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Impact of ice aggregate parameters on microwave and sub-millimetre scattering
properties

Robin Ekelund?®, Patrick Eriksson®
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Abstract

Microwave scattering properties for 1101 aggregates were calculated using DDA (Discrete Dipole Approximation), at
three typical radar bands (13.4, 35.6, 94.1 GHz) and three passive microwave frequencies (183.31, 325.15 and 664 GHz).
The aggregates were generated in a semi-physical stochastic fashion and are composed of hexagonal crystals of varying
axis ratio, ranging from 1/15 (plates) to 15 (columns). Horizontally aligned particles were assumed and scattering
properties were assessed for zenith/nadir observations. Crystal axis ratio, number of crystals, effective density and
aerodynamic area, were found to correlate with extinction and back-scattering efficiencies. However, the dependency
between these variables and scattering properties vary between the frequencies. Interestingly, bulk extinction was found
to have a relatively low sensitivity to particle shape at 664 GHz. Furthermore, extinction was found to be less shape
sensitive than back-scattering. These results are promising for the sake of the upcoming Ice Cloud Imager (ICI) mission.
In addition, for the considered set of aggregates, it is shown that both bulk extinction and back-scattering are more
directly related to snow fall than ice water content. Triple frequency signatures were also calculated, which demonstrated
clear dependence on constituent crystal axis ratio and conversely on aggregate effective density, in agreement with the

literature.
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1. Introduction

Frozen hydrometeors play an important role in the
hydrological cycle, especially at mid- and high-latitudes
where snow constitutes a large portion of the overall pre-
cipitation (Ellis et al., 2009). Also, improved observations
of ice hydrometeors can lead to better weather predictions
through data assimilation (Hou et al., 2014; Geer et al.,
2017). Global observations of atmospheric ice are of high
scientific and socio-economic interest, and global coverage
is best achieved through satellite remote sensing measure-
ments.

Radars and radiometers that operate at microwave
wavelengths are suitable for retrieving ice mass thanks
to their cloud penetration capability. The interaction be-
tween microwave radiation and particles depends strongly
on the relationship between wavelength and particle size
(Buehler et al., 2007). Current operational satellite mi-
crowave instruments have channels up to 190 GHz. With
respect to ice hydrometeors, these sensors are thus mainly
sensitive to precipitating particles, i.e. snow (Biihl et al.,
2017). The Ice Cloud Imager (ICI) will extend the fre-
quency coverage up to 664 GHz, into the sub-millimetre
range, offering better sensitivity to ice crystals found in
high-altitude clouds (Buehler et al., 2012). Satellite-based
radars currently cover frequencies between 13 and 94 GHz.
The current ones are the CloudSat cloud profiling radar
(CPR), operating at W-band (94 GHz), and the GPM
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dual-frequency phased-array precipitation radar (DPR),
operating at K, and K,-band (13.6 and 35.6 GHz, respec-
tively).

The assimilation or inversion of such measurements by
aforementioned systems requires accurate modelling of the
light scattering by individual particles. The scattering is in
turn affected by the refractive index (at given frequency)
and the shape of the particle (Kim, 2006; Liu, 2008; Hong,
2007; Eriksson et al., 2015). Shape is considerably more
complex and variable for ice hydrometeors than for liquid
ones, which are approximately spheroidal. Small single
ice crystals, as found in cirrus, are typically irregular in
shape, but can also have regular shapes such as hexagonal
columns and plates, bullet rosettes, dendritic crystals, etc.
(Heymsfield et al., 2002; Baran, 2009; O’Shea et al., 2016).
Large ice particles are generally aggregates, found both in
developed cirrus (Um and McFarquhar, 2009; Baran, 2009;
O’Shea et al., 2016) and as snow (Garrett et al., 2012),
possibly affected by riming (freezing of supercooled liquid
droplets upon contact). Schmitt and Heymsfield (2014)
found that cirrus ice particles larger than about 200 pm
could in general be classified as aggregates.

In order to calculate the single scattering properties of
ice particles, multiple methods exist. A key parameter to
consider is the size parameter x, which relates the size of
the particle to the wavelength A of the radiation. It is here
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defined as
T =, (1)

where D,., is the particle volume equivalent diameter,
i.e. the diameter of a sphere with equal volume. In the
Rayleigh regime, where x < 1, the shape dependence is
less important, and scattering is approximately propor-
tional to Dgeq. This is in general valid at large microwave
wavelengths, such as those utilised by ground based radars,
S-band (10-11 c¢m) for instance (Matrosov, 2007).

