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ABSTRACT: A new method that automatically determines the modality of an observed particle size distribution (PSD)
and the representation of each mode as a gamma function was used to characterize data obtained during the High Altitude
Ice Crystals and High Ice Water Content (HAIC-HIWC) project based out of Cayenne, French Guiana, in 2015. PSDs
measured by a 2D stereo probe and a precipitation imaging probe for particles with maximum dimension (Dmax) . 55 mm
were used to show how the gamma parameters varied with environmental conditions, including temperature (T) and con-
vective properties such as cloud type, mesoscale convective system (MCS) age, distance away from the nearest convective
peak, and underlying surface characteristics. Four kinds of modality PSDs were observed: unimodal PSDs and three types
of multimodal PSDs (Bimodal1 with breakpoints 100 6 20 mm between modes, Bimodal2 with breakpoints 10006 300 mm,
and Trimodal PSDs with two breakpoints). The T and ice water content (IWC) are the most important factors influencing
the modality of PSDs, with the frequency of multimodal PSDs increasing with increasing T and IWC. An ellipsoid of equally
plausible solutions in (No–l–m) phase space is defined for each mode of the observed PSDs for different environmental
conditions. The percentage overlap between ellipsoids was used to quantify the differences between overlapping ellipsoids
for varying conditions. The volumes of the ellipsoid decrease with increasing IWC for most cases, and (No–l–m) vary with
environmental conditions related to distribution of IWC. HIWC regions are dominated by small irregular ice crystals and
columns. The parameters (No–l–m) in each mode exhibit mutual dependence.
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1. Introduction

Cirrus covers 20%–30% of Earth (Heymsfield and McFar-
quhar 2002; Wylie et al. 2005), and affects the vertical profile
of radiative heating (e.g., Ackerman et al. 1988). Anvil cirrus
shields produced when convective ice detrains into the upper
troposphere can significantly impact the atmosphere’s radia-
tion budget (e.g., Machado and Rossow 1993; Fu et al. 1995;
Zender and Kiehl 1997; Del Genio and Kovari 2002; Stephens
2005). The size, shape, and concentration of ice particles in
cirrus have a large impact on cloud radiative forcing, and
hence determine cloud feedbacks that modify estimates of
global climate change (Ackerman et al. 1988; Mitchell et al.
2008; Sanderson et al. 2008; Lawson et al. 2010). In addition,
ice microphysical properties are of particular importance due
to the strong sensitivity of simulated deep convective systems
to parameterizations of microphysical process rates (Chen
and Cotton 1988; McCumber et al. 1991; Gilmore et al. 2004;

Milbrandt and Yau 2005; McFarquhar et al. 2006; Morrison
and Grabowski 2008; Huang et al. 2020) that depend on the
habits and size distributions of ice crystals.

The number distribution function [N(D)] of ice crystals de-
termines many microphysical properties (e.g., ice water con-
tent IWC, total number concentration Nt, mass-weighted
terminal velocity ym, effective radius Re, bulk extinction b,
and single scattering properties), parameterizations of which
are important for the Earth system models (e.g., Stephens
2005; Jakob and Klein 1999; Sanderson et al. 2008; Jackson
et al. 2015) and weather models (e.g., Morrison et al. 2009;
Bryan and Morrison 2012; Stanford et al. 2019) because they
control distributions of latent heating and cooling, condensate
loading and radiant fluxes (Schlimme et al. 2005) that are di-
rectly coupled with model dynamics (Morrison et al. 2015).
Mass-weighted terminal velocity determined by particle size
distributions (PSDs) controls the cloud coverage and lifetime
simulated by climate models (Sanderson et al. 2008), and
impacts spatial distributions of latent heating by affecting
microphysical process rates (i.e., riming aggregation, melting,
evaporation, etc.). Further, the accuracy of cirrus remoteCorresponding author: Greg McFarquhar, mcfarq@ou.edu

DOI: 10.1175/JAS-D-22-0008.1

Ó 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

3103

VOLUME 79 J OURNAL OF THE ATMOS PHER I C S C I ENCE S DECEMBER 2022

Unauthenticated | Downloaded 11/22/22 05:19 AM UTC

mailto:mcfarq@ou.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


sensing retrievals depends on accurate representations of
PSDs (Wolf et al. 2019). The effective diameter (De) depends
on PSDs and is commonly used to parameterize single scatter-
ing properties needed for calculation of shortwave radiative
transfer (e.g., Fu 1996; McFarquhar and Heymsfield 1998;
Mitchell 2002). The radar reflectivity is a higher-order mo-
ment of PSDs in the Rayleigh scattering regime (Smith 1984).
Thus, correct interpretation of ice crystal PSDs is critically
needed for development and evaluation of model parameteri-
zation schemes and remote sensing retrievals (Gu et al. 2011).

Many microphysical parameterization schemes, such as the
Milbrandt two-moment scheme (Milbrandt and Yau 2005),
the Thompson scheme (Thompson et al. 2008), the State Uni-
versity of New York at Stony Brook scheme by Yanluan Lin
(SBU-YLIN; Lin and Colle 2011), and the predicted particle
properties (P3) scheme (Morrison and Milbrandt 2015) make
assumptions about the number and type of categories of the
hydrometeors present and the shape of the PSDs in each cate-
gory. A plethora of studies found considerable sensitivity of
high-resolution numerical weather prediction forecasts to the
selection of the microphysics schemes and the use of parame-
ters in such schemes (e.g., Wang 2002; McFarquhar et al.
2006; 2012; Zhu and Zhang 2006; Li and Pu 2008; Van Wever-
berg et al. 2011; Clark et al. 2012; Huang et al. 2020).

PSDs have been fit using exponential or gamma functions
in many parameterization schemes (e.g., Walko et al. 1995;
Meyers et al. 1997; Straka and Mansell 2005; Milbrandt and
Yau 2005). The gamma function used to represent the num-
ber distribution function N(Dmax) is typically represented by

N(Dmax) 5 NoD
m
maxe

2lDmax , (1)

where No is the intercept, Dmax is the maximum crystal di-
mension, l is the slope, and m is the dispersion parameter
(e.g., Gilmore et al. 2004; Straka and Mansell 2005; Milbrandt
and Yau 2005; Moisseev and Chandrasekar 2007; Wolf et al.
2019; Chen et al. 2020). However, the units of No vary with
m in Eq. (1). Thus, the gamma function can alternately be
written as

N(Dmax) 5 No

Dmax

Do

( )m
e2lDmax , (2)

where Do 5 1 cm is frequently assumed so that No has identi-
cal units to N(Dmax) (cm

23 mm21 or m24; McFarquhar et al.
2015; Mascio et al. 2020).

Knowledge about the dependence of No, l, and m on envi-
ronmental conditions is important, because such parameters
affect the simulation of cloud properties (e.g., McCumber
et al. 1991; McFarquhar et al. 2006). Many in situ observations
have been used to fit the measured PSDs (e.g., Gunn and
Marshall 1958; Wong et al. 1988; Heymsfield and McFarquhar
2002; Heymsfield et al. 2009; McFarquhar and Black 2004;
McFarquhar et al. 2007) by different techniques to minimize
the difference between the observed PSDs and fitted N(D).
For example, the least squares method (e.g., McFarquhar and
Heymsfield 1997), the method of moments (e.g., Field et al.
2005; Smith and Kliche 2005; Smith et al. 2009; Tian et al.

2010; Handwerker and Straub 2011), and the maximum-likeli-
hood approach (e.g., Haddad et al. 1996) have all been used.
Sometimes uncertainty has been taken into account when
estimating the fit parameters for observed PSDs to improve
the fitting techniques (e.g., Wong and Chidambaram 1985;
Chandrasekar and Bringi 1987; Moisseev and Chandrasekar
2007; Smith et al. 2009; Handwerker and Straub 2011).
McFarquhar et al. (2015) developed an Incomplete Gamma
Fitting (IGF) Technique that uses statistical uncertainty and
variability in microphysical properties within a family of distri-
butions to represent the fit parameters as an ellipsoid of
equally realizable solutions in (No, l, and m) phase space. The
results showed that No, l, and m exhibited some mutual de-
pendence, which must be accounted for when applying the
results of the fits.

