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Abstract Previous studies reporting the spatial inhomogeneity and heterogeneity of cirrus cloud properties
have primarily been case studies derived from relatively small data sets. This study evaluates the spatial
heterogeneity and inhomogeneity of cirrus bulk microphysical properties using ~60 hr of in situ measurements
from eight field campaigns. The spatial heterogeneity of ice concentration (ice water content) increases with
decreasing ice concentration (ice water content), revealing more tenuous cirrus are more spatially heterogenous.
Cirrus clouds often contain heavily skewed distributions of ice concentrations, which also possess high spatial
heterogeneity. This is primarily due to the absence of small ice crystals (diameter < ~50 pm) within localized
regions of the clouds. These regions contain lower ozone concentrations and broader distributions of relative
humidity with respect to ice. The greater variation of relative humidity suggests enhanced temperature
perturbations resulting in greater frequencies of subsaturated samples, which preferentially sublimate small ice
(e.g., via the kelvin effect).

Plain Language Summary The heterogeneity/inhomogeneity of cirrus bulk microphysical
properties has been linked with increased satellite retrieval error, and has also been shown to provide
information on the evolutionary pathways of cirrus clouds (e.g., perturbations resulting from wave activity).
This study uses ~60 hr of airborne, in situ measurements acquired globally to provide a high precision
evaluation of cirrus spatial heterogeneity/inhomogeneity on the scale of kilometers. A strong, negative
relationship is found between ice content and spatial heterogeneity, where increasingly tenuous clouds generally
possess more spatially heterogeneous ice water content and ice number concentrations. A common pattern of
inhomogeneity is also observed in cirrus globally, where cirrus clouds commonly have localized absences of
small ice crystals within them. Future research is encouraged for diagnosing what conditions lead to increased
spatial heterogeneity/inhomogeneity of cirrus clouds, as well as the ubiquitous absence of small ice. Such
findings are crucial as ever-increasing spatial resolutions of models ultimately result in increasing
representativeness of underlying, small-scale cirrus processes/features.

1. Introduction

The spatial inhomogeneity and heterogeneity (often used interchangeably) of bulk microphysical properties of
cirrus clouds on kilometer spatial scales has been largely uncharacterized beyond select case studies/regional data
sets. Many of these studies evaluating the spatial heterogeneity/inhomogeneity of cirrus clouds often evaluate
macro-scale features such as optical thickness or cloud fraction (e.g., Schifer et al., 2017; Wolters et al., 2010).
Evaluating inhomogeneity/heterogeneity can also provide insight into cirrus formation/evolution processes. For
example, greater inhomogeneity can be indicative of increased gravity wave activity (e.g., Podglajen et al., 2018).
Further, incorporating the heterogeneity of cirrus properties into climate models has been shown to improve
predictive output (e.g., Gu & Liou, 2006). Aside from these physical insights, it is important to consider the spatial
heterogeneity of cirrus properties due to their potential for introducing biases into spaceborne remote sensing
retrievals. Previous studies have evaluated this bias by simulating cloud fields and their spatial heterogeneity
(e.g., Fauchez et al., 2015, 2018; Zhuravleva & Nasrtdinov, 2021), where Fauchez et al. (2015) found that such
biases are most significant for optically thick clouds.

The purpose of this study is to inform the research community of the observed horizontal spatial inhomogeneity/
heterogeneity of different bulk microphysical properties within cirrus clouds by pulling from ~60 hr of in situ
measurements acquired globally. Section 2 provides an overview of the data sets used in this study. Section 3
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introduces parameters used to characterize inhomogeneity and heterogeneity, and how both properties are defined
in this study. Section 4 provides findings and Section 5 includes additional discussion. Section 6 offers concluding
remarks.