At higher frequencies, more sophisticated theory has to
be employed. Since the main problem is the high compu-
tational demands of general scattering calculations, it has
been considered desirable to approximate the particles by
spheres or spheroids, where the Mie theory (Mie, 1908) and
the efficient T-matrix method (Mishchenko et al., 1996),
respectively, can be used. Particles that are “fluffy” have
also been modelled as spheroids consisting of homogeneous
ice and air mixtures. However, while such a representa-
tion can be tuned to yield reasonable results at one fre-
quency, inconsistencies tend to appear over the spectrum,
i.e. it is not a sufficient method for multi-frequency obser-
vations (Petty and Huang, 2010; Kulie et al., 2010; Geer
and Baordo, 2014; Eriksson et al., 2015).

In response to this issue, there has been a trend in utilis-
ing more complex particle models and sophisticated single
scattering calculation methods. Several efforts have been
made to create databases containing scattering properties
of ice hydrometeors (e.g. Liu, 2008; Hong et al., 2009; Kuo
et al., 2016; Lu et al., 2016; Ding et al., 2017). These
databases were mainly produced using the Discrete Dipole
Approximation (DDA), where the particle is represented
by a grid of electric dipoles (Draine and Flatau, 1994).
While the method is computationally demanding, it is ca-
pable of treating arbitrary shapes.

The remaining issue is then to select appropriate par-
ticle models. Particles with intermediate size parameters
(z =~ 1) offer the highest modelling challenge, since the
sensitivity to shape peaks in this region (Kim, 2006). As
mentioned above, snow and in part cirrus clouds generally
consist of aggregates. However, aggregates are generally
not well covered in aforementioned databases, at least not
in the ones extending into the sub-millimetre region. The
“ARTS database” (Eriksson et al., 2018), which this study
is related to, is a recent effort to address this problem. It is
a microwave and sub-millimetre single scattering database,
covering frequencies between 1 and 874 GHz, and a wide
selection of ice crystals and aggregates.

Regarding radar remote sensing of snow, accurate infor-
mation on the overall particle shape, and conversely ice
water content (IWC), is difficult to obtain with single fre-
quency measurements (Matrosov, 2007; Kulie et al., 2014).
Collocated multi-frequency measurements are therefore
desirable.  Several studies (e.g. Kneifel et al., 2011;
Leinonen et al., 2012; Tyyneld and Chandrasekar, 2014)
have investigated radar triple-frequency signatures of par-
ticle aggregates, and shown clear differences between dif-

ferent particle models (spheroid approximations, aggre-
gates, bullet rosettes, etc.). Furthermore, such results have
been used to make conclusions on microphysical param-
eters of observed snowfall or clouds (Kulie et al., 2014;
Stein et al., 2015; Yin et al., 2017). In contrast, Leinonen
and Moisseev (2015) found no large differences in triple-
frequency signatures when comparing aggregates gener-
ated from different types of constituent crystals (needles,
rosettes, dendrites, etc.), while the size of the crystals did
have a clear impact. The impact of different amounts of
riming was investigated in Leinonen and Szyrmer (2015),
demonstrating a clear shift in triple frequency signatures
as riming was successively applied in the model. Kneifel
et al. (2015) obtained similar results by combined ground
triple-frequency radar and in-situ observations, demon-
strating clear differences in observed signatures between
low density (fluffy) aggregates and high density (rimed)
particles.

These and other studies have focused on radar applica-
tions (backscattering below 100 GHz). On the other hand,
passive microwave and sub-millimetre observations, where
extinction is of more importance, have not been consid-
ered to the same extent. Kulie et al. (2010) and Geer and
Baordo (2014) looked at the impact of different particle
models on simulated microwave brightness temperatures.
The aggregate and snow particles in those studies were
fairly simplistic however. Overall, there is a clear lack
of studies focusing on the more detailed features of ag-
gregates such as size and aspect ratio of the constituent
crystals, or the overall aspect ratio of the aggregate.

This study aims to improve our understanding of rela-
tionships between aggregate parameters and single scat-
tering properties at microwave frequencies, including sub-
millimetre frequencies. Aggregates with a variety of prop-
erties were generated by simulation, using aggregation
software developed for the ARTS database. The scatter-
ing properties of the aggregates were calculated and anal-
ysed to reveal the impact of various aggregate parameters.
Mainly back-scattering (13.4, 35.6 and 94.1 GHz) and ex-
tinction (183.31, 325.15 and 664.00 GHz) are considered,
in terms of both single particle scattering and bulk scatter-
ing. Optimally, findings here will serve as a guidance for
the treatment of aggregates in future scattering databases.