This technique has been used to study how the ellipsoids
describing gamma distributions vary with environmental con-
ditions (e.g., Mascio et al. 2020) and complement other stud-
ies showing how the most likely fit parameters vary with
environmental conditions (e.g., Thompson et al. 2008; Tian
et al. 2010). However, these studies did not consider the mul-
timodal properties of PSDs even though previous studies
showed two peaks in measured PSDs (e.g., Varley 1978;
Mitchell 1996; McFarquhar and Heymsfield 1997; Jensen et al.
2009; Zhao et al. 2010; Lawson et al. 2010). Breakpoints be-
tween these peaks or between the two modes in the PSDs
sometimes occurred at a size near the cutoff between two in-
struments used to measure the PSDs (e.g., McFarquhar and
Heymsfield 1997; Zhao et al. 2010), but also frequently oc-
curred at sizes not near the cutoff between instruments (e.g.,
Jackson et al. 2015). Further, peaks and breakpoints were also
found in PSDs measured by only one probe (e.g., Mitchell
1996; Jensen et al. 2009). Attempts to parameterize multi-
modal size distributions include those by Welch et al. (1980)
who used two modified gamma distribution and Jackson et al.
(2015) who extended the McFarquhar et al. (2015) IGF tech-
nique to allow for a bimodal gamma distribution function. Al-
though these studies improved the understanding on the
distribution of ice crystals, sufficient data were not yet avail-
able to characterize the PSDs from tropical zones and high
IWC regions.

The High Altitude Ice Crystals (HAIC; Dezitter et al.
2013) and High Ice Water Content (HIWC; Strapp et al.
2016a) projects collected airborne in situ and remote sensing
data from large oceanic convective clouds, with the primary
objective of collecting a dataset of high IWC measurements
for assessment of a new aircraft certification envelope for the
ice crystal environment (Strapp et al. 2021). Campaigns were
performed using the French Falcon-20 out of Darwin, Austra-
lia, in 2014 (Leroy et al. 2017) and Cayenne, French Guiana,
in 2015 (Dezitter et al. 2013; Strapp et al. 2016a), whereas the
HIWC-RADAR flight campaign out of Florida in 2015 (Yost
et al. 2018, Ratvasky et al. 2019) used the NASA DC-8. The
HAIC-HIWC data provide a wealth of in-cloud microphysical
measurements that have been used to investigate HIWC re-
gions (e.g., Protat et al. 2016; Wolde et al. 2016; Fontaine et al.
2017; Leroy et al. 2016a,b, 2017; Qu et al. 2018; Yost et al.
2018; Huang et al. 2021). For example, a companion study
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(Hu et al. 2021) investigated the dependence of IWC and median
mass diameter (MMD) on environmental conditions (e.g., tem-
perature, vertical velocity, underlying surface characteristics de-
fined as whether the surface was land, ocean, or coastline,
mesoscale convective system (MCS) age, the distance away from
the convective core and the local strength of convection) for data
obtained from the Cayenne field campaign.

Brechner (2021) developed a new method that automati-
cally identifies the existence of up to three peaks in PSDs, in-
tegrating each mode over all crystal sizes rather than having
an artificial breakpoint between modes for PSDs as done by
Jackson et al. (2015). Brechner’s (2021) method was used to
investigate the nature of PSDs measured during the first phase of
the HAIC-HIWC field campaign collected in Darwin, Australia,
in 2014. The analysis of data collected during the second HAIC-
HIWC campaign field conducted from 9 to 29 May 2015 out
of Cayenne, French Guiana, presented in Hu et al. (2021) is
extended here to quantitatively describe the dependence of
PSDs on IWC and environmental conditions.

The remainder of this paper is organized as follows. Section 2
describes the HAIC-HIWC dataset and methodology used
to process the data. Section 3 presents a case study on the
nature of different modality PSDs. Investigations of how
statistical distributions of PSDs parameters vary with envi-
ronmental conditions are shown in section 4. Section 5 sum-
marizes the significance of this study and offers directions for
future research.

2. Data and methodology

a. Overview of campaign

The second HAIC-HIWC flight campaign based out of
Cayenne (French Guiana) 9–29 May 2015 collected in situ
and remotely sensed data of oceanic convective clouds to
characterize and improve the understanding of the high-
altitude and high-concentration ice crystal environment. A
total of 17 French Falcon-20 flights and 10 Canadian National
Research Council (NRC) Convair-580 flights are used here.

FIG. 1. Example of different modality PSDs and fits to those PSDs as a function of T using data obtained during the HAIC-HIWC
Cayenne campaign. (a) Unimodal, (b) Bimodal1, (c) Bimodal2, and (d) Trimodal PSDs at2508 # T# 2408C. (e)–(h) As in Figs. 1a–d, but for
2358 # T#2258C. (i)–(l) As in Figs. 1a–d, but for2158# T#258C. Black lines indicate observed PSDs; red lines fits to observed PSD using
method of Brechner (2021) that automatically determines number of modes in PSDs; cyan lines represent fit assuming unimodal distribution
using the algorithm of McFarquhar et al. (2015); and blue, green, and pink lines indicate fits to first, second, and third mode of PSD, respectively.
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The Convair-580 did almost all of its sampling at levels corre-
sponding to T of approximately 2108C due to its limited
ceiling. The French Falcon-20, equipped with in situ cloud
probes, conducted 17 flights in oceanic, coastal, and continental

MCSs at varying levels centered at temperatures of mostly2108,
2308, and 2458C (Strapp et al. 2016a). The temperature refers
to the location where the ice particles were measured, but this
may not necessarily be the level where they grew.

FIG. 2. Time series of (a) temperature at flight altitude (red line), distance away from convective core (L, blue line,
times when aircraft out of MCS not shown); (b) X-band radar reflectivity from X- and W-band polarization radar
mounted on Convair-580; (c) atmosphere pressure (red line) and ice supersaturation (blue line), with magenta rectan-
gles P1–P5 representing five periods with their width along x axis denoting length of time period; (d) IWC from IKP2
(black line) and MMD (blue line), with shaded orange boxes representing locations of Unimodal PSDs, sky-blue
boxes representing locations of Trimodal PSDs, yellow boxes representing locations of Bimodal1, and green boxes
representing locations of Bimodal2 PSDs; (e) vertical velocity (w) measured by an Aventech Aircraft Integrated Me-
teorological Measurements System (AIMMS-20); (f) Rosemount icing detector frequency (blue line) with a threshold
of 39.97 kHz indicating presence of supercooled liquid water (red line); (g) Nt (red line) and LWC (blue line) derived
by integrating N(Dmax) measured by CDP for 2.5 , Dmax , 50 mm, red line shows threshold of 10 cm23 for Nt used
to identify periods of liquid water; and (g) Nt from composite 2D-S (Dmax . 55 mm) and PIP size distribution for
1001:07–1154:37 UTC 26 May 2015 Convair-580 flight leg. Shaded gray boxes represent locations of Rosemount icing
detector frequency less than 39.97 kHz, and shaded cyan boxes indicatedNt measured by CDP-2 larger than 10 cm23.
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Hu et al. (2021) discussed the flights conducted, the probes
used and the procedures by which data were processed. Thus,
only a brief summary of the most salient aspects is offered here.

b. In situ probes

Hu et al. (2021) summarized the cloud microphysics probes
installed on the Falcon-20. These probes include a Stratton
Park Engineering (SPEC 2011) two-dimension stereo probe
[2D-S; nominally sizing diameter (D) between 10 and 1280 mm],
a Droplet Measurement Technologies (DMT 2009) precipitation
image probe (PIP; 100–6400 mm), a DMT Cloud Droplet Probe

(CDP-2; 2–49 mm), an isokinetic evaporator probe (IKP2;
∼0.1–10 g m23 at 200 m s21) for the primary measurement of
bulk total water content TWC (Strapp et al. 2016b), a Science
Engineering Associates (SEA) Robust hot wire TWC probe,
a Rosemount Icing Detector, and a multibeam 95 GHz
Doppler cloud radar (RAdar SysTem Airborne, RASTA).
The Convair-580 was equipped with polarization radar (X and
W-band, 9.41 GHz and 94.05 GHz) and a suite of in situ cloud
particle probes, including a 2D-S, a DMT PIP, a DMT CDP-2,
an IKP2, where the parameters of these probes are the same
as those mounted on Falcon-20. In addition, a Particle