2. In Situ Measurements

Cloud microphysical data is from Krémer et al. (2025a), who constructed particle size distribution (PSD) data
from in situ measurements acquired during eleven field campaigns. Only eight field campaigns meet our data
conditions described below, which include the Airborne Tropical Tropopause Experiment (ATTREX; Jensen
et al., 2017), the Midlatitude experiment (ML-CIRRUS; Voigt et al., 2017), Aerosol, Cloud, Precipitation, and
Radiation Interaction and Dynamics of CONvective Cloud Systems (ACRIDICON; Wendisch et al., 2016), the
Convective Transport of Active Species in the Tropics (CONTRAST; Pan et al., 2017), Pacific Oxidants, Sulfur,
Ice, Dehydration, and cONvection (POSIDON; Kramer et al., 2020a, 2020b), Stratosphere-Troposphere Analyses
of Regional Transport (STARTOS; Pan et al., 2010) and Stratospheric and upper tropospheric processes for better
climate predictions (STRATOCLIM; Krimer et al., 2020a, 2020b) campaigns. Sample size statistics from the
field campaigns are in Figure S1 in Supporting Information S1.

PSD data is obtained from combining single scattering probe and optical array probe measurements. These in-
struments include a Cloud and Aerosol Spectrometer (CAS), Cloud Imaging Probe (CIP), Cloud Droplet Probe
(CDP), Fast Cloud Droplet probe (FCDP), Two-Dimensional Cloud probe (2DC) and Two-dimensional Stereo
probe (2DS). PSDs include particles having diameters from 3 to 1,000 pm. The 1 Hz ice concentrations (V) are
obtained from PSD data, and ice water content IWC,,) is derived from m-D relationships following Krimer
et al. (2016). In-cloud samples are those with IWC,y;, > 107> ¢ m™>. This study only examines measurements
where there are 15 consecutive in-cloud seconds along the flight path (~1.5-3.5 km), which are defined as
transects. Parameters such as transect average ice concentration (N) and ice water content (IWC) are determined
from averaging 1 Hz PSDs within the respective transects. Parameters referring to 1 Hz samples contain the
“1 Hz” subscript. Some results will be presented in the context of in-cloud flight legs, defined as three or more
neighboring transects (illustrated in Section 3). Note that transects are split up into 15 sample intervals; whereas
in-cloud flight legs are never split up, and the number of neighboring transects can far exceed three. Further
instrumentation details are provided in Kridmer et al. (2020a, 2020b, 2025a), including measurements of tem-
perature, relative humidity with respect to ice (RHi) and ozone concentration (O3) used in this study.

The data analysis is restricted to temperatures below —38°C to ensure ice clouds are sampled. Additionally, a
simple condition to limit the inclusion of precipitating ice is applied: all samples must have RHi > 50%. This
condition is chosen based on Figure S2, which includes further discussion in Supporting Information S1.

3. Heterogeneity and Inhomogeneity Metrics

We first provide very general definitions of spatial inhomogeneity and heterogeneity for the purposes of this
study: inhomogeneity concerns broad changes in the magnitudes of a property within a given space, whereas
heterogeneity only considers localized changes within a space at relatively smaller spatial scales. To quantify
spatial inhomogeneity and heterogeneity of cirrus properties, we compute these properties for transects (dis-
cretized regions of in cloud in situ measurements; Section 2). An intuitive approach to determine 1-D hetero-
geneity (H) is expressed as

T
H=Y|X(m)— X(m— 1) )]

m=2

where X is any given variable (e.g., IWC), m is the placeholder for the sample's location within the transect and T
is the number of samples within a transect (7' = 15). Note that H increases with greater absolute differences
between neighboring samples. An illustration of this is provided further below.

To produce a normalized expression of heterogeneity, a maximum and minimum value of H must be obtained.
The minimum value can be expressed as
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T
Hmin = Z Xsort(m) - Xsort(m - 1) (2)
=2

where X, is the variable of the transect samples sorted with ascending values. To obtain the maximum H, H
should be solved for all possible permutations (i) of X shuffled within a given transect. Namely,

Hmax = izl’2"TE§00’000(Hperm,i) (3)
where
T
Hperm = Z |Xperm(m) - Xperm(m -1 €
=
and X is a given variable of the randomly shuffled transect samples. Note that only a maximum of 1,000,000

perm
possible permutations are computed.

