirnov hypothesis test for statis-
tical similarity (fig. S1). This holds in general for
all the other flight segments analyzed as well.
For most cases, the local characteristic distri-
butions were narrow and did not match the
averaged distribution, typically with <10% of the
holograms looking like the segment-averaged
value (tables S1 and S2). Further, the weighted
combination of all the characteristic local dis-
tributions gave rise to a gamma-like distri-
bution that is broader and has a long large-drop
tail. The local-versus-global distribution proper-
ties for the segment shown previously are
compared in Fig. 2, where distribution spreads
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Fig. 1. Characteristic distributions identified by the algorithm for centimeter-scale local droplet

size distributions measured with HOLODEC. Clusters of identical-looking local cloud volumes given by
(A) the PDFs and (B) the bin width-normalized number-size distributions (dN/dD) of all cloud holograms for
a 60-km flight segment from the ACE-ENA research flight on 18 July 2017 at an altitude of 850 m. The
different colors denote the individual clusters, and the gray lines indicate identify holograms not classified
into a cluster. The solid black line in (B) represents the global average distribution of the segment. The
local cloud droplet size distributions are narrow when compared with the segment-averaged global
distribution and have peaks spanning a range of diameters. The distributions have a lower size resolution
of 10 um, and a bin width of 1 um was used for the figure (though the algorithm determined the

classifications by using raw, unbinned data).
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Fig. 2. Comparison of the local versus global distribution properties. A measure of the width of local
distribution, the interquartile range, versus the mean diameter is shown. Individual holograms are shown as
circles, with clusters denoted by the same color scheme as used in Fig. 1. The black star indicates the
segment average, and the gray circles indicate the unclassified holograms. The local distributions bear little
resemblance to the global average, suggesting that the global mean and width of the droplet size distributions
are not representative of cloud structures at small scales. All holograms are from the same segment as in Fig. 1,
a 60-km flight segment on 18 July 2017 at an altitude of 850 m.

are given by the interquartile ranges of particle
diameters for individual hologram samples ver-
sus mean droplet diameter. The global distri-
bution properties are denoted by the star (Fig. 2).
Almost all of the hologram distributions bear
little resemblance to the global average, sug-
gesting that the global mean and width of the
droplet size distributions are not representative
of cloud structures at small scales. This is true
even for the corresponding holograms not
belonging to any identified size-distribution
archetype but still conveying information about
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local drop distributions (gray circles, Fig. 2).
The observed narrowness of the local size dis-
tributions naturally leads to questions about
the nature and extent of turbulent mixing in
stratocumulus clouds. A characteristic distribu-
tion shape may suggest similar microphysical
histories that persist without fully mixing with
the rest of the cloud by turbulence.

Do the clusters of common distribution shapes
tend to reside near each other in space? As
illustrated in Fig. 3, these characteristic dis-
tribution clusters tend to occur in blocks of
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Fig. 3. Spatial structure of the local characteristic distributions.

The spatial-temporal evolution of hologram number concentrations demon-
strates that like-classified local cloud regions occur in small blocks of
successive holograms. Bar colors identify the same clusters as shown in
Figs. 1 and 2. These blocks vary in spatial extent and are sometimes

Fig. 4. Cloud LWC versus cloud droplet concentra-
tion, suggesting that microphysical relationships for
individual clusters of similar holograms can reflect
cloud histories. Cloud LWC and number concentrations

for different clusters have a linear relationship, with

slope depending on the cluster type. As the distribution
shape and, correspondingly, the mean diameter remain
constant for holograms of a cluster, the linear reduction
in LWC with number concentration suggests a predom-
inance of dilution and, complete evaporation of droplets
during the mixing process with dry environmental air

(inhomogeneous mixing). The separate clusters are

denoted by the different colors, as defined in Figs. 1 and

2, with gray dots representing the unclassified
holograms.

successive holograms varying in spatial extent.
Nevertheless, spatial correlation between cluster
members is not absolutely universal, and a
characteristic distribution is not confined to
just one region of the cloud, with most of these
clusters appearing in multiple blocks spatially
separated often by many kilometers. These blocks
do not have hard boundaries and can have
members from other clusters embedded within
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classification algorithm.