FIG. 3. Examples of representative ice crystals measured by SPEC CPI at (a) 1005:57–1006:37, (b) 1105:32–1106:47,
(c) 1119:27–1120:32, (d) 1134:17–1135:22, and (e) 1152:52–1154:12 UTC 26 May 2015 corresponding to periods P1–P5
in Fig. 2c. (f) Typical ice crystals measured by SPEC CPI 1608:27–1609:27 UTC 26 May 2015. Ice crystal marked by
green pentagram of each subgraph means the largest particle of that whole period.
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Measuring Systems (PMS) Forward Scattering Spectrometer
Probe (FSSP-100; 2–47 mm), SPEC Cloud Particle Imager
(CPI) with 2.3 mm pixel resolution, were used for further PSD
characterization, and an Aventech Aircraft Integrated Meteo-
rological Measurements System (AIMMS-20) measured tem-
perature, static pressure, and wind at the flying levels. Licor
hygrometer probes model 6262 and model 840A were used to
measure water vapor mixing ratio and calculate relative humid-
ity and ice supersaturation following Korolev and Isaac (2006).
More information on the use of these probes for these flight
campaigns can be found in Strapp et al. (2020).

c. In situ observations of PSDs

Different definitions of particle size have been used to char-
acterize PSDs. These include the maximum dimension (Dmax)
(e.g., Mitchell and Arnott 1994; McFarquhar and Heymsfield
1996; 1998; McFarquhar and Black 2004; Heymsfield et al.
2013; Jackson et al. 2014; Korolev et al. 2014; Korolev and
Field 2015), the area-equivalent diameter (Locatelli and
Hobbs 1974; Korolev et al. 2014; Waitz et al. 2021), and the
mass-equivalent diameter (Seifert and Beheng 2006). Dmax is
used to characterize particle size because this parameter has
been used in most previous studies that examined observed

ice particle size distributions. Further parameterizations for
mass and terminal fall speed that are used in models are
usually formulated in terms of maximum dimension. Thus, the
use of maximum dimension as opposed to the use of an area-
equivalent diameter ensures self-consistency in model schemes
(McFarquhar and Black 2004). There are several different
ways that Dmax has been calculated for a two-dimensional image
(Locatelli and Hobbs 1974; Brown and Francis 1995; McFarquhar
and Heymsfield 1996; Mitchell and Arnott 1994; Korolev and
Field 2015; Heymsfield et al. 2013; Wu and McFarquhar 2016).
The definition of Dmax as the diameter of a minimum enclosing
circle for a two-dimensional particle image is used here following
Wu andMcFarquhar (2016).

A composite PSD was derived from the 2D-S and PIP cov-
ering the size range Dmax from 55 to 12 845 mm at 10 mm reso-
lution and is used to calculate cloud microphysical parameters
(e.g., ice mass content, MMD, Nt) following the techniques
described by Hu et al. (2021). The 2D-S was used in the com-
posite distribution for sizes smaller than 800 mm. Likewise,
the PIP was used for sizes larger than 1200 mm, and the com-
posite distribution between 800 and 1200 mm is a linear
weighted mean of the 2D-S and ice PIP distributions (Leroy
et al. 2016b).

FIG. 4. Normalized frequency of MMD for each IWC range for (a) Unimodal PSDs, (b) Bimodal1 PSDs, (c) Bimodal2 PSDs, and
(d) Trimodal PSDs for 2508 # T # 2408C. (e)–(h) As in Figs. 4a–d, but for 2358 # T # 2258C. (i)–(l) As in Figs. 4a–d, but for
2158 # T # 258C. For each subplot, middle solid line indicates 50th percentile, whereas left and right dashed lines represent 15th and
85th MMD, respectively. Numbers in parentheses give numbers of sample data points.
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d. Data processing and classifications

Only time periods in ice-phase clouds are examined in this
study. Time segments, when the Rosemount Icing Detector
frequency was decreasing and was lower than 40 kHz (Mazin
et al. 2001) or when Nt measured by the CDP-2 was larger
than 10 cm23 (Lance et al. 2010; Ding et al. 2020) identified
the presence of liquid water content (LWC) and were removed.
This represents only 0.81% of the data obtained by Falcon-20
(Hu et al. 2021). A frequency threshold of 39.7 kHz was ap-
plied to the different model of the Rosemount Icing Detector
installed on the Convair-580 and showed that 24.7% of the
data obtained by the Convair-580 was in liquid conditions.
To remove tenuous clouds from analysis, only data with
IWC$ 0.1 g m23 were used for both aircraft. The HIWC regions
were defined to occur when the IWC was larger than 1.5 g m23

without any threshold of MMD to use a definition consistent with
previous studies (e.g., Leroy et al. 2017; Hu et al. 2021). The IWC
and vertical velocity data were averaged over 5-s intervals to match
the integration period used for the PSD data. For Falcon-20 flight
observations, a total of 12339 data points representing about
17.2 h of data within organized MCSs were available for analysis,
of which 1931 data points were in HIWC regions. A total of
6088 data points representing about 8.5 h of data within or-
ganized MCSs were observed by Convair-580, of which 1493
data points were in HIWC region.

To investigate the effects of environmental conditions and
other MCS characteristics (e.g., temperature, vertical velocity,

underlying surface characteristics, MCS age, distance away
from the convective core) on PSDs, as well as the differences of
PSDs between HIWC and other IWC regions, each measure-
ment was classified according to the several environmental
characteristics following the methodology of Hu et al. (2021).

e. Methodology

1) IMPROVED IGF TECHNIQUE

The algorithm in Brechner (2021) was used to fit the ob-
served PSDs to a unimodal, bimodal or trimodal gamma dis-
tribution. The algorithm automatically identifies the number
of modes and the location of each mode for a PSD. The IGF
technique developed by McFarquhar et al. (2015) was modi-
fied to determine the fit parameters for each mode. To imple-
ment the technique, it is first assumed that all PSDs are
trimodal, with N(Dmax), hence, expressed as

N(Dmax) 5 No1

Dmax

Do

( )m1

e2l1Dmax 1 No2

Dmax

Do

( )m2

e2l2Dmax

1 No3

Dmax

Do

( )m3

e2l3Dmax , (3)

where the small, middle, and large modes are represented by
subscripts 1, 2, and 3, respectively. For each PSD, a small and
large breakpoint is determined. The algorithm determines the
number of modes according to the number of breakpoints. If

FIG. 5. Normalized occurrence frequency of four different modalities determined by Brechner
(2021) algorithm for three IWC ranges for (a) 2508 # T # 2408C, (b) 2358 # T # 2258C, and
(c) 2158 # T # 258C. Blue represents Unimodal PSDs, red represents Bimodal1 PSDs, yellow
represents Bimodal2 PSDs, and purple represents Trimodal PSDs. Number of data points and
normalized frequency percentage (in parentheses) of each modality labeled for each IWC range
in same color as bar. (left) 0.1 # IWC , 0.5 g m23, (center) 0.5 # IWC , 1.5 g m23, and
(right) IWC$ 1.5 g m23.
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no breakpoint exists, the PSD is unimodal and No2 5 No3 5 0.
If two breakpoints exist, the PSD is trimodal. If only one
breakpoint exists, the PSD is bimodal and No3 5 0. A break-
point does not mean that the gamma function for a mode
does not characterize crystal sizes larger or smaller, but rather
indicates the transition in size at which the dominance of a
particular mode changes. Depending on whether the break-
point is greater 600 mm or less than 200 mm, the bimodal distri-
bution is called Bimodal1 (small breakpoint , 200 mm) or
Bimodal2 (large breakpoint. 600 mm). Following McFarquhar
et al. (2015), the uncertainty in the number of counts in each
size bin was considered in determining the fit to the PSD.
More details on the development of the scheme are found in
Brechner (2021).

Examples of different modality PSDs averaged for different
temperature (T) ranges are shown in Fig. 1. The distributions
are plotted for different ranges of T because T is the variable
that had the biggest impact on microphysical properties for the
Cayenne dataset (Hu et al. 2021). Visually, the fits match the
observed PSDs well. The shapes of the same modality PSD can
vary with T because the intercept, slope and shape parameters

can be a function of T. As the generation of particles in differ-
ent modes is dominated by different processes (small mode
by homogeneous nucleation, the large mode by aggregation
and sedimentation, and the central mode by riming), the use of
three modes should allow better representation of processes
in numerical models without the computational expense
required by a bin-resolving scheme.