2. Method and data

The generation of single scattering properties can be di-
vided into two steps: 1) generating shape data, and 2)
calculating the scattering properties. The method chosen
in step 2 is the Discrete Dipole Approximation (DDA),
specifically the software implementation called Amster-
dam DDA (ADDA) by Yurkin and Hoekstra (2011).

2.1. Particle shape data

Shape data describe the particle shape and can be di-
rectly used as input to the scattering calculations. ADDA,



Table 1: Overview of external shape data used. The a and b co-
efficients relate to Eq. (2). ID is the habit identifier assigned in the
ARTS database (Eriksson et al., 2018).

Label ‘ ID a b

Hong 8-column aggregate 8 65.4 3.00
Tyyneld Fern-like dendrite | 26  0.125  2.31
Evans snowflake aggregate | 1 0.230 241

and DDA in general, requires the shape data in the form
of a discrete, equidistantly-shaped grid of dipoles (see
Sec. 2.3). Because in-situ measurements typically do not
provide the 3D-structure of particles, complex particle
models must be provided by simulation. In order to in-
vestigate how different modelling parameters influence the
overall particle shape and the associated scattering prop-
erties, a large amount of aggregate shape data have been
generated. The main parameter varied is the axial ratio
and size of the aggregate building blocks. For the purpose
of comparison, this study also makes use of external shape
data.

In order to characterise the particles, two sets of pa-
rameters are adopted here. First, the mass as a function
of particle size for a given habit (i.e. a collection of dif-
ferently sized particles with a common morphology) can
be described by the coefficients a and b in the mass-size
relationship:

m = aDzwa:v (2)

where D,,q; is the maximum diameter. D,,,, is here
defined as the diameter of the minimum circumscribed

sphere. Secondly, the effective density peg of a particle
is here defined as
6m
Peff = SR (3)

max

i.e. the mass divided by the minimum circumsphere vol-
ume.

2.1.1. External shape data

External shape data refer to shape data collected from
other studies. The external shape data included here
(Hong et al., 2009; Evans et al., 2012; Tyyneld et al., 2014),
are summarised in Tab. 1. The aggregate by Hong et al.
(2009) is characterised by having b = 3.0, resulting in a
fixed effective density for all sizes. This stems from the
fact that the model consist of a constant shape, scaled to
obtain different particle sizes. That is not a realistic repre-
sentation of aggregation, at least when collision is the dom-
inant aggregation mechanism. The two remaining sources
model the aggregation in an explicit manner, resulting in
randomly shaped aggregates with b-values around 2.35.

The scattering properties for the shape data in Tab. 1
were calculated by us, using DDA as described in sec-
tion 2.3, and are a part of the ARTS database (Eriksson
et al., 2018). This ensures that frequencies and tempera-
tures not covered by the original sources are included, and

any uncertainties or biases related to scattering calcula-
tions are removed. It should also be noted that the aggre-
gates used in Tyyneld and Chandrasekar (2014) are not the
same as those used for this study, but were re-generated on
a dipole grid with higher resolution, by courtesy of Tyynel4
on our request. Also, the ARTS database assumes totally
random orientation, which was not assumed for the scat-
tering calculations in this study. This should not pose a
significant problem, because the external aggregates have
fairly low aspect ratios and are unlikely to have a strong
preference in orientation. However, this fact should be
kept in mind when comparing the data.

2.1.2. The Snowflake-toolkit

A variety of aggregate type particles were generated in a
stochastic fashion using a aggregation simulation software
called the snowflake-toolkit (SFTK) (Rathsman, 2016).
The software includes a format for general representa-
tion of aggregates and crystals by polygon meshes, ideally
suited to handle hexagonal crystals. Thus, any particle
that can be represented by a mesh can be used as building
blocks. This study is limited to aggregates of hexagonal
plates and columns, to reduce complexity in terms of anal-
ysis and computation.

The semi-physical model used for the aggregation simu-
lation could be considered to describe a section of a cloud
with a set of ice particles populating it, and is based on the
model presented by Maruyama et al. (2005). At each it-
eration a number of events can occur: 1) growth of a new
crystal, 2) collision and aggregation of two particles, 3)
sedimentation out of the cloud by one particle, or 4) melt-
ing of a particle. Collision likelihood of particles k and [
is determined by the fall-speed difference v, — v;| and the
overlap cross-section area oy, proportional to og|vr — vyl.
The fall speed is modelled by the terminal velocity:

vR, |m
v = 2pa Zv (4)

