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ABSTRACT: The scattering properties of aggregates are studied herein. Early aggregates (, 7 monomers) of branched pla-
nar crystals and mature aggregates (up to 100 monomers) of columns are randomly generated with varying assumptions
about the monomer attachment processes and the orientation behavior during collection. The resulting physical properties of
the aggregates correspond well with prior in situ and retrieved sizes and shapes. Assumed azimuthally uniform orientations
during collection and monomer pivoting upon attachment resulted in � atter and denser aggregates. The column aggregates
had lower density and more spherical shapes than the branched planar crystal aggregates. The scattering properties were cal-
culated using the discrete dipole approximation for a set of orientation angles and transformed to spectral coef� cients repre-
senting modes of orientation angle variability. The zeroth- and second-order coef� cients dominate this variability, with the
zeroth-order coef� cients representing the scattering properties for randomly oriented particles. The second-order coef� cients
for backscatter showed differences between horizontal and vertical polarization increasing with density, and these coef� cients
for speci� c differential phase increase with both mass and density. Similarly, coef� cients for the copolar covariance decreased
with density. Rapid changes in the contributions to the radar moments from the second-order coef� cients from low to moder-
ate density were observed, likely due to the increasing presence of horizontally aligned monomers in the aggregate structure.
Differences in how differential re � ectivity and correlation coef� cient evolve with the orientation distribution parameters sug-
gest that these measurements, along with speci� c differential phase and re� ectivity, provide complementary information
about aggregate sizes, shapes, and orientation distributions.
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1. Introduction

Radar measurements that contain polarization information
have shown substantial value in better characterizing ice parti-
cle properties in the atmosphere. In particular, these measure-
ments provide particle shape information; based on our best
theoretical models for shape evolution during particular ice
growth processes, this information provides insights into the rel-
ative contributions of the growth processes to the observed pre-
cipitation. However, the degree of con� dence one can have in
these insights critically depends on the uncertainty in how ice
particle physical and scattering properties evolve during growth.

One important application of polarimetric radar measure-
ments where these uncertainties are evident is the early aggre-
gation of branched planar crystals. As these particles grow
from vapor deposition, aggregation occurs when the particles
collide during free fall. How the shapes of the early aggre-
gates evolve after the� rst few collection events is uncertain.

For example, Moisseev et al. (2015)hypothesize that the early
aggregates are relatively� at with low aspect ratios. These par-
ticles may then produce the observed signature of increases in
differential re � ectivity ( ZDR), speci� c differential phase (Kdp),
and re� ectivity at horizontal polarization ( ZH). However,
other researchers hypothesize that aggregation quickly results
in more randomly shaped, sparser particles that have near-
zero ZDR and produce minimal contributions to Kdp, with the
observed polarimetric enhancement attributed mostly to the
coexisting pristine ice crystals (e.g.,Kennedy and Rutledge
2011; Andri ć et al. 2013; Schrom et al. 2015).

Additionally, the orientation behavior of aggregates is impor-
tant in both understanding the polarimetric radar measure-
ments and modeling ice microphysical processes. In the case of
the former, the radiative properties of an ice particle population
depend on the distribution of particle orientations in the sensing
volume. With respect to ice growth processes, orientation be-
havior can impact both the collision and collection ef� ciency of
the particles. The evolution of particle shape through both ag-
gregation and riming will also depend on the orientation of the
ice particles during collection. Owing to observed positive ZDR

and Kdp in many cases of ice particle growth (e.g.,Ryzhkov and
Zrni ć 1998; Kennedy and Rutledge 2011; Matrosov et al. 2017)
and simpli� ed hydrodynamic considerations, ice particle orien-
tation distributions are commonly assumed to have mean values
corresponding to horizontal orientation (i.e., the angle of the
longest axis of the particle with respect to Earth’s surface is 08)
and varying degrees of dispersion about the mean.

The lack of detailed aggregation simulations coupled to de-
tailed simulations of scattering properties has impeded efforts

Schrom’s current affiliation: Earth System Science Interdisci-
plinary Center, University of Maryland, College Park, College
Park, Maryland.

Munchak’s current affiliation: The Tomorrow Companies, Inc.,
Boston, Massachusetts.