2) PROJECTIONS OF ELLIPSES

An ellipse characterizing the equally realizable solution in
(No, m, l) phase space for each mode was calculated using
the algorithm of Moshtagh (2006) that determines a Hessian
matrix for the fit phase space for each PSD. A restriction of
21 , m , 10 and l . 0 is applied so that the parameterized
PSDs can easily be integrated when incorporated into model
parameterization schemes. To construct a volume of equally
realizable solutions for a family of PSDs measured in similar
environmental conditions, all points contained within 1% of
the individual PSD ellipsoids in the family are included. The
detailed methodology for determining these ellipsoids is
found in McFarquhar et al. (2015).

FIG. 6. The mean (solid line) and median (dashed line) distribution of (a) Unimodal, (b) Bimodal1, (c) Bimodal2, and (d) Trimodal
PSDs for 2508 # T # 2408C. (e)–(h) As in Figs. 6a–d, but for 2358 # T # 2258C. (i)–(l) As in Figs. 6a–d, but for 2158 # T # 258C.
Red lines indicate 0.1# IWC, 0.5 g m23, green lines indicate 0.5# IWC, 1.5 g m23, and blue lines indicate IWC$ 1.5 g m23. For mul-
timodal PSDs, solid vertical lines represent small breakpoints and dashed lines indicate large breakpoints. Values of breakpoints shown in
same color as lines. Numbers in parentheses give number of sample data points.
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3) OVERLAP PERCENTAGE

To determine how fit parameters vary with environmen-
tal conditions, a three-dimensional volume encompassing
two ellipsoids (S1, S2) describing different environmental
conditions is determined (Finlon et al. 2019; Mascio et al.
2020), where Ns1, and Ns2 are the number of points inside
the S1 and S2 ellipsoids, respectively, and Ns0 is the number
of points inside both the S1 and S2 ellipsoids. The ratio
(Ns0/Ns1) of the equally plausible solutions mean number
found in both ellipsoids to the number of points in the

S1 ellipsoid and represents the overlap percentage, with
(Ns0/Ns2) representing the same for the S2 ellipsoid.

3. The distribution of four kinds of modality PSDs

a. Case study

Figure 2 shows a time series of microphysical properties
measured by probes on the Convair-580 between 1001:07 and
1154:37 UTC 26 May 2015. The Convair-580 flew at a cons-
tant T of ∼2108C within an organized Oceanic MCS (Fig. 2a).

FIG. 7. Projection of three-dimensional ellipses characterizing distributions of equally realizable solutions for fit parameters in (No, m)
phase space for (a) Unimodal, (b) Bimodal1, (c) Bimodal2, and (d) Trimodal PSDs at 2508 # T # 2408C. (e)–(h). As in Figs. 7a–d, but
for2358 # T# 2258C. (i)–(l) As in Figs. 7a–d, but for2158 # T# 258C. Red lines indicate 0.1# IWC, 0.5 g m23, green lines indicate
0.5 # IWC , 1.5 g m23, and blue lines indicate IWC $ 1.5 g m23. Different line types represent projections of parameters for different
modes in PSDs. Numbers in parentheses give number of sample data points. The volumes of ellipsoid are denoted by colorful numbers
and shown in bottom-right corner of each subplot (units: 100 m25). Unimodal PSDs have one column, Bimodal PSDs have two columns,
and Trimodal PSDs have three columns. The number of columns from left to right represents the mode from small to large. For each col-
umn, (top) 0.1# IWC, 0.5 g m23, (middle) 0.5# IWC, 1.5 g m23, and (bottom) IWC$ 1.5 g m23.
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Representative ice crystals measured by the SPEC CPI shown
in Figs. 3a–e correspond to P1 (1005:57–1006:37 UTC),
P2 (1105:32–1106:47 UTC), P3 (1119:27–1120:32 UTC),
P4 (1134:17–1135:22 UTC), and P5 (1152:52–1154:12 UTC) in
the morning of 26 May 2015 in Fig. 2c. Typical ice crystals
measured by SPEC CPI in Fig. 3f correspond to P6
(1608:27–1609:27 UTC; figure not shown) in the afternoon of
26 May 2015. The mean IWC and MMD are 2.34 g m23 and
738.8 mm, respectively, during P1, with some columns ob-
served, similar to the ice crystals shapes in Fig. 3f measured
during P6, with mean IWC and MMD are 1.65 g m23 and
432.2 mm, respectively. Thus, for this flight small columns
dominated the mass content of the HIWC regions with small
MMD (,500 mm at2108C), with some large ice crystals being
aggregates of columns. The mean IWC reaches 2.53 g m23

during P2 and the mean MMD is 959.5 mm, with the large ice
crystals being aggregates of columns and plate-like crystals
(Fig. 3b). Similar IWCs have different MMD for P1 and P2,

consistent with the larger ice supersaturation in P2 (∼0.028)
compared to P1 (∼0.008), making the P2 environment more
favorable for the growth of ice crystals (Bailey and Hallett 2009).
Besides, the capped column, a column with a plate at either end
is observed in P2, suggesting the particle passed through several
different growth regimes during its history. The MMD reaches
1880 mm when the IWC is 0.42 g m23 during P3, consistent with
the large crystal with broad branches shown in Fig. 3c. These
crystals are typically formed at temperatures around 2158C at
supersaturations greater than those at which plates form. How-
ever, ice supersaturation is ∼20.025 here, consistent with these
ice crystals forming in other areas with higher relative humidity
condition and falling into this region with transport by the
horizontal wind. P4 with low mean IWC 0.27 g m23 and MMD
597.3 mm, has many small plate crystals (Fig. 3d). Some short
and thick capped columns are seen here, different from the long
and thin capped columns in P2, consistent with the very low ice
supersaturations. A region with lower IWC (∼0.21 g m23) and

FIG. 8. As in Fig. 7, but for (No, l) phase space.
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large MMD (∼1262 mm) found during P5 has plentiful aggre-
gates (Fig. 3e). Many small irregular ice crystals are also found in
these six periods. In general, the processes of sedimentation, ag-
gregation, mixing due to shear, vertical wind and horizontal wind
transport complicate the analysis because the environment where
ice particles are observed does not necessarily represent the envi-
ronment in which the particles formed or grew. The mixed phase
region may also potentially affect the formation of ice crystals.
Mixing of air masses with different crystal populations is also
very important. Future analysis should try to distinguish between
these possibilities by using observations in combination with tra-
jectory analysis and large-eddy simulation (LES) modeling stud-
ies. HIWC with small MMD regions are full of small columns
and irregular ice crystals, consistent with a negative correlation
between IWC and MMD (Leroy et al. 2016a; Hu et al. 2021).

Figure 2d shows a time series of IWC and MMD with the
shading indicating the modality of the PSD. Trimodal (sky
blue) and Bimodal2 PSDs (green) occur most frequently in
HIWC regions. For example, during P2 when IWC. 1.5 g m23,
the modality of PSDs is trimodal. When IWC decreases to less
than 1.5 g m23 at 1106:57 UTC, the modality becomes Bimodal2
(green) and Unimodal (orange). After 1109:07 UTC when
IWC .1.5 g m23, Trimodal PSDs again dominate. A negative
correlation coefficient of 20.2 between IWC and MMD ex-
ists for the whole event (1338 samples, Pearson method,
p value: 10213), consistent with small columns and irregular
ice crystals dominating the mass of HIWC regions. Figure 2a
shows HIWC regions can be as far away from the convective
core as 100 km for the leg at 2108C (e.g., L . 100 km during
P1), suggesting particles were generated in the convective

FIG. 9. As in Fig. 7, but for (l, m) phase space.
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FIG. 10. Matrix of percentage overlap between three-dimensional volumes of equally realizable fit parameters for
(a) Unimodal, (b) first mode in Bimodal1, (c) second mode in Bimodal1, (d) first mode in Bimodal2, (e) second mode
in Bimodal2, (f) first mode in Trimodal, (g) second mode in Trimodal, and (h) third mode in Trimodal PSDs as function
of IWC and T. A represents regions with 0.1# IWC, 0.5 g m23, B represents regions with 0.5# IWC, 1.5 g m23, and
C represents regions with IWC $ 1.5 g m23. T1, T2, and T3 represent 2508 # T # 2408C, 2358 # T # 2258C, and
2158 # T # 258C, respectively. Boxes colored according to percentage overlap. For example, green box in first
row and second column of (a) means 41.8% of the equally plausible solutions found in the 2158 # T # 258C and
0.5# IWC, 1.5 g m23 family are also found in2158# T#258C and 0.1# IWC, 0.5 g m23 family.
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core and then transported and fell into this region (Hu et al.
2021). The lack of response from the Rosemount Icing Detec-
tor (Fig. 2f) and the Nt , 10 cm23 measured by the CDP-2
(Fig. 2g) after 1110:00 UTC confirm that most of these data
were collected in ice clouds. However, even though mixed
phase regions were excluded from the analysis, many of the ice
crystals observed could have formed or grew in mixed-phase re-
gions. TheNtmeasured by the 2D-S and PIP (Fig. 2h) are usually
larger for Trimodal PSDs (sky blue) and Bimodal2 PSDs (green)
showing these regions are full of small ice crystals and a positive
correlation coefficient of 0.65 between IWC and Nt (Pearson
method, p value: 102165) exists during the whole event.