where p, is the ambient density, A the area of the par-
ticle, and R. the Reynolds number. The particle area A
is calculated in a simple manner to speed up the simu-
lation, as the square of the maximum distance from the
particle centre. Furthermore, the likelihood of melting is
proportional to the inverse of the particle volume Vi, i.e.
1/Vj, while the likelihood of sedimentation is proportional
to vg. Sedimented particles are kept in memory, but do
not participate in the aggregation any more. The relative
importance of each event was adjusted and fine-tuned in
order to achieve desirable aggregation conditions (partially
from a computational point of view). In this work, the im-
portance of melting and sedimentation has been set very
low, in order to promote the growth of large aggregates.
The aggregation occurs at random orientation, however
connection is only allowed between two crystal faces, such
that the involved surface normals are parallel. Further-
more, the aggregation event is discarded if it leads to over-




lap between constituent crystals, in which case the aggre-
gation is discarded and a number (set by the user) of retries
are performed until the event is completely discarded. The
model includes the feature that aggregation of aggregates
is possible. Fig. 1 shows examples of aggregates with crys-
tal axis ratios r¢ryse = 15, 1 and 1/15, i.e. a column, block
and plate aggregate, respectively. 7¢ryst is here defined
as the height h of the hexagonal divided by the side base
length a times two, i.e. repyst = h/(2a). Each simulation
results in a large particle number, up to 5000 depending
on available computer memory.

Figure 1: Example particles generated using the snowflake tool-kit,
with different values of crystal axis ratio reryst. (Left) Column ag-
gregate, reryst = 15. (Middle) Block aggregate, reryst = 1. (Right)
Plate aggregate, reryst = 1/15.

The DDA grids are created post-simulation, by sampling
the polygon meshes used to represent the particles. The
shape is represented exactly, hence dipole grids of arbitrary
resolution can be created. Computation time can thus be
saved by using coarser grids at lower frequencies. Each
particle was sampled onto two grids with different resolu-
tions, with dipole spacings of roughly 20 pm and 70 pm.
According to the standard dipole criterion (see Eq. (8)),
allowed frequencies are then up to 670 and 190 GHz, re-
spectively. In order to conserve the particle mass after
discretisation, the dipole spacing is slightly rescaled. This
results in a slight shift in particle size or D,,qz-

Due to the large number of particles generated, scat-
tering properties cannot be calculated for all the parti-
cles; a sub-set must be selected. Bulk scattering proper-
ties require that particles over a size range are considered.
Selecting a sub-set as representative as possible and not
impose artificial restrictions is unfortunately not straight-
forward. The selection used for this work is aimed at find-
ing particles that represent the mass-size relationship in
Eq. (2) as closely as possible. Fig. 2 illustrates this selec-
tion process. First, a line is fitted to the data in the log-
space, then the data are divided into 10 bins in log(Dymaz )-
Particles are then selected successively from each bin until
a total of 30 particles have been selected. The particles
selected are the ones that have the smallest Am;-values:

_ i mar| (5)

i.e. the particles that deviate the least in mass from the fit-
ted line (m; is the mass of particle 7). As seen in the plot,
three particles are selected from each bin, except from the
eighth one, where only two particles are available. To com-
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Figure 2: Illustration of the particle selection, with particle mass
as a function of maximum diameter Dy, in logarithmic scaling.
Blue dots represent output from the aggregation simulation, the red
line a least-square fit of Eq. (2) to the data, and the crosses are the
particles selected. The black lines are the borders of the bins. In
this example, three particles are selected from each bin, if available.

pensate, one additional particle is automatically selected
from the first bin.

2.2. Particle orientation

The scattering calculations performed within this study
assume horizontally random orientation of the particles.
Canting or flutter angles are typically found to be approx-
imately 10° (Garrett et al., 2015; Klett, 1995), depending
on the amount of turbulence. A more realistic assumption
would thus be a distribution of canting angles. However,
purely horizontal orientation is computationally less ex-
pensive and the goal is to investigate general features, not
produce operational data. As mentioned in Sec. 2.1, the
external shape data instead assume totally random orien-
tation.

The incident light assumes a zenith incidence angle. The
horizontally aligned particle is then allowed to rotate ran-
domly around the zenith axis (z-axis), with a fixed tilt
angle § = 0. Mathematically, the angle distribution can
be described by:

pla, B,y) = (6)
where § is the Dirac delta function, and «, 8 and ~ are
the Euler angles using zyz-notation, which describes the
orientation of the particle (see the ADDA manual for an
illustration). The reference orientation of the particle (i.e.
a = f =~ =0), is determined by the principal moment
of inertia axes, aligning the axis with highest associated



inertia along the z-axis. The axis with the smallest inertia
is aligned along the x-axis.