separated by kilometers. These blocks do not have sharp boundaries and
contain different cluster types, as shown by the zoomed-in views from the inset
plots. Each slice for the inset plot is 12 s long, corresponding to about 1.2 km.
Gaps correspond to holograms that were not put into any cluster by the
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them (insets, Fig. 3). The block-like clustering
behavior implies that “similar-looking” holo-
grams do not appear at random but rather
appear in zones with similar microphysical
properties. Note that the algorithm has a few
adjustable parameters that can fine-tune the
properties of these clusters. Notably, however,
the qualitative features of these results are prac-
tically always preserved.
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The results unequivocally demonstrate the
existence of local-scale characteristic distribu-
tions in stratocumulus cloud systems. These
distributions are narrower, with distinguish-
able modes, and differ considerably from the
global averaged distributions. The differences
between the characteristic distributions can re-
veal important information about cloud micro-
physical properties previously undiscernible
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Fig. 5. Collisional growth rates for characteristic droplet size distributions.
The mass autoconversion rate is a measure of initial cloud droplet growth by
collision-coalescence until efficient development of precipitation by accretion.
(A) The different colors correspond to the characteristic distributions, and the
gray marks the unclustered holograms. The solid black line represents the
global distribution for the entire segment. (B) Mass autoconversion rates for
the different characteristic distributions versus the mean diameter of the

local distributions. The box plots display the median (central dot), the 25th
and 75th percentiles (box), and the 5th and 95th percentiles (lines) of the local

from a global averaged representation and thus
help improve cloud representations for models.
Figure 4 demonstrates the relationship between
the cloud LWC and droplet number concentra-
tion N for individual cloud samples. Again,
characteristic size distributions are shown by
the colored dots. The covariance between li-
quid water content and particle number con-
centration can have direct implications for
autoconversion rates (12, 13) used in cloud
models. Universally for all flight segments an-
alyzed, the characteristic distributions tend to
fall along straight lines with differing slopes.
As the distribution shape for a cluster of holo-
grams is identical, the decrease in LWC with a
reduction in number concentration is a signa-
ture of inhomogeneous mixing (20, 27-29), i.e.,
the evaporation of a subset of droplets during
the mixing of a cloud parcel with dry envi-
ronmental air. These clusters could then be
interpreted as resulting from a finite set of
different parcels within a region with initially
similar and narrow size distribution, each of
which have been inhomogeneously mixed to
varying degrees (30). An assumption of cloud-
environment mixing primarily composed of
inhomogeneous mixing events substantially
simplifies radiative calculations in dual-moment
bulk microphysical schemes in widely used coarse-
resolution models (31). This inhomogeneous-
mixing signature is not simply the result of
the algorithm used; it is not self-evident that
only narrow, rather than broad distributions
should exist, and it is also not obvious that
narrow distributions with a certain mean
diameter should exist with a wide range of
droplet concentrations. By contrast, some
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of 1350 m.

implementations of gamma-distributed cloud
droplet size distributions assume a depen-
dence of the standard deviation on the num-
ber concentration.

These characteristic distributions were ubi-
quitously observed for a variety of cloud and
boundary layer conditions, and although this
very universality is striking, it makes it dif-
ficult to isolate the physics behind their exist-
ence. One hypothesis to partly explain the
differences across various clusters may be
spatial variability of cloud condensation nuclei
concentrations in the boundary layer (32). For
the same LWC, differences in number concen-
trations can result in characteristic distribu-
tions with different mode diameters. Differences
in lifting condensation levels (LCL) within the
boundary layer, resulting from previous large-
scale entrainment events, could be another
mechanism contributing to the formation of
these clusters (33). The resulting differences
in cloud depths and the associated adiabatic
growth profiles can show up as clusters of
different modes (34). LCL variability is also
linked to mesoscale organization. Variations
in surface fluxes and decoupling strength also
affect the variability of the LCL (35) and there-
by explain the characteristic distributions. En-
trainment mixing of dry environmental air
and the associated microphysical and dynami-
cal response may be another explanation for
these results. Vertical circulation mixing after
entrainment events could result in local distri-
butions with a range of diameters even at con-
stant altitudes (34), and these entrainment
regions have length scales similar to the ob-
served characteristic distributions (36). More
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autoconversion rates for the holograms in each cluster, with the color

scheme the same as in (A). Most of the individual process rates differ
substantially from the value calculated with the average size distribution, which is
represented by the solid black line. That global average rate also differs by

an order of magnitude from the average of the local autoconversion rates,
which is shown by the dashed black line. The gray region marks the range of
autoconversion rates for the unclustered holograms. The data are from a
40-km flight segment in a stratocumulus cloud on 19 July 2017 at an altitude

research is required to quantify and fully un-
ravel the nature and physics of these regions
defined by characteristic distributions.