b. Distributions of MMD for different modality PSDs

To investigate how MMD depends on the PSD modality,
the normalized frequency of MMD for each IWC range for
Unimodal, Bimodal1, Bimodal2, and Trimodal PSDs as a
function of T is shown in Fig. 4. The ranges of MMD decrease
sharply with decreasing T, consistent with the analysis of Hu
et al. (2021). The increase of MMD with T is consistent with
growth by vapor deposition and aggregation (Mitchell 1996).
Increased contributions from sedimentation as larger particles
fall to lower altitudes is one of the most important factors
(Jackson et al. 2015). For different modality PSDs at the same
T, MMDs for Bimodal2 and Trimodal PSDs are larger than
those for Unimodal and Bimodal1 PSDs for T # 2258C, but
trends for2158 # T # 258C are different. The median MMD
in Unimodal PSDs increases with IWC to about 1000 mm at
an IWC of 1.0 g m23 (Fig. 4i), but sharply decreases there-
after for IWC . 1.0 g m23. Different trends for MMD for
Bimodal1 and Bimodal2 PSDs are seen in Fig. 4j and Fig. 4k,
with MMD increasing with IWC for Bimodal1 PSDs and

decreasing for Bimodal2 PSDs. The median MMD is appro-
ximately constant (∼800 mm) when IWC , 1.5 g m23 for
Trimodal PSDs (Fig. 4l), and MMD is the smallest when IWC
is around 2.3 g m23. This suggests the number of large ice
crystals increases as IWC increases for Bimodal1 PSDs, and
the number of small ice crystals increases as IWC increases
for other three types of PSDs.

4. N(D) as a function of environmental conditions

In this section, the characteristics of the functional fits of
the observed PSDs are examined as a function of environmen-
tal conditions (e.g., cloud types, underlying surface characteris-
tics, MCS ages and distance away from the convective core).
As T primarily influences the distributions of IWC and MMD
(Hu et al. 2021), PSDs were first sorted into three T ranges
(2158 # T # 258C; 2358 # T # 2258C; 2508 # T # 2408C)
before examining the influence of other environmental condi-
tions. Most of the data were collected at three different constant
altitude legs at T of2108,2308, and2458C.

a. Different IWC regions

To compare PSDs in high IWC regions with regions
without high IWC, PSDs were sorted into three IWCs
(0.1 # IWC , 0.5 g m23; 0.5 # IWC , 1.5 g m23;
IWC $ 1.5 g m23). Figure 5 shows the normalized frequency
of occurrence of the four different modality PSDs for the
three IWC ranges as a function of T. It is apparent that the
modality of PSDs is strongly dependent on T and is related to
IWC, the frequency of multimodal PSDs increases with T,
and the frequency of Unimodal PSDs decreases with T. For
example, the frequency of Unimodal PSDs can be larger than

FIG. 11. As in Fig. 5, but for updrafts, downdrafts, and stratiform regions.
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50% for IWC, 1.5 g m23 when 2508 # T # 2408C (Fig. 5a),
but decreases to less than 32% when 2158 # T # 258C
(Fig. 5c). This is consistent with small ice crystals experiencing
aggregation when falling from higher to lower altitude, and
heterogeneous nucleation in the presence of particles de-
scending from the higher altitude (Zhao et al. 2010), leading
to the varying shapes of PSDs and frequency of modality of
PSDs with T. The changes of modality with IWC are strongly
dependent on T. For 2158 # T # 258C (Fig. 5c), the fre-
quency of Unimodal PSDs decreases from ∼31% to ∼8.7%
with increasing IWC, while the frequency of Trimodal PSDs
increases from ∼5.2% to ∼40%. The frequency of Bimodal2
PSDs increases with increasing IWC for 2158 # T # 258C,
but the frequency of Bimodal1 PSDs decreases with increasing
IWC. However, for2358 # T# 2258C and2508 # T# 2408C
(Figs. 5a,b), the frequency of PSDs modalities does not show obvi-
ous changes with increasing IWC. In summary, the frequency of
Unimodal PSDs decreases and the frequency of multimodal PSDs
increases with increasing T, and different trends for the frequency
of the modality of PSDs with varying IWC for different T exist.

Figure 6 shows the mean (solid line) and median (dashed
line) distributions of PSDs for different IWC regions as a
function of T, with breakpoints between modes marked. The
shapes of PSDs can change a lot even for the same modality
with the changes heavily dependent on T. The Nt of small ice

crystals (,200 mm) decreases with increasing T, consistent
with MMD increases with increasing T and a negative correla-
tion between T and Nt (Jackson et al. 2015; Hu et al. 2021).
This is consistent with ice crystals experiencing more aggrega-
tion and sedimentation at lower altitudes. Small ice crystals
can completely evaporate in subsaturated environments to
keep the concentrations of ice crystals with Dmax , 100 mm
relatively low (Korolev et al. 2011, 2013). There are usually
more small ice crystals (,200 mm) and fewer large ice crystals
(Dmax . 2000 mm) as IWC increases for Bimodal2 and Trimo-
dal modality at the same T, which is consistent with the MMD
being negatively correlated with IWC. However, for Bi-
modal1 PSDs, the opposite trend can be seen (Figs. 6b,f,j), as
both the number of small and large ice crystals increase with
increasing IWC, which is consistent with the MMD being pos-
itively correlated with IWC for 2158 # T # 258C (Fig. 4j)
and the MMD being constant for 2358 # T # 2258C and
2508 # T # 2408C (Figs. 4b,f). The breakpoint between
the two modes for Bimodal1 PSDs averages 1206 20 mm and
exhibits little dependence on T. Even though this breakpoint
occurs over a size range where the sample volume of the
optical array probes is rapidly increasing with particle size
(Baumgardner et al. 2017; McFarquhar et al. 2017), the exis-
tence of the bimodal distribution does not appear to be instru-
ment related because the bimodal distributions do not occur

FIG. 12. As in Fig. 6, but segregated according to whether observations obtained in updrafts, downdrafts, or stratiform regions.
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all the time. The mean breakpoints between the two modes
for bimodal2 PSDs range between 743 and 1184 mm, with
the breakpoints typically increasing with T, and minimal
dependence on IWC. For the Trimodal PSDs, the mean
breakpoints between the small mode and middle mode
range from 88 to 130 mm, and the mean breakpoints be-
tween the middle mode and large mode range from 806 to
1157 mm. The mean breakpoints increase with increasing T
for the regions with 0.1# IWC, 0.5 g m23 and decrease with
increasing T for the HIWC regions with IWC $ 1.5 g m23.
The small breakpoints and large breakpoints in Trimodal
PSDs correspond to the breakpoints in the Bimodal1 PSDs
and the breakpoints in Bimodal2 PSDs, respectively.