Apart from peg, two parameters that consider the parti-
cle orientation will be used later on. Firstly, the aggregate
aspect ratio r,ge is defined assuming a reference alignment
(a = 8 =~ = 0) of the particle, as the ratio of the particle
span along the z-axis to the largest particle span found in
the xy-plane. Span here refers to the difference between
the maximum and minimum particle coordinate along the
given axis, i.e. in case of the span along z-axis it is set to
Zmax — Zmin- Secondly, the aerodynamic area ratio A, is
defined as the ratio of the aerodynamic area to the cross-
sectional area of a volume equivalent sphere:

_ 4Aaer
T 1D?

veq

Ay

(7)

The aerodynamic area A,q, is set as the projected area of
the particle when viewing along the z-axis, assuming the
particle is in its reference orientation. A, is essentially a
measure of how “spread out” the falling particle is in the
horizontal plane, compared to a volume equivalent sphere
that has A, = 1. Increasingly high A, is attained for fluffy
or high aspect ratio particles.

2.8. Calculating the scattering properties

As explained above, the particles are represented by a
discrete grid of dipoles. This grid must be fine relative
to the radiation wavelength in order to ensure accurate
results. This is ensured by fulfilling the standard dipole
spacing criterion, i.e.

@ < 0.25, (8)

where m is the refractive index and d the dipole lattice
spacing (Hong, 2007). As a consequence of this criterion,
the number of dipoles per wavelength (DPL) should be
~ 22 or higher, considering the microwave refractive index
of ice. Furthermore, a minimum of 1000 dipoles is enforced
at all times, ensuring that the particle shape is always
discernible.

The outputs used from ADDA are the extinction cross-
section o, and the Mueller matrix M, a 4 by 4 matrix
which describes the angular dependence of the scattered
light using Stokes vector notation. Its angular dependence
is defined in the scattering reference frame, and is nor-
malised such that

1

=12 . M;y; (f)da, 9)

Os
where o is the scattering cross-section, k the wavenumber,
and 0 the propagation vector of the scattered light.

Due to the symmetry obtained in the horizontal plane,
only two DDA calculations are needed per case (i.e. combi-
nation of particle, frequency, and temperature), one each
for H-and V-polarisation. The orientation averaged prop-
erties are retrieved analytically by rotating the Mueller

matrix 360° around the z-axis (equivalent to rotation of
the polarisation basis), and integrating over said rotation.
This is handled internally by ADDA’s internal orientation
averaging routine.

2.4. Single scattering properties

The single scattering properties considered in this work
are mainly extinction and back-scattering cross-sections.
Asymmetry parameter is considered to some degree as
well. For radar, three different frequency bands are con-
sidered: K., K, and W, at frequencies 13.4, 35.6 and
94.1 GHz, respectively. Frequencies considered for passive
microwave radiometry are 183.31, 325.15 and 664.00 GHz
(2 sub-millimetre frequencies). Refractive index is calcu-
lated using the model by Métzler (2006). While the imag-
inary part of the refractive index has a significant temper-
ature dependence (Eriksson et al., 2015), it mainly affects
the absorption. Since the particles investigated in this
study are fairly large, the absorption component is rela-
tively small. Hence, only a single temperature 230 K is
assumed. For passive microwave radiometry, extinction is
of high importance, being the combined total absorption
and scattering, i.e.

Oc = Ogbs + Osca- (10)

Note that at large size parameters, scattering is the dom-
inating term. Back-scattering, the most important quan-
tity for radar applications, is extracted from the (1,1)-
element of the Mueller matrix in the backward direction.
Because the Mueller matrix is defined in the scattering
reference frame, the back-scattering cross-section is

1
Op — ﬁMll(a: 1800), (11)
where 6 is the scattering angle.

The corresponding efficiency @ of any cross section o is
here defined as the ratio of ¢ to the cross-section area of
a volume equivalent sphere, i.e.

_ 4o
T aD2

veq

Q (12)

Asymmetry parameter g is a measure of the relative
amount of radiation scattered in the forward to the back-
ward direction, important for passive microwave remote
sensing (Eriksson et al., 2015). It is defined by

_ 2
" k20,

s
g / M1 (0) cos(@) sin(6)dg,  (13)
0
where 6 is the zenith scattering angle (there is no az-
imuthal dependence for horizontally aligned particles at
zenith incidence angle) (Mishchenko et al., 2002). g ranges
from -1 to 1, with isotropic scattering resulting in g = 0
and g > 0 signifying dominance of forward scattering.