The results presented in this work have im-
plications for precipitation formation and its
treatment in numerical models. Autoconversion
represents the collision of small cloud droplets
starting the rain formation process (). Precipi-
tation initiation depends on local-scale cloud
properties; the observation that cloud droplet
size distributions at these scales do not match
the cloud average value has an overarching
significance for calculations of autoconversion
rates. In Fig. 5, we show characteristic droplet
size distributions from another stratocumulus
cloud (40-km horizontal flight segment from
19 July 2017) together with calculated auto-
conversion rates to highlight the consequences
of such local-scale variability. The left panel
shows the six characteristic distributions that
were identified by the algorithm (Fig. 5A). As
in the case discussed previously, most local
distributions did not resemble the gamma-like
global cloud-averaged size distribution shape
shown by the black line. The box plots in Fig. 5B
display the mass autoconversion rates calculated
for holograms of each characteristic distribution.
The rate is a function of the cloud LWC and
droplet number concentration, but significant
for this work, it also depends on the shape of the
droplet size distribution (37) (see the supple-
mentary materials for details regarding the
calculation). Most of the cloud had autocon-
version rates that significantly differed from
that calculated with the average size distri-
bution (black line), with the local rates span-
ning a range of over five orders of magnitude.
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Notably, even an average of all the local rates
(dashed black line) differed from the global
rate calculated from the size distribution of all
cloud drops in the segment by an order of mag-
nitude (which we might expect owing to
Jensen’s inequality). A calculation based on
the cloud-averaged size distribution would con-
sequently be biased. The magnitude of these
differences depends on the nature of the lo-
cal characteristic distributions and hence varies
for the other cloud segments (see supplemen-
tary materials). Adequate estimation of the local
autoconversion rate not only requires a measure
of local number concentration and LWC but also
an accounting for the local distribution shape.

The varying mean droplet diameters found
in different characteristic distributions also have
implications for estimates of cloud microphy-
sical properties from remote sensing retrievals.
Horizontal variability in cloud effective radius,
LWC, and corresponding optical thickness are
known to contribute substantially to biases of
microphysical retrievals from satellite mea-
surements (38, 39). Analogous to the auto-
conversion rate calculations presented above,
reflectances for local distributions will be dif-
ferent from the average reflectance computed
from the full-cloud size distribution. New sat-
ellite instruments based on polarimetry (e.g.,
NASA’s Atmosphere Observing System mission)
are sensitive to the cloud-top region, and there-
fore, the existence of local size distributions may
need to be accounted for.

The observation that characteristic droplet
size distributions from individual 10-cm-scale
holographic sample volumes tend to appear in
regions with length scales spanning tens of
kilometers provides support for the use of
more-common cloud droplet instruments that
average over 10- to 100-m length scales in
future investigations of characteristic distribu-
tions within stratocumulus clouds. Measure-
ments made in different stratocumulus cloud
environments, e.g., with different levels of en-
trainment or surface coupling, can then guide
the development of parameterizations of sub-
grid-scale variability for coarse-resolution mod-
els. For example, the results have implications
for how to address the implicit dependence of
distribution width on distribution moments,
such as effective radius or liquid water content,
i.e., the dispersion effect (#0). Our findings can
also guide the development of new approaches
that are already underway, such as three-
moment bulk representation of clouds in GCMs
with distribution shape considered as a third
prognostic variable (41). Specifically, the obser-
vations quantify the variability in distribution
shape and the associated length scales related
to size distribution changes.

Digital holographic imaging of droplets con-
tained in localized volumes of ~10 cm® within
stratocumulus clouds revealed that droplet
size distributions at the local microphysics 10-cm
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scale are narrow compared with the average size
distribution. Using distribution-independent
hypothesis testing and machine-learning data
clustering, we classified clusters of “charac-
teristic” size distributions. The clusters tended
to be spatially correlated on kilometer length
scales. Furthermore, narrow characteristic dis-
tributions appeared with a wide range of
droplet concentrations within those regions,
consistent with expectations for inhomoge-
neous mixing caused by cloud-top entrain-
ment. The broad gamma-like distributions
often used in climate models and satellite
retrievals were only achieved when averag-
ing >10-km length scales. Local cloud droplet
collision rates, calculated from mass autocon-
version rates for the characteristic size dis-
tributions, varied by orders of magnitude.
Furthermore, most local autoconversion rates
differed substantially from the autoconver-
sion rate calculated with the global average
size distribution, and for the flight segment
presented in this work, the average of local
autoconversion rates differed from the auto-
conversion rate of the average distribution by
about an order of magnitude. This helps to il-
lustrate the importance of accounting for sub-
grid-scale fluctuations in number concentration,
LWC, and size-distribution shape.

One could say that droplets in stratocumu-
lus clouds are parochial, tending to live in
their own spatial blocks of similar-looking,
narrow size distributions. The local droplet
concentrations can be diluted to varying de-
grees, but the distribution shapes tend to
persist in these blocks. This has implications
for microphysical process rates, which depend
on local rather than global distribution proper-
ties. To turn the common phrase “all politics
is local,” we might say that all microphysics
is local.
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