To construct volumes of equally realizable solutions charac-
terizing a family of PSDs, McFarquhar et al. (2015) defined a
single ellipsoid around all (No–l–m) contained within at least
1% of the volumes for the PSDs contained within a family.
The volumes characterizing the different modes in PSDs were
similarly defined for each mode separately. To visualize the
relationship of the gamma fit parameters with IWC as a function
of T, two-dimensional projections of the volumes in (No, m)
phase space are shown in Fig. 7. Different color lines represent
different IWC groups, and different types of lines represent
the distribution of parameters for the different modes. Re-
gardless of the modality, m is directly correlated with and in-
creases with No. The slopes of the long axis of the ellipse in

FIG. 13. As in Fig. 7, but segregated according to whether observations obtained in updrafts, downdrafts, or stratiform regions. Different
line types represent projections of parameters for different modes in PSDs. Numbers in parentheses give the number of sample data
points. The volumes of ellipsoid are denoted by colorful numbers and are shown in bottom-right corner of each subplot. Unimodal PSDs
have one row, Bimodal PSDs have two rows, and Trimodal PSDs have three rows. The number of columns from left to right represents
the mode from small to large. For each column, (top) updrafts, (middle) downdrafts, and (bottom) stratiform regions.
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(No, m) phase space are the largest for the small mode in the
Trimodal PSDs, while slopes are smallest for the large mode
in the Trimodal PSDs. The slopes of the long axis of the ellipse
in (No, m) phase space for Bimodal2 are usually larger than
those for Bimodal1. In general, the slopes of the long axis of
the ellipse in (No, m) phase space in multimodal PSDs are
larger for the small mode than for the large mode. For the
same No, m usually decreases with increasing IWC. For exam-
ple, No decreases from 1022 to 1014 m24 and the maximum of
m decreases from 6.5 to 1.8 for Unimodal PSDs for increases
in IWC from 0.1 # IWC , 0.5 g m23 to IWC $ 0.5 g m23

when2508 # T # 2408C. Consistent with previous findings of
Mascio et al. (2020) showing that m and l tend to decrease
with increasing IWC, this means the volumes of ellipses for
small IWC regions are usually larger than those for large IWC.
For example, at 2508 # T # 2408C, the volume of ellipsoid for
0.1 # IWC , 0.5 g m23 is ∼1.6 3 104 m23 mm22, while it

decreased to 2.83 103 m23 mm22 when IWC . 1.5 g m23. The
smaller m as IWC increases is consistent with more small ice crys-
tals with increasing IWC, and with MMD decreasing with in-
creasing IWC. The range of No is from 105 to above 1020 m24,
values that cover more than 15 orders of magnitude, consistent
with previous studies (e.g., McFarquhar et al. 2015; Jackson et al.
2015; Mascio et al. 2020). In addition, these figures also show that
there are less prominent impacts on how T affects the para-
meters of PSDs.

Figure 8 shows the ellipse distributions in (No, l) phase
space for different modes as a function of T and IWC. Re-
gardless of modality, l increases with No. Similar to (No, m)
phase space, the slopes of the long axis of the ellipses in (No, l)
phase space are largest for the small mode in Trimodal PSDs,
and smallest for the large mode in Trimodal PSDs. The slopes of
the long axis of the ellipse and values of l in (No, l) phase space
for Bimodal1 PSDs are usually larger than those in Bimodal2

FIG. 14. As in Fig. 8, but segregated according to whether observations are obtained in updrafts, downdrafts, or stratiform regions.
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PSDs, due to the existence of more large crystals in the Bimodal2
PSDs. This is expected because the breakpoint occurs at a larger
Dmax. For the same No, there are less obvious changes for l with
increasing T for Unimodal, Bimodal1, and Bimodal2 PSDs, while
the range of l increases for the small mode of Trimodal PSDs.
The range of l tends to be smaller with increasing IWC regard-
less of the modality of PSDs and the ellipses of small IWCs are
usually larger than those of larger IWCs.

Figure 9 shows the ellipse distributions in (m, l) phase
space. Regardless of modalities, l increases with increasing m.
Similar to the (No, l) and (No, m) phase spaces, the slopes of
the long axis of the ellipse in (m, l) phase space are largest for
the small mode in the Trimodal PSDs, and smallest for the
large mode. The slopes of the long axis of the ellipse in (m, l)
phase space for Bimodal1 PSDs are usually larger than those

in Bimodal2 PSDs. That means for the same m, l is usually
smaller in Bimodal2 PSDs than in Bimodal1 PSDs, consistent
with the presence of more larger ice crystals in Bimodal2
PSDs due to contributions from processes such as aggrega-
tion. Similar to the other projections, there is no strong de-
pendence of the slopes of m and l on IWC, but the volumes
of the ellipses of small IWCs are usually larger than those of
large IWCs.

To develop a size distribution parameterization for use in
models and to learn more about processes occurring in these
clouds, it is necessary to quantify the dependence of fit param-
eters on environmental conditions. Figure 10 shows the frac-
tional overlap between the ellipsoids describing the three-
dimensional volumes of equally realizable fit parameters for
different IWC and T ranges for all four modalities. For

FIG. 15. As in Fig. 9, but segregated according to whether observations are obtained in updrafts, downdrafts, or stratiform regions.
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different IWC families at the same T, the volumes in regions
with IWC $ 1.5 g m23 are usually smaller than the regions
with IWC , 1.5 g m23 regardless of modality. For example,
for the temperature range 2158 # T # 258C the blue box in

the first row and third column of Fig. 10a means 17.9% of the
equally plausible solutions with 0.1 # IWC , 0.5 g m23 are
found in the family with IWC $ 1.5 g m23, whereas the dark
red box in the third row and first column indicates all

FIG. 16. As in Fig. 10, but for different vertical velocities. A, B, and C represents three cloud types: updrafts, down-
drafts, and stratiform regions, respectively. T1, T2, and T3 represent 2508 # T # 2408C, 2358 # T # 2258C, and
2158 # T#258C, respectively.
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solutions with IWC $ 1.5 g m23 are contained in the family
with 0.1# IWC, 0.5 g m23. The matrices are not symmetric,
because the overlap between any two ellipsoids is unique, and
each ellipsoid has its own special central position and range.
A prominent feature in Fig. 10a is that for the Unimodal
PSDs at2158 # T # 258C, less than 20% of the equally plau-
sible solutions found in regions with IWC , 1.5 g m23 are
contained in the families with IWC $ 1.5 g m23 while ∼100%
of the points in the family with IWC $ 1.5 g m23 are found in
the regions with 0.5 # IWC , 1.5 g m23. Similar trends for
volume overlap can be seen for Bimodal1 (small) and Bimodal1
(large). In general, the ellipsoids of 0.1# IWC, 0.5 g m23 fami-
lies have the largest volumes for all modalities, while volumes for
IWC$ 1.5 g m23 families have the smallest volumes. Except for
the large mode in Trimodal PSDs, the percentage overlap is usu-
ally more than 60% and even up to 100% for regions with IWC
1.5 g m23 when 2508 # T # 2408C. This make sense as the
volume of ellipsoid for2158 # T# 258C and IWC$ 1.5 g m23

is usually the smallest, consistent with the ranges of parameters
shown in Figs. 7, 8, and 9, indicating that the parameters (No, m,
and l) are constrained for HIWC regions compared to other
regions.

In summary, the volumes of the ellipsoids decrease with in-
creasing IWC because there are more small ice crystals in the
higher IWC regions. Both l and m increase with No, and l

increases with increasing m, consistent with the trends noted
by McFarquhar et al. (2007), Heymsfield and McFarquhar
(2002), and Heymsfield et al. (2013). And, theNo, l, and m ex-
hibit mutual dependence and are not truly independent
parameters, consistent with previous studies (e.g., McFarquhar
et al. 2015; Mascio et al. 2020).

b. Vertical velocity

To investigate the impact of vertical motion on PSDs, data
were divided according to whether they were obtained in up-
drafts, downdrafts, or stratiform regions. A convective updraft
(downdraft) was defined as any 5-s period when w . 1 m s21

(,21 m s21) was sustained for at least four consecutive sec-
onds (Jorgensen et al. 1985; McFarquhar and Black 2004; Mur-
phy et al. 2017). A stratiform region (i.e., 21 # w # 1 m s21)
was a period that had neither an updraft nor a downdraft pre-
sent. Figure 11 shows the normalized frequency of the differ-
ent modalities for the different vertical motion categories. An
apparent feature is that the frequency of Unimodal PSDs at
2508 # T # 2408C is larger than those at T # 2358C regard-
less of vertical motion. Further, the frequency of Bimodal2
PSDs and Trimodal PSDs both increase as T increases, while
the frequency of Bimodal1 PSDs decreases with increasing T
regardless of vertical motion. Despite trends with T dominat-
ing any trend with vertical motion, there is still a clear trend
in that the frequency of Trimodal PSDs in updrafts is more
frequent than for downdrafts or stratiform regions, especially
for 2158 # T # 258C (Fig. 11c). This is consistent with pre-
viously noted trends in IWC (Fig. 5) because the IWCs in
updrafts are larger than those in the other areas. The fre-
quency of Bimodal PSDs is the largest (∼75%) in down-
drafts 2158# T # 258C (Fig. 11c).