We combine these terms to produce a normalized heterogeneity equation

H— Hmin

Het= ——F+—.
Hmax - Hmin

®)

This normalization equation is ~0 for spatially homogeneous transects and approaches 1 for spatially hetero-
geneous transects. Note that the inclusion of H,;, into Equation 5 broadly distinguishes between heterogeneity
by Hmin

from inhomogeneity as previously defined. Namely, subtracting H, removes consideration of net

max
differences over longer length scales, only diagnosing variability on relatively smaller scales. Following this, an
expression for inhomogeneity as a combination of the net differences over longer and shorter length scales can be

intuited from Equation 5 as

Inh =

(6)

max

where consecutive increasing or decreasing samples contribute to the net variability of the transect. H is still
weighted by H,,,, to weight transects with low and high average X, since those with high X will consequently
produce greater H (not shown). In this study, we evaluate the heterogeneity and inhomogeneity of Ny, and
IWC, g,

Figure 1a provides an idealized visualization of spatial homogeneity, inhomogeneity and heterogeneity of an
arbitrary cloud property (X). Note that spatial inhomogeneity and heterogeneity are inherently different—in that
spatially inhomogeneous transects can lack high spatial heterogeneity. This is illustrated in the three transects in
Figure 1a: where the middle transect is inhomogeneous but not heterogeneous (Inh > 0 and Het ~ 0), in contrast to
the right transect which is both inhomogeneous and heterogeneous (Inh > 0 and Het > 0). Figures 1b and 1c show
histograms of the heterogeneity of IWC,y, (Hetywc) and Ny, (Hety) for different ranges of IWC and N,
respectively. As IWC and N decrease, Hety and Hety, increase, respectively. This is suspected to result from
more tenuous cirrus competing for available water vapor, in contrast to thicker cirrus likely of liquid origin
(e.g., Krdmer et al., 2020a, 2020b) having more abundant/accessible water vapor. This trend is similarly observed
when interchanging Hety and Hetwc with Inhy and Inhpyc, respectively (not shown). Further, this trend also
appears to be scale invariant, as results are consistently observed for 7= 7, 30, and 50 (not shown).

We also examine the skewness () of the distributions of IWC,y;, and N,yy, samples within each transect (7w and
Ty, respectively; discussed in Figure 1a). Skewness is used as a complementary indicator of inhomogeneity along
with Inh. Due to the low sample size associated with transects (15), L-moments are used to derive more robust
characterizations of skewness (Hosking, 1990). L-moments have been used in atmospheric research on topics
ranging from regional climate to extreme precipitation events (e.g., Chen et al., 2023; Guttman et al., 1993). In
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Figure 1. (a) Idealized diagram characterizing spatial homogeneity, inhomogeneity, and heterogeneity of an arbitrary cirrus
property (X), including transect and in-cloud flight leg labels. Transects are regions of 15 neighboring 1 Hz in-cloud samples,
and in-cloud flight legs are regions of three or more neighboring transects. Expected values of Het, and Inh, overlie the
respective transects. (b) Histograms of Het,y - for different ranges of IWC. (c) Histograms of Het,, for different ranges of N.
Histograms in (b) and (c) are binned at 0.125 intervals.

contrast to conventional moments (power deviations from the mean), L-moments are determined from linear
combinations of order statistics. 7 is expressed as

L
= Lf @)
where L; and L, are the third and second L-moments expressed as
Ly =20, + p. ®)
Ly =6f, — 6f, + f. )
1 & (m—1
ﬂl = <—)Xsor (m) (10)
ng T—1)7"
1(m -2
Z 2 X0 (1)

and fj, is the mean of X. In contrast to skewness derived from conventional moments, z ranges from —1 to 1 for the
left-most and right-most possible skewness, respectively.

A simple peak detection algorithm to diagnose the number of peaks in a transect (P) is also introduced to sup-
plement the analysis, which are diagnosed at m where X,,_; < X,, and X,, > X, , ;. Peaks are only determined for
ice concentrations. They must exceed 0.5 of a logarithmically scaled ice crystal concentration [log;o(N )],
which corresponds to a factor of ~3-7 increase from the base of the peaks.