Table 2: Overview of the 11 simulation runs performed, where
Teryst is the nominal crystal axis ratio of given simulation. N refers
to the total number of particles produced from the given simulation,
while Nggg is the number of aggregate, here defined as particles of
at least 3 constituent crystals. a and b coeflicients relate to Eq. (2)
and are calculated by a least-square fit of the data, only including
aggregates (i.e. no single or dual crystal particles).

Teryst N Nagg a b
1/15 1233 570 0.17 2.35
1/12 1378 525 0.18 2.34
1/9 1387 514 0.22 2.35
1/6 1433 488 0.26  2.34
1/3 1374 415 0.41 2.38
1 1327 375 0.57 241
3 1259 373  0.40 2.43
6 1030 277 033 251
9 903 226 0.38 261
12 718 170 0.57 2.74
15 485 98 0.11 2.54

2.5. Bulk scattering properties

In practice, remote sensing measurements are always re-
lated to bulk quantities, i.e. quantities integrated over a
distribution of particles. For the analysis of bulk scatter-
ing properties, an assumed particle size distribution (PSD)
N is required. Here we make use of the exponential dis-
tribution throughout:

N(Dyeq) = Noe APvea, (14)

where Ny [m~*] is the intercept parameter and A [m] the
slope parameter. With Ny constant, a decreasing A re-
sults in an increased total number density and more large
particles. The choice of PSD is mainly motivated by its
frequency of use (Kneifel et al., 2011; Tyyneld and Chan-
drasekar, 2014; Leinonen and Szyrmer, 2015). Aforemen-
tioned publications make use of D,,q; in Eq. (14), however
such an assumption means that a dependence on shape is
included in the PSD, hence it is difficult to isolate the im-
pact of shape on the given scattering quantity. Thus, Dy.eq
is used instead, meaning that bulk quantities of different
particle sets will contain the same mass content for given
No and A. A is varied between 103 to 10° cm™! and Ny
is fixed to 2.317 - 10% m, following Petty and Huang (2011)
based on the PSD from Sekhon and Srivastava (1970).
While a fixed Ny is not an realistic assumption, as strong
correlation between A and Ny is expected, it is a common
choice for this type of study (Kneifel et al., 2011; Tyyneld
and Chandrasekar, 2014; Leinonen and Moisseev, 2015;
Yin et al., 2017), and will only have an effect on Fig. 9
and the bottom panel of Fig. 10.

The ice mass of a volume element, commonly denoted
as ice water content (IWC), is given by averaging over the
particle mass m:

IWC = / M(Dyeq) N (Dyeq) dDyeq- (15)
0

Another quantity that will be used is the snowfall rate
Rieq, interpreted as the liquid equivalent snowfall in mm

per hour. It is defined as:

Rleq = / m(Dveq)Ut(Dveq)N(Dveq) deecp (16)
0

where vy is the terminal velocity, calculated using the
method by Heymsfield and Westbrook (2010). Bulk scat-
tering quantities are calculated in a similar fashion. The
extinction coefficient . is calculated by

Ye = / e(Duveq) N (Dueq) dDyeq- (17)
0

Similarly, the bulk Mueller matrix My, is calculated as
M, = / M(Dyeq)N(Dyeq) dDyeg- (18)
0

Bulk back-scattering ~, can then be calculated using
Eq. (11) with M}, as input.

Analysis of “triple frequencies” will be performed be-
low, and are defined here. Firstly, the effective reflectivity
factor is defined as

/\4

Zo(N) = W

/ 0b(Dyeqs A)N(Dyeq) dDyeq,  (19)
0

where K = (m2 —1) /(m2 +2) is the dielectric factor
with m,, the refractive index of liquid water at the wave-
length A and assuming a reference temperature of 270 K.
The liquid water permittivity is calculated using the model
by Ellison (2007). In turn, the dual wavelength ratio DWR
of wavelengths A1 and A5 is

Ze
DWRy, 2, = 10log <ZA) : (20)

€7A2

The definition of Z. is intended to be independent of fre-
quency in the Rayleigh regime, as indicated by the A*-
term. Usually, one frequency is selected in the Rayleigh
regime as a reference, and the others in the Mie regime,
where shape dependence is high. The same set of radar
frequencies are selected, i.e. at the K,, K, and W-
band. DWR values calculated are then DWRxk_ k., and
DWRk, w.