Figure 12 shows the mean (solid line) and median (dashed
line) PSDs for different vertical velocities as a function of T
for all modality PSDs. Consistent with trends in Fig. 11, the
PSDs are more dependent on T than on vertical motion. But
there is some dependence on vertical motion. There are typi-
cally more small ice crystals (,500 mm) in updrafts than in

FIG. 17. As in Fig. 5, but segregated according to whether observations are obtained in MCSs
over different underlying surface characteristics (land, ocean, or coastal line).
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other regions for the same modality and T, similar to the find-
ing of Mascio et al. (2020) showing that N(D) is smallest for
stratiform regions, consistent with updrafts regions being the
source region of small ice crystals. The mean breakpoints be-
tween the two modes for Bimodal1 PSDs are on the average
of 100 6 30 mm with no obvious dependence on T. The mean
breakpoints between the two modes for Bimodal2 PSDs are
in the range of 992 to 1168 mm when 2158 # T # 258C, but
decrease with decreasing T, becoming less than 950 mm for
2508 # T # 2408C. There is no obvious dependence of the
breakpoints on vertical velocity. For the Trimodal PSDs, the
mean breakpoints between the small mode and middle mode
are in the range of 85 to 128 mm, and the mean breakpoints
between the middle mode and large mode are in the range of
850 to 1200 mm, with no strong dependence on either T or
vertical motion. The small breakpoints and large breakpoints
in Trimodal PSDs are similar to the breakpoints in Bimodal1
PSDs and in Bimodal2 PSDs, respectively, with the same
trends for the varying vertical motion.

Figure 13 shows the ellipse projections of the fit parameters
in (No, m) phase space for different modalities and vertical ve-
locities as a function of T. The slopes of No with l in the small
mode of the Trimodal PSDs are largest, and in the large
mode of the Trimodal PSDs are smallest. There are less

obvious changes of the slopes as T changes. However, the el-
lipses of stratiform regions are larger than those for updrafts
and downdrafts. Both No and m can reach larger values in
stratiform regions compared to values within updrafts and
downdrafts because the IWC is smaller in stratiform regions
than in updrafts and downdrafts (Hu et al. 2021).

Figure 14 shows the ellipse projections of the fit parameters
in (No, l) phase space for different modalities and vertical ve-
locities as a function of T. For all modalities, l increases with
increasing No. Although there is no strong difference in the
slopes of No and l on modality for the same T, the ellipses de-
scribing stratiform regions tend to be larger than those associ-
ated with other vertical motions. The No and l have smaller
values in updrafts, consistent with the more likely occurrence
of HIWC regions in updrafts and the smaller ellipsoid vol-
umes for the HIWC regions. However, Mascio et al. (2020)
found No and l are the largest for updrafts. This difference
probably occurs because data were sampled under different
meteorological conditions.

Figure 15 shows the projections of fit parameters in (m, l)
phase space. Similar to the (No, l) and (No, m) phase spaces,
the slopes of the long axis of the ellipse in (m, l) phase space
are positive regardless of modality or T. The ellipses of strati-
form regions are usually larger than those for updraft and

FIG. 18. As in Fig. 6, but segregated according to whether observations are obtained in MCSs over different underlying surface characteristics
(land, ocean, or coastal line).
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downdraft regions for most situations. For Trimodal PSDs,
there are obvious differences of slopes between the small
mode and middle mode, and less obvious differences between
middle mode and large mode.

To quantify how the fit parameters vary with vertical mo-
tion, Fig. 16 shows the overlap fraction between the ellipsoid
volumes for different T and vertical motions. For the same T,
volumes in stratiform regions are usually larger for updrafts

FIG. 19. As in Fig. 10, but for different underlying surface characteristics. A, B, and C represent underlying surface
characteristics: oceanic, coastal, and continental MCSs, respectively. T1, T2, and T3 represent 2508 # T # 2408C,
2358 # T#2258C, and2158# T#258C, respectively.
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and downdrafts regardless of modality. For example, the per-
centage overlap is usually less than 70% for stratiform regions
when 2158 # T # 258C. Further, the volumes in downdrafts
are usually larger than for updrafts regions.

c. Surface characteristics

The MCSs were separated into three groups according to
whether the convection was observed over the ocean, coast-
line, or land to compare PSDs as a function of surface charac-
teristics. Figure 17 shows the normalized frequency of the
different modalities of these regions as a function of T. The
dependence on T seems to be stronger than any dependence
on surface characteristics. For example, the frequency of Un-
imodal PSDs increases and the frequency of multimodal
PSDs decreases with decreasing T regardless of surface type.
The frequency of multimodal PSDs in coastal MCSs is usually
larger than for oceanic or continental convection at the same T,
especially for 2158 # T # 258C when multimodal PSDs occur
∼96.1% of the time (Fig. 17c). Among the multimodal PSDs, the
frequency of Bimodal2 PSDs in coastal MCSs is usually largest
reaching ∼61.5% of the time when2158 # T# 258C (Fig. 17c).
The frequency of Trimodal PSDs for continental MCSs are
smaller than those for oceanic MCSs when T # 2358C, but an
opposite trend is noted when2508 # T# 2408C. This is consis-
tent with the findings that higher IWCs are found in oceanic
MCSs at lower altitude and higher IWCs in continental MCSs at
higher altitude (Hu et al. 2021).

Figure 18 shows the mean (solid line) and median (dashed
line) PSDs for different surface characteristics as a function
of T. The number of small ice crystals with Dmax , 100 mm in
continental MCSs is smaller than for the other surface
characteristics when 2158 # T # 258C, but larger when

2508 # T # 2408C, because MCSs over the mainland are usu-
ally stronger than over the ocean or coast (e.g., Lucas et al. 1994;
Zipser et al. 2006; Matsui et al. 2016), and thus produce more
small ice crystals. The mean breakpoints between the two modes
for Bimodal1 PSDs are larger than 100 mm, reaching a maxi-
mum of 150 mm for Bimodal1 PSDs in Coastal MCSs at
2358 # T # 2258C. The average breakpoint is 692 mm for
Bimodal2 PSDs in Coastal MCSs at 2508 # T # 2408C,
smaller than values noted for other T and surface character-
istics. The mean small breakpoints (83–85 mm) and large
breakpoints (747–1064 mm) for coastal MCSs are usually
smaller than those in oceanic MCSs (93–135 and 910–1106 mm)
and continental MCSs (95–103 and 988–1055 mm).

To quantify how the ellipsoids describing the fit parameters
vary with surface characteristics, Fig. 19 shows the overlap be-
tween the three-dimensional volumes of equally realizable fit
parameters for different surface characteristics. Ellipsoids
describing continental MCSs have the smallest volumes for
Unimodal PSDs at different T, consistent with the parameter
ranges being smaller (Figure not shown). The ellipsoid vol-
ume overlaps in coastal MCSs at 2508 # T # 2408C have the
smallest values, and the ellipsoid volume overlaps in oceanic
MCSs regions at 2158 # T # 258C have the smallest values
for most conditions. And the ellipsoids for coastal MCSs are
usually smaller than for oceanic MCSs for different modality
PSDs.

d. System age

To compare PSDs for different system ages, the MCS age
was sorted into three groups (,6, 6–12, .12 h). Figure 20
shows the normalized frequency of the different modalities
for MCSs with different ages as a function of T. There is a

FIG. 20. As in Fig. 5, but segregated according to age of MCS where observations are obtained.
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stronger dependence of the modality with T than on the sys-
tem age. Nevertheless, the frequency of Unimodal PSDs in-
creases with system age for T $ 2358C, while the frequency
of Trimodal PSDs is the largest for system age between 6 and
12 h (Figs. 20b,c). This is consistent with the 6–12 h stage rep-
resenting the developing or mature stage after ice has started
being injected into the anvil (Leary and Houze 1980), with
many ice crystals being created and growing by aggregation
(Hu et al. 2021). For the multimodal PSDs, the frequency of
Bimodal1 PSDs in MCSs age . 12 h is largest for each T,
reaching to ∼46.1% when 2358 # T # 2258C (Fig. 20b).
On the other hand, the frequency of Trimodal PSDs in MCS
ages . 12 h is usually the smallest for T # 2258C, due to the
IWC in the.12 h age is the smallest, consistent with sublima-
tion and a weakening and dissipation of MCSs not being con-
ducive to the generation and growth of ice particles (Hu et al.
2021).