4. Results

Figures 2a—2c shows scatterplots of ice concentration skewness (z,) and N, and results are colored by Hety, (a), P
(b), and 7w (c). Datapoints are transects. Focusing on Figure 2a, almost none of the transects have values
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Figure 2. Ice concentration skewness (z,) and N scatterplots colored by spatial heterogeneity of ice concentration (Het,; a),
number of ice concentration peaks within the transect (P; b) and ice water content skewness (zy; ¢). Datapoints are
transects. Boxes in (a) denote three modes (1, 2, 3) which are discussed in the text. Select transect time series are shown in
panels (d)—(f) corresponding to Mode 1, 2, 3, respectively. Average PSDs are shown in panels (g)—(i) for all transects from
Modes 1, 2, 3, respectively. The average PSDs are separately determined from 1 Hz PSDs where N,y, exceeds the 75th
percentiles (blue), within the 75th and 25th percentiles (yellow) and below the 25th percentiles (red) of the respective
transects.

negatively skewed below —0.4, while there are numerous positively skewed values exceeding 0.5. Further, N
tends to decrease with increasingly skewed transects. Additionally, Het, generally increases with increasing
skewness. We separate transects into three primary modes, which are denoted by the colored boxes in Figure 2a.
Further discussion of these modes will continue later in this section, where Modes 1 and 3 which contain slightly
positively/negatively skewed transects (7, < 0.45) will be referred to as non-skewed transects, and Mode 2
containing heavily, positively skewed transects will be referred to as skewed transects (z,, > 0.45).

Scatterplots colored by P generally reveal a greater number of peaks for more positively skewed transects.
However, the highest P occurs within 0.2 < 7, < 0.7. Since this decrease in P at 7, < 0.7 is also where Het,, is
greatest (Figure 2a), this highlights that greater heterogeneity is not associated with relatively large ranges/
variances in the transects' IV, since peaks must not exceed the 0.5 threshold. Finally, results are colored by IWC
skewness (7;w) to show that ice shattering on instrumentation inlets is not responsible for high 7. If it were, only
7y would increase whereas 71w should remain constant. However, 71y, similarly increases with increasing 7,
Further, decreasing N with increasing 7y, is also inconsistent with ice shattering.

Our next objective is to separately evaluate transects from the three modes. To illustrate how ice concentrations
are distributed within transects for these modes, panels 2d—f show select transect time series of Ny, from Modes
1,2,3, respectively. Transects from Modes 1 (d) and 3 (f) show relatively constant Ny, within the transects
compared with Ny, within transects from Mode 2 (e).

To compare how PSDs vary within the transects between the three Modes, Figures 2g—2i shows average PSDs for
different N,p, ranges within their respective transects. Specifically, Ny, are separated as percentile ranges
determined separately for their respective transects. The three PSDs are averaged from samples having
Ny, < 25th percentiles, 25th < Ny, < 75th percentiles and N,y, > 75th percentiles. For example, the
Ny, < 25th PSD (red line) is averaged from all N,y;, samples having ice concentrations in the bottom quartile of
the respective transects. Focusing on panel 2g, the PSDs are relatively similar for the low skewed Mode 1.
However, Mode 2 has larger differences in the overall PSD shapes, and these differences are only observed for ice
crystals with diameters below ~40 pm (2h). This absence of small ice is most notable in Mode 3 (2i).
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small gray x's denote skewed transects (z,, > 0.45). Corresponding to skewed
transects in Figure 2a (Mode 2) is the yellow shaded region in Figure 3a. This
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Figure 3. (a) Scatterplot of IWC and N. Datapoints are transects having The assortment of large markers seen dispersed throughout the figure
7y < 0.45 and x's are transects having 7,, > 0.45. Gold shading corresponds to correspond to transects within select in-cloud flight legs (specified in the

transects having 7, > 0.45, determined by

gridded IWC-N phase space (discussed further in text and SI). Large markers
having identical colors and shapes correspond to select in-cloud flight legs.

The 1, 2, 3 labels correspond to modes dep:

for different in-cloud flight legs are shown in panels (b)—(e). PSDs are

separately averaged for Mode 1 transects (

applying 7y = 0.45 isopleths to a legend). The different marker colors and shapes correspond to the respective

in-cloud flight legs.

icted in Figure 2a. Averaged PSDs All in-cloud flight legs shown contain transects with 7 < 0.45 (non-skewed)