Denotes content that is immediately available upon publica-
tion as open access.

Corresponding author: Robert S. Schrom, robert.s.schrom@
nasa.gov

DOI: 10.1175/JAS-D-22-0149.1

Ó 2023 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

S C H R O M E T A L . 1145A PRIL 2023

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������$�0���8�7�&

mailto:robert.s.schrom@nasa.gov
mailto:robert.s.schrom@nasa.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


to understand the polarimetric radar signatures of aggregates.
Some progress has been made in this area by using idealized
shapes to approximate real ice particles; scattering calculations
of these idealized shapes (typically spheres and/or spheroids)
are highly ef� cient using the T-matrix method (Waterman
1969) or Rayleigh theory ( Rayleigh 1897). However, the result-
ing scattering properties may poorly approximate the true scat-
tering properties of natural ice particles (e.g., Botta et al. 2013;
Schrom and Kumjian 2018), despite these simpli� ed shapes cor-
rectly capturing the bulk physical properties of the particles
(e.g., maximum dimension, aspect ratio, effective density, and
mass). Prior studies have carried out quasi-physical Monte
Carlo simulations of aggregation (e.g.,Westbrook et al. 2006;
Schmitt and Heyms� eld 2010; Botta et al. 2010; Kuo et al. 2016;
Eriksson et al. 2018), and the interaction of microwave radia-
tion with ice particles is well understood from Maxwell ’s equa-
tions. However, simulating the polarimetric radar signatures of
detailed-shaped aggregates is computationally demanding be-
cause of the high spatial resolution needed to capture the parti-
cle shapes and the need to perform independent calculations
for many particle orientations. 1

Some limited studies examining the polarimetric scatter-
ing properties of aggregates have been performed.Tyynelä
et al. (2011) conduct scattering calculations for aggregates
assumed to have� xed horizontal orientations, and their re-
sulting linear depolarization ratios found to be larger than
that of comparable spheroids. Subsequently,Tyynelä and
Chandrasekar (2014)perform scattering calculations for ag-
gregates with assumed random orientations, and� nd that
both circular depolarization ratio and ZDR are reduced rela-
tive to that for pristine particles. Munchak et al. (2022) shows
that detailed scattering calculations for a single aggregate of
plates produce physically reasonable retrievals of bulk ice
properties, with some potential to estimate the degree of hori-
zontal alignment of the aggregate. However, more rigorous
analyses of the impacts of particle� utter on these signatures,
as well as the natural variability of scattering properties for
similar aggregates have yet to be performed.

The main goal of this study is therefore to explore the vari-
ability in polarimetric scattering properties of aggregates given
certain bulk particle properties and evaluate the potential to
ef� ciently predict their polarimetric scattering properties from
these bulk properties. We approach this problem by� rst simu-
lating aggregation with varying assumptions about the monomer
properties, attachment behavior, and their assumed orientation
distributions. We use ensembles of these randomly generated
aggregates to compute scattering properties for a variety of
orientation angles using the Amsterdam discrete dipole approxi-
mation (ADDA; Yurkin and Hoekstra 2011) code. The result-
ing sets of scattering properties are then linked to the physical
properties by conducting a spectral analysis of the scattering
properties by transforming the scattering calculations from ori-
entation angle space to Legendre-coef� cient space. We then

� nd the dominant coef� cients for each scattering property and
relate them to the physical properties of the particles.

2. Aggregation simulations

a. Description of aggregation procedure

Several prior studies have generated aggregates for the pur-
poses of understanding how physical properties of these par-
ticles evolve and for populating scattering databases of ice
particles (e.g.,Westbrook et al. 2006; Schmitt and Heyms� eld
2010; Xie et al. 2011; Botta et al. 2013; Leinonen et al. 2013;
Nowell et al. 2013; Kuo et al. 2016; Brath et al. 2020). The
common strategy for generating these particles is to select
monomers (i.e., single pristine ice crystals) and randomly at-
tach them to a growing aggregate or an initial monomer at the
onset of aggregation. The attachment points of the monomer
with the aggregate are then calculated as the closest noninter-
secting point between an aggregate and a monomer along
some direction. Generally, the relative angles between the
monomer and the aggregate are randomly selected, as is the
direction that one particle moves toward the other.