Figure 21 shows the mean (solid line) and median (dashed
line) PSDs as a function of MCS age and T. For most condi-
tions, the N(Dmax) for younger system ages are usually larger
than those in older MCSs for Dmax , 200 mm because more
ice crystals are produced in the developing and mature stages.
The differences between Trimodal PSDs for different MCS
ages are more obvious than for other modality PSDs at all T.

Breakpoints between the two modes in Bimodal2 PSDs in-
crease with increasing T for all MCS ages. The breakpoints in
Bimodal2 and the breakpoints between the second and third
mode in Trimodal PSDs are the smallest for MCS ages .12 h
when T #2258C.

To quantify the difference between the overlapping ellip-
soids of equally plausible solutions for different T and MCS
ages, Fig. 22 shows the overlap between the three-dimen-
sional volumes of equally realizable fit parameters for differ-
ent MCS ages and T for the four modalities. The most
apparent feature is that for different modality PSDs, the ellip-
soid volumes for MCSs with ages , 6 h at 2508 # T # 2408C
are largest. For example, for the small mode of Bimodal2
PSDs, the overlaps are mostly less than 80% when MCS ages
are in ,6 h at 2508 # T # 2408C, while more than 80% are
found in other ellipsoids (Fig. 22d).

e. Distance away from the convective core

To compare the PSDs with distance away from the convec-
tive core (L), PSDs were divided into four groups (L # 50 km,
50 , L # 100 km, 100 , L # 200 km, L . 200 km). Figure 23
shows the normalized frequency of the four different modalities
as a function of L and T. The dependence on T is stronger than
the dependence on L. However, there are still some trends

FIG. 21. As in Fig. 6, but segregated according to age of system where observations are obtained.
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with L. The frequency of Trimodal PSDs decreases slowly with
increasing L when 2158 # T # 258C, and the frequency of
Bimodal2 PSDs is larger for regions away from the convective
core when T # 2258C, while the opposite trends are realized

for Bimodal1 PSDs (Figs. 23a,b) as the frequency of Bimodal1
PSDs is smallest for these regions at the same T. In summary,
changes in the frequency of PSD modality with L is less ob-
vious, probably due to horizontal wind transport. T is still

FIG. 22. As in Fig. 10, but segregated according to MCS age. A, B, and C represents MCS ages within,6, 6–12, and
.12 h, respectively. T1, T2, and T3 represent 2508 # T # 2408C, 2358 # T # 2258C, and 2158 # T # 258C,
respectively.

J OURNAL OF THE ATMOS PHER I C S C I ENCE S VOLUME 793126

Unauthenticated | Downloaded 11/22/22 05:19 AM UTC



the important factor, the frequency of Unimodal PSDs in-
creases, and multimodal PSDs decrease with decreasing T
for different L.

Figure 24 shows the mean (solid line) and median (dashed
line) PSDs as a function of T and L. There are less obvious
differences for Unimodal, Bimodal1 and Bimodal2 PSDs be-
tween different L at the same T. Breakpoints between the
two modes in Bimodal1 PSDs show less obvious changes with
increasing T, the breakpoints between the two modes in
Bimodal2 PSDs within different L increase with increasing T.
For example, the mean breakpoint is 757 mm for Bimodal2
PSDs with L . 200 km when 2508 # T # 2408C, while it
increases to 1194 mm when 2158 # T # 258C. Less obvious
differences exist between the breakpoints within different
L for the same modality PSDs and same T.

To quantify the difference between the ellipsoids of equally
plausible solutions for different L, Fig. 25 shows the overlap
between the three-dimensional volumes of equally realizable
fit parameters for different L and T for the four modalities.
Less obvious regular trends between different L at the same
T, consistent with the finding of Mascio et al. (2020), due to
the distributions of IWCs with L are different at different T
(Korolev et al. 2018; Hu et al. 2021).

5. Conclusions

To quantitatively describe the difference of particle size dis-
tributions (PSDs) as a function of environmental conditions,
data obtained during the second HAIC-HIWC flight cam-
paign conducted from 9 to 29 May 2015 out of Cayenne,
French Guiana, were analyzed. Data were separated according

to temperature (T; 2158 # T # 258C; 2358 # T # 2258C;
2508 # T # 2408C), vertical velocity (updrafts, downdrafts,
and stratiform cloud regions), surface conditions (oceanic,
coastal and continental), MCS age (,6, 6–12, .12 h),
and distance away from the convective core (L # 50 km;
50 , L # 100 km; 100 , L # 200 km; L . 200 km). The dif-
ference of PSDs between HIWC regions was also con-
trasted against those obtained in regions without HIWCs.
The principal findings of this study are as follows:

1) HIWC regions (IWC $ 1.5 g m23) with small MMD
(,500 mm) are full of small columns and irregular ice
crystals at 2158 # T # 258C, consistent with negative
correlation between IWC and MMD within the HIWC re-
gions. The distributions of ice crystals shapes are different
for different IWC regions.

2) Data from the Cayenne campaign were used to determine
how many modes were required to represent the PSD us-
ing a new methodology that automatically determines the
number of modes and gamma fit parameters for each
mode in a multimodal PSD. Four kinds of modalities of
PSDs were found by this method.

3) The T has the largest effect on PSD shape, and hence on
the number of modes and the fit parameters describing
each mode of the PSDs. The frequency of multimodal
PSDs increases and the frequency of unimodal PSD de-
creases with increasing T, consistent with heterogeneous
nucleation in the presence of particles sedimenting from
above (Zhao et al. 2010) and the aggregation process.

4) The number and location of the modes in a PSD (modalities)
are also related to IWC. The frequency of multimodal

FIG. 23. As in Fig. 5, but segregated according to distance away from convective core where
observations are obtained.
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PSDs increases with IWC and the frequency of unimodal
PSDs decreases with IWC. There was no strong trend in
how frequency distributions of IWC and MMD varied
with the modality of the PSD.

5) The frequency of Unimodal and multimodal PSDs de-
pends on vertical velocity (w), consistent with the impact
of w on IWC. The largest frequency of Trimodal PSDs oc-
curs in updrafts. There is some dependence on the distri-
butions of modality on other environmental conditions
(e.g., underlying surface characteristics, MCS age, the dis-
tance away from the convective core), which is not as
strong as the dependence on T and can be related to the
dependence of IWC on environmental conditions.

6) The breakpoints between the two modes in the Bimodal1
PSDs occur at a Dmax of 100 6 20 mm with no strong
dependence on T. Breakpoints between the two modes
in the Bimodal2 PSDs are located at a Dmax of around
1000 6 300 mm and increase with T. The breakpoints that
exist in Trimodal PSDs are similar to the breakpoints in
the two types of bimodal PSDs.

7) The three fit parameters (No–l–m) characterizing the gamma
distribution of each mode are interdependent. For the same
l, No, and m are larger in the large modes with larger Dmax

compared to the small modes, consistent with particles with
smaller Dmax consisting of recently nucleated particles

that have not significantly grown by vapor deposition, and
particles with larger Dmax having undergone sorting by
sedimentation and deposition (Jackson et al. 2015).

8) The m decreases with IWC for the same No, and the
ranges of l and No both narrow with increasing IWC.
This is consistent with more smaller ice crystals being
found in the high IWC regions.

9) The HIWC regions have the smallest ellipsoids, indicating
that the parameters (No, m, and l) are constrained for
HIWC regions compared to other regions and also mean-
ing the least uncertainty in parameters for such conditions.

The findings presented here apply only to data collected in
the vicinity of Cayenne, French Guiana, during HAIC-
HIWC. The techniques developed here can be applied to data
collected elsewhere to determine the robustness of the find-
ings. Future studies should seek to obtain data on more di-
verse geographic locations, and implement parameterizations
of PSDs developed here in ensemble or stochastic simulations
that can be used to test processes responsible to occurrence of
large numbers of small ice crystals. Model simulations using
parameterizations of PSDs with three modes should be con-
ducted to see if they improve upon simulations conducted us-
ing one-mode parameterizations as such simulations should
better represent processes without the additional computational

FIG. 24. As Fig. 6, but segregated according to distance away from convective core where observations are obtained.
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expense of a bin-resolved scheme. Future work also needs to bet-
ter determine reasons for the variability of surfaces characteriz-
ing the PSDs, including examining whether the surfaces and the
modality vary with concentrations of cloud condensation nuclei
and ice nucleating particles. In addition, care should be taken to
isolate the differences in the PSD surfaces that are caused by var-
iations in meteorological and aerosol conditions, as opposed to
differences that arise due to differences in probes used to collect
the data and algorithms used to process the data.
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