1y < 0.45 and N > 0.008 cm™) as and 7 > 0.45 (skewed). They all generally have non-skewed transects pos-
v < 0. X

black lines, Mode 2 (z,, > 0.45) for different percentile ranges of Ny, similar sessing larger IWC and N relative to the skewed transects (excluding Mode 3).
to Figures 2g—21 and Mode 3 (z, < 0.45 and N < 0.008 cm™) as dotted lines. This is consistent with skewed transects within in-cloud flight legs being
An idealized depiction of how transects and 1 Hz samples are selected for associated with reductions in ice content via processes such as the kelvin effect,

averaging PSDs is shown above panel (e).

wave activity, temperature perturbations, entrainment or sublimating ice. To

explore this, Figures 3b—3e shows averaged transect PSDs within four of the
in-cloud flight legs shown in panel a (colored text). The black PSDs are those averaged over all Mode 1 transects.
The colored PSDs correspond to skewed transects' different V,, percentile ranges relative to each transect, similar
to Figures 2g—2i. The upper quartile (blue lines) corresponds to the highest Ny, and the lower quartile (red lines)
corresponds to the lowest Ny, relative to each transect. An idealized diagram overlying panel e is provided for
clarification.

All of the cases reveal trends consistent to those in Figures 2h and 2i where smaller ice crystals are absent in the
skewed (Mode 2) and Mode 3 transects. They also show PSDs of Mode 1 transects generally containing either
slightly higher or approximately similar PSDs compared with those of the upper quartile Ny, of skewed transects
(blue lines). These cases combined with (a) the decreasing IWC and N toward skewed transect clusters within in-
cloud flight legs (Figure 3a) and (b) decreasing N with increasing 7, (Figures 2a—2c) highlight a ubiquitous
absence of small ice particles within cirrus clouds.

The previous case studies demonstrate how this ice concentration inhomogeneity can occur localized within
regions of cirrus clouds. Figure 4a further explores the statistics of localized small ice absence by showing the
distribution of in-cloud flight legs' ratio of skewed transects (i.e., 7oy > 0.45/all transects; green line), as well as the
ratio of Modes 2&3 to all transects (purple line). For both distributions, approximately half of the in-cloud flight
legs have ratios exceeding 0.2 (39% and 48% for Mode 2 and Mode 2&3 ratios, respectively). Figure 4b com-
pliments Figure 2a by showing distributions of Het, and Inh,, for transects from Modes 1,2,3. For the respective
modes, Hety and Inhy distributions are quite similar to each other; both possess peaks in the distributions around
~0.5-0.7 for non-skewed transects while skewed transects are shifted toward higher Het,, and Inh,. Mode 2 has
the most inhomogeneity and heterogeneity compared to the other two modes, likely because of localized small ice
absences. This is in contrast to Mode 1 transects having abundant small ice and Mode 3 transects almost
completely absent of small ice. Distributions of Inh,, are shifted to slightly larger values than their respective Het,,
distributions, which is expected since Hety minimizes the contribution of inhomogeneity (H,,) to its compu-
tation (Equation 5).

Figure 4c shows normalized frequency distributions of O; for the three modes, and 4d distributions similarly of
RHi. Mode 1 and Modes 2&3 have notable differences in Oj, in that Mode 1 has notably higher O5. This may be
due to O; chemically reacting with prevailing ice nucleating particles and enhancing their nucleation tendencies,
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Figure 4. (a) The distribution of in-cloud flight legs' ratios of Mode 2 (green line) and Modes 2&3 (purple line) transects to all transects. (b) Distributions of Het,, (dark-
shaded lines) and Inh,, (light-shaded lines) for Modes 1, 2, 3. (c) Distributions of O and (d) RHi within the three Modes. All panels only include transects contained

within in-cloud flight legs.