Assuming purely random orientations of monomers and ag-
gregates when generating these synthetic aggregates will bias
the physical properties and the corresponding scattering prop-
erties, especially given the evidence of preferred horizontal
orientation from polarimetric radar measurements of ice pre-
cipitation. Additionally, we hypothesize that monomer mo-
tions that occur after impact such as pivoting and slipping will
alter the aggregate structure. Owing to the complexity of
these motions, they have not been considered in prior simula-
tions of aggregation, and we will focus only on the effect of
monomer pivoting during aggregation. To simulate pivoting
(illustrated in Fig. 1), we assume that the particle pivots about
its initial attachment point p1 and that p1 is the closest dis-
tance between the monomer and the aggregate along the
speci� ed attachment direction (assumed to be along the nega-
tive z axis; Fig. 1a). Once p1 is found, the monomer will then
rotate about this point with a rotation axis r1 de� ned by the
cross product of the vector from p1 to the monomer center of
mass and the negativez axis (Fig. 1b). This rotation continues
until a second attachment point p2 is made between the
monomer and aggregate. A second pivoting then occurs about
the rotation axis r2 5 p2 2 p1 (Fig. 1c). As with the � rst
pivot, this rotation continues until a third attachment point
between the monomer and aggregate is found, and the mono-
mer is then incorporated into the aggregate.

We use the Euler anglesa, b, and g to specify particle ori-
entation herein; an illustration of how these angles de� ne the
particle orientation is shown in Fig. 2. The orientation of the
aggregate during collection will depend on the coupling be-
tween the surrounding air motion and the particle, requiring
intensive � uid dynamic calculations to accurately model this
system. Additionally, observations of aggregate orientation in
natural clouds are limited. Owing to this lack of knowledge,
we use simpli� ed assumptions about the aggregate orientation
behavior to better understand how this element of aggrega-
tion impacts the evolution of the bulk physical properties. We

1 Some solvers that allow for the calculation of scattering prop-
erties at different orientations efficiently after an intensive initial
computation do exist (e.g.,Mackowski 2002).
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� rst assume that the two largest principal axes of an aggre-
gate’s inertia momentum tensor are oriented horizontally
(i.e., along Earth’s surface). We then rotate the aggregate ran-
domly prior to each monomer collection event under two dif-
ferent assumptions:

1) uniform random distributions of a, cosb, and g [referred
to herein as full-Euler random (ER)] and

2) uniform random distributions of a, with b 5 g 5 0 [referred
to herein as azimuthally random (AR)].

The AR assumption has been observed in laboratory stud-
ies of aggregates in free fall (e.g.,Westbrook and Sephton
2017; McCorquodale and Westbrook 2021); the ER assump-
tion provides a useful baseline to evaluate the impact of pre-
ferred orientations on the aggregate properties. For each of
these aggregate orientation assumptions, we perform two sets
of aggregation simulations: one set with monomer pivoting
and one set without monomer pivoting. In the case of no piv-
oting, the monomers are simply incorporated into the struc-
ture upon their � rst contact with the aggregate. Additionally,
we perform separate aggregation simulations for branched
planar crystal monomers and for solid hexagonal column
monomers, since aggregates of both types of these pristine
habits exist in nature. We also aim to test how their physical
and scattering properties differ. For the branched planar crystal
aggregates, we focus on the early formation stage of these aggre-
gates and generate particles sequentially from two to six mono-
mers. The complex nature of the branched planar crystal shapes
makes the aggregation simulations relatively inef� cient. The rel-
ative simplicity of columns allows us to aggregate a much greater
number of them ef� ciently, and therefore, we construct each col-
umn aggregate by collecting a random number of column mono-
mers from 10 to 100.