3. Results

8.1. Aggregate data

In this work, 11 aggregation simulation runs have been
performed using hexagonals as constituent crystals, with
crystal axis ratios (rerys¢) varied from 1/15 to 15. The
crystals generated during the simulations are not of con-
stant size, because a and L are selected randomly from a
Gamma distribution with a standard deviation of 25 %. a
and L are selected independently, hence ryys; is random as
well. Furthermore, the mean value of @ and L are selected
such that the resulting mean crystal size is D,,cq = 120 pm
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Figure 3: Particle mass as a function of maximum diameter Dy, a4
in logarithmic scaling for selected particles. Light grey shaded dots
represent all particles from all simulations, while coloured squares
and triangles are the selected particles from each simulation. The
dashed lines are from Eq. (2) using the a-and b-values in Tab. 2, while
the black lines represent external shape data. The Tyynelé aggregate
is here omitted, in order to not clutter the plot and because it lies
fairly close to the Evans aggregate. Lastly, the dark grey diamonds
are particles selected close to Dyeq = 2.

for all simulations. Note that r¢.ys > 1 implies a column
type crystal.

Completely uncorrelated values of a and L at fixed mean
values is not a fully realistic assumption, they should fol-
low some empirical relationship (Um et al., 2015; Prup-
pacher and Klett, 1997) and be sampled from some proba-
bility distribution. However, we chose this simplified setup
because the impact of particle shape and size upon scat-
tering properties is easier analysed, and not obscured by
assumptions on size-thickness relationship or crystal size
distribution.

An overview of the simulations is available in Tab. 2.
For a particle to be considered an aggregate, at least three
constituent crystals are required. The a and b values calcu-
lated include only these aggregates. The number of gen-
erated aggregates of high axial ratio columns are lower
in general because the likelihood of successful aggregation
event is relatively low, due to a zero overlap constraint.

In an attempt to pinpoint the dependence of scattering
properties on different aspects of the shape data, particles
were divided into three different categories. The intention

is to investigate the impact of: 1) crystal axis ratio on bulk
scattering, 2) crystal axis ratio on single scattering prop-
erties, and 3) crystal size on single scattering properties.
In total, 1101 aggregates were selected for all categories
combined. Details of each category follow in respective
sub-sections below.

3.1.1. Category 1

Using the selection methodology described in Sec. 2.1.2,
a subset of 60 particles was selected from each simulation
using 20 logarithmically scaled size bins. Fig. 3 displays
the selected particles’ mass as a function of maximum di-
ameter (Dynq.) and the associated mass-size relationship
lines. Particle data from external sources in Tab. 1 are in-
cluded as well. The particles selected using this methodol-
ogy will be used to calculate and compare bulk scattering
properties. This set of particles is referred to as category
1, and contains 660 particles in total.

8.1.2. Category 2

For the purpose of investigating the variability of scat-
tering properties directly, a subset of particles with a cer-
tain mass has been selected as well. They were selected
from all 11 simulations as particles having Dy, = 2.0 mm,
within a +10 % tolerance. 234 particles were selected for
this set, and they are marked as dark grey diamonds in
Fig. 3. This set of particles are referred to as category 2
below. Note that 841 particles were selected in category
1 and 2, with 53 of the particles common to both cate-
gories. Also, while not displayed here, subsets of particles
at Dyeq = 1.0mm (119 particles selected) and 0.5 mm (97
particles selected) were created and studied as well. Anal-
ysis of these data did not reveal any significantly different
features compared to the 2.0 mm particle data. Plots of
these data, both particle properties and scattering prop-
erties, are provided as supplements.

8.1.3. Category 3

In the final category, denoted category 3, the intention is
to investigate the impact of constituent crystal size. Only
plate aggregates of r..ys = 6 are considered, and 260 par-
ticles are selected. The particles are then scaled in size
(i.e. mass), to all have a volume equivalent diameter of
Dyeq = 2mm. Hence, this category consists of aggregates
with a fixed mass, but with a varying number of crys-
tals, and consequently varying crystal mass. The number
of constituent crystals Nyt in a given aggregate ranges
from 3 to 6553. As for category 2, data were also gener-
ated for 0.5 and 1mm, using the same methodology and
plate aggregates of 7.,y = 6. These data are displayed in
the supplements as well.

8.2. Aggregate shape properties

This section analyses the output aggregates of the
snowflake-toolkit. It should be stressed that aggregation
algorithms used in other studies will likely yield different
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Figure 4: Aggregate parameters of category 2 and 3 shape data. (Left) Particle effective density pes as a function of crystal axis ratio
Teryst, Using category 2 data. (Middle) Aerodynamic area ratio A, as a function of Teryst, Using category 2 data. (Right) Aerodynamic area
ratio A; as a function of the number of constituent crystals Neryst, using category 3 data. Lines represents cubic fits.

results. Four parameters are considered: 1) reyys, 2) ag-
gregate aspect ratio rage (see Sec. 2.2), 3) effective density
pet (see Eq. (3)), and 4) aerodynamic area ratio A, (see
Eq. (7).