which has been previously reported for select species (e.g., Kanji et al., 2013; Zhang et al., 2020). This is
consistent with relatively greater supersaturations for Modes 2&3, where ice is not effectively nucleating as for
regions mixed with greater O5 (4d). These and Het and Inh trends are also observed when only evaluating in-cloud
flight legs containing Modes 1&2 (384 in-cloud flight legs; Figure S3 in Supporting Information S1), which
minimizes environmental biases when comparing Modes 1&2. Further, we address the possible bias of small-ice
absent transects being associated with virga: where these transects would be expected to occur at lower altitudes
where ozone concentrations are lower. However, both the mean and median temperature of Modes 1&2 are within
+1°C, and are lowest (~8°C lower) for Mode 3, invalidating this possibility. Relatively low frequencies of Mode
2&3 transects are observed for midlatitude regions sampled during ML-CIRRUS, and relatively high frequencies
are observed for tropical/subtropical regions sampled during ATTREX and CONTRAST (Figure S1 in Sup-
porting Information S1), consistent with greater stratospheric mixing in the midlatitudes compared with the
tropics (e.g., Holton et al., 1995; Liang et al., 2009). In contrast, the frequency of Mode 2&3 transects is relatively
low for ACRIDICON and STRATOCLIM having sampled in the tropics and subtropics, respectively (Figure S1
in Supporting Information S1), which may suggest the importance of in situ photochemical production in these
regions, which was noted during ACRIDICON (Wendisch et al., 2016).

5. Additional Discussion

Section 4 presented results evaluating and contrasting cirrus whose ice concentration distributions are skewed or
not skewed. Although skewness is determine for linearly scaled NV, y,, these modes are still observed when applied
to a log-scaled Ny, [log;o(N;y,); not shown]. Aside from O; trends, these inherent modes related to the absence
of small ice are also consistent with the kelvin effect, characterized by the mass transfer of frozen condensate from
smaller to larger particles due to differences in the saturation vapor pressure over curved surfaces. The increased
number of subsaturated samples in Modes 2&3 (Figure 4d) may also suggest preferential sublimation of small ice
via temperature perturbations/entrainment due their greater surface area to volume ratio). For example, modeling
studies have shown this effect is expected in anvil cirrus and in the presence of gravity waves (Jensen et al., 2024),
and gravity wave activity has been shown to be commonly unresolved and therefore underestimated in climate
models (Atlas & Bretherton, 2023). The importance of continued exploration of cirrus inhomogeneity and small
ice absence is further validated by the ubiquity of such characteristics. This is partly demonstrated by observed
frequencies of Mode 2&3 transects amongst all field campaigns, where the ratio of Mode 2&3 transects (7, > 0.45
or N < 0.008 cm™) to all transects ranges from 9% to 60% amongst the different campaigns (Figure S1 in
Supporting Information S1).

To evaluate potential biases resulting from cirrus inhomogeneities impacting remote sensing retrievals, Figure S4
in Supporting Information S1 relates the volume optical extinction of neighboring Mode 1 and Mode 2 transects
within in-cloud flight legs containing both Modes 1&2, finding that absolute differences commonly exceed an
order of magnitude between the two modes (further discussed in SI). It is also increasingly important to consider
small scale perturbations of cirrus properties given increasing model resolutions, ultimately warranting improved
representativity of cirrus properties and underlying processes.
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Potential uncertainty in the analysis may result from the inherent differences in sample volumes, and associated
sampling statistics between the two sets of probes sampling small and large ice particles. Optical array probes
have inherently larger sample volumes than spectrometers, meaning larger particles will have higher likelihoods
of being sampled than smaller particles within the most tenuous cirrus. However, this bias is expected to be
minimal due to computing statistics over long sampling durations, as well as by utilizing a relatively large data set
for this study.

6. Conclusion

This study characterizes the spatial inhomogeneity and heterogeneity of cirrus bulk microphysical properties
globally by evaluating ~60 hr of in situ measurements acquired during eight field campaigns. Multiple parameters
were used, including two novel metrics which diagnose the heterogeneity/inhomogeneity of regions having 15
consecutive in-cloud samples (i.e., transects; ~1.5-3.5 km). Results show ice water content and ice concentration
are negatively related to the spatial heterogeneity of ice water content and ice concentration, respectively.

Three primary modes of transects are found: (a) transects containing relatively high ice concentrations
(N > ~0.01 cm™), (b) transects whose ice concentration distributions are skewed due to localized absences of
small ice (which enhances the heterogeneity of ice concentrations) and (c) non-skewed transects exhibiting the
greatest absence of small ice. While decreased ozone concentrations and broader distributions of relative hu-
midity are associated with transects exhibiting the “absent small-ice” trend, future work should focus on
addressing what atmospheric processes contribute to the increased heterogeneity/inhomogeneity and ubiquitous
small ice absence.
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