The branched planar crystal shapes are generated ran-
domly using the method of Schrom and Kumjian (2019)
with a Gaussian distribution of a-axis lengths of mean 1 mm

and standard deviation of 0.3 mm and restricted to a-axis
lengths of 0.3–1.5 mm. The aspect ratio f of the branched
planar crystals is determined from the power-law relation
(as in Schrom and Kumjian 2019)

f 5
0:001

a

� � d

, (1)

FIG . 1. An illustration of the pivoting procedure we use herein. (a) The monomer falls toward the aggregate along the direction v.
(b) The � rst attachment point is at point p1, and the � rst pivot occurs at p1 with rotations about the axis r1 in the direction indicated
by the purple curved arrow. The labeled point c indicates the monomer center of mass. (c) The second attachment point resulting
from the � rst pivot is labeled as p2. The second pivot occurs about the line connectingp2 to p1 with rotations about the axis r2 in the
direction indicated by the gold curved arrow.

FIG . 2. A depiction of the Euler angles that de� ne particle orien-
tation relative to the base reference frame of the x, y, and z axes
shown in black. The � rst rotation angle a is applied about the
z axis, resulting in axesx� and y� shown with the red dashed lines.
The second rotation angleb is applied about the y� axis and results
in a z� axis shown with the purple dashed lines. The third rotation
angleg is then applied about the z� axis.
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where a is the a-axis length (in mm), d 5 0.45, and 0.001 mm
is the length of the hexagonal core where branched growth
initiates. For the column monomers, the c-axis lengths are
randomly sampled between 0.4 and 1.2 mm, and thea-axis
length is determined from the empirical relation for hexago-
nal column dimensions from Auer and Veal (1970). For the
branched planar crystal aggregates, we therefore have four
sets of synthetic aggregates: ER pivoting, AR pivoting, ER
nonpivoting, and AR nonpivoting. For the column aggregates,
we have two sets of synthetic aggregates: ER nonpivoting and
AR nonpivoting. We choose not to include sets with pivoting
for the column aggregates owing to the more simpli� ed shapes
of the column monomers and larger number of monomers
within these sets of aggregates; these factors will tend to re-
duce the impact of pivoting on the particle properties. Indeed,
simulated ER and AR column aggregates with pivoting (not
shown) have similar distributions of maximum dimension,
density, and aspect ratio compared to the respective ER and
AR column aggregates without pivoting. A summary of the
generated aggregates with different orientation assumptions,
pivoting assumptions, and habits are shown inTable 1.

b. Simulated physical properties

Randomly selected examples of the simulated aggregates
are plotted in Fig. 3. For each synthetic aggregation experi-
ment, there is a fair amount of variability in the structure of
the resulting ice particles. Generally, the ER nonpivoting
branched planar aggregates have more chaotically oriented
monomers than the ER pivoting, AR pivoting, and AR non-
pivoting branched planar aggregates. Both sets of column ag-
gregates have more sparse and more spherical shapes than
the branched planar aggregates.

Aside from mass, many particle physical properties have
arbitrary de � nitions. As such, we de� ne the physical proper-
ties in ways that are most relevant to the distribution of
mass of the particle, since the mass distribution is most
closely tied to the near-� eld interactions of dipoles within a
particle that generate the observed polarimetric signals
(e.g., Lu et al. 2014). We use the convex hull of points asso-
ciated with an aggregate to calculate the particle volume

and maximum dimension; the latter is the maximum dis-
tance between two convex hull points. We then determine
the effective density of the particle as the ratio of the parti-
cle mass to the convex hull volume. This method for calcu-
lating effective density will produce higher values compared
to using circumscribing idealized shapes such as ellipsoids
or spheres, since the convex hull more tightly encompasses
the particle. However, this estimate of density is a more di-
rect measure of the relative sparseness of the aggregate in-
ternal structure.

Recent work (Jiang et al. 2019; Dunnavan et al. 2019) has
shown that ellipsoids can characterize the physical proper-
ties of aggregates relatively well, where two aspect ratios
are determined by � tting an ellipsoid to the aggregate. We
determine these two aspect ratios by � rst calculating the
three eigenvalues of the covariance matrix of aggregate di-
pole locations. Using the covariance matrix allows for aspect
ratios to depend more strongly on the distribution of mass
throughout the structure compared to using an ellipsoid � t over
the exterior. Two aspect ratios are found from the ratios of the
largest eigenvalue to the two smaller eigenvalues, with the larg-
est aspect ratio denoted byf 1 and the smallest aspect ratio de-
noted by f 2 (analogous to ellipsoid aspect ratiosb/a and c/a,
respectively). Using the aggregate maximum dimensiondmax,
we de� ne characteristic particle dimensionsa, b, and c with

a 5
dmax

2
, (2)

b 5 af 1, (3)

c 5 af 2: (4)

An illustration of these dimensions is shown in Fig. 4.
The simulated particles have mass and maximum dimen-

sion values that generally fall within empirical relations de-
rived from in situ measurements (e.g., Locatelli and Hobbs
1974; Mitchell et al. 1990) shown in Fig. 5a, with a range in
mass up to 0.5 mg at a given maximum dimension. The meas-
urements of maximum dimension from these studies have un-
certainties associated with the impact of the particle with the
collection surface, measurements taken at a single viewing

TABLE 1. Description of the assumptions and properties used to simulate the different sets of aggregates. The abbreviations used
in the aggregate experiment names are de� ned as follows: ER corresponds to full-Euler-random orientations, AR corresponds to
azimuthally random orientations, BPA corresponds to branched planar crystal aggregates, CA corresponds to column aggregates, NP
corresponds to no pivoting, and P corresponds to pivoting. The aggregation monomer increment refers to whether an aggregate is
saved sequentially after each monomer collection event (as in the case of branched planar crystals) or an aggregate is saved after a
random number of monomers are collected.

Aggregate
experiment

name
No.

aggregates Monomer habit
No.

monomers

Aggregation
monomer
increment

Orientation
assumption Pivoting

ER-BPA-NP 250 Branched planar crystal 2–6 Sequential Euler uniform No
AR-BPA-NP 250 Branched planar crystal 2–6 Sequential Azimuthally uniform No
ER-BPA-P 250 Branched planar crystal 2–6 Sequential Euler uniform Yes
AR-BPA-P 250 Branched planar crystal 2–6 Sequential Azimuthally uniform Yes
ER-CA-NP 250 Column 10–100 Random Euler uniform No
AR-CA-NP 250 Column 10 –100 Random Azimuthally uniform No
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angle, and the small sample sizes, limiting our ability to rigor-
ously compare them to the aggregates generated herein. The
two-
column aggregate sets reach larger sizes and masses compared
to the branched planar crystal aggregates. The nonpivoting ER
branched planar crystals generally have the lowest mass relative
to maximum dimension.

There are more substantial differences between the ag-
gregation sets with respect to effective density. Both column
aggregate sets have low densities, generally, 50 kg m2 3

(Fig. 5b). The branched planar crystal aggregates have larger
effective densities relative to the column aggregates, and show
a general decrease in effective density with respect to mass.
On average, the AR branched planar aggregates with pivoting
have the highest densities with; 25% of the values between
125 and 275 kg m2 3. Of the branched planar crystal

aggregates, the ER branched planar aggregate without piv-
oting set has the lowest densities on average with values
mostly , 100 kg m2 3 (Fig. 5b).

There are also noticeable differences in the relations be-
tween the two aspect ratios f 1 and f 2 among the aggregate
sets (Fig. 5c). The column aggregate sets havef 1 and f 2 val-
ues that are generally closer to 1 than the branched planar
aggregates, indicating that these particles are more spheri-
cal. The ER nonpivoting branched planar aggregates have
f 1 values relatively close to f 2 values, indicating that these
particles are closer to prolate shapes than oblate shapes. These
particles occupy a similar location in dual-aspect-ratio space as
the retrieved data from Jiang et al. (2019). The aggregate set
with the lowest aspect ratios is the AR pivoting branched
planar aggregates, withf 2 values mostly between 0.1 and
0.4. Values of f 1 for these particles are . 0.5, indicating

FIG . 3. Plots of � ve randomly selected synthetic aggregates (i.e., each column of the� gure is a different realization) from each aggrega-
tion experiment as described inTable 1. Each branched planar crystal aggregate has six monomers in these plots; the number of mono-
mers for the column aggregates are random. Note that some of the monomers within individual aggregates are hidden because of the plot
perspective (e.g., the ER-BPA-P aggregate farthest to the right).
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