Fig. 4 displays a selection of resulting aggregate param-
eters for category 2 and 3 (other parameters are displayed
in the supplements). Note that the data category used is
indicated in the upper left corner of each plot. Included as
solid lines are 3-degree polynomial fits pg; in log-space (i.e.
log(9) = pas(log(x))), while dashed lines represent 95 %-
prediction bounds (i.e. with 95% probability is any new
observation predicted to lie within these bounds). Also
calculated is the R-squared value R? of each fit. Note that
the fits are not attempts to find a model explaining the
data. Rather, the intention is to highlight tendencies in
the data and give an idea of the dependence upon a given
parameter.

pert depends on 7y to a significant degree in the left
panel, having fairly high R?-values of ~ 0.7. Aggregates of
block hexagonals (r¢ryse = 1) attain the highest densities
overall, while column aggregates of r¢.yst = 15 are gener-
ally the most fluffy. Plate aggregates are somewhat more
dense than the column aggregates.

The middle panel shows A, as a function of r¢pys¢. R?
is higher than for pegs; close to 1. The figure indicates
that block aggregates have relatively low aerodynamic ar-
eas (A, = 5), while the aggregates of high axis ratio crys-
tals have areas up to a factor 3 larger (A, ~ 14). The
correlation between peg and A, (not shown here, see sup-
plements) was found to be high as well (R? ~ 0.8). As
such, peg and A, provide similar information, i.e. a mea-
sure of the overall density of particles.

Tage 1S N0t shown in these figures (see supplements), but
was found to have little dependence upon reyys, with R?

much lower than for peg and A, (below 0.05). 7.5, Was
found to lie in between 1.5 and 3, and on average ~ 2.

The right panel shows A, as a function of Neyys, using
the category 3 data. A, increases with the Nepys, ranging
in between 2 to 8. R? is close to 0.9 as in the middle
panel. It should also be noted that the plot indicates that
A, increases with D4 in the category 1 data, at least for
the aggregates of 7¢ryst = 1/6 (since A, does not change
with size scaling).

Finally, as mentioned in Sec. 3.1, data and plots were
created for both category 2 and 3 at sizes of 0.5 and 1 mm,
and are provided in the supplements. These plot are highly
similar in appearance as those found in Fig. 4, except for
differences in the spread of the data points.

8.8. Single scattering properties

8.8.1. Single scattering properties of category 1 data

Fig. 5 displays extinction efficiency @. and back-
scattering efficiency @ as a function of D,., for several fre-
quencies. Only scattering data of category 1 are included,
i.e. particles marked as coloured triangles and squares in
Fig. 3. In both panels of Fig. 5, it should be noted that
clear divisions can be made between scattering behaving
according to Rayleigh and Mie scattering. The shift occurs
roughly where the size parameter x is fairly close to one.
For instance, at 200 pm and 325 GHz, z is 0.7. The ex-
ception is 13 GHz, where all sizes are within the Rayleigh
regime. The back-scattering (bottom panel) follows ap-
proximately Qp o Dy, at smaller sizes, consistent with
Rayleigh scattering. The variance is fairly constant and
similar at all frequencies in the Rayleigh regime for both
extinction and back-scattering; the difference between the
lowest and highest data points at a given D,., is roughly
a factor 2.
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Figure 5: Extinction and back-scattering efficiencies as a function of
volume equivalent diameter Dyeq. (Top) Extinction efficiency Q. at
183.31, 325.15 and 664.00 GHz. (Bottom) Back-scattering efficiency
Qp at 13.4, 35.65 and 94.1 GHz.

In the Mie regime, the extinction and scattering show
significantly more variance. For extinction, the spread is
lowest at 664 GHz and largest at 183 GHz (but still inside
one order of magnitude). The spread in back-scattering is
much larger, up to 3 orders of magnitude at both 36 and
94 GHz.

3.3.2. Radar back-scattering

Fig. 6 displays back-scattering efficiency for category 2
(Dyeq = 2+ 0.2mm) and 3 (Dyeq = 2mm) data. Fitted
lines and R? are calculated with the same methodologies

as in Sec. 3.1. The two leftmost panels show category 2
data and the rightmost category 3 data.

Tendencies with respect to 745t are observed in the
left panel. R?-values are fairly high at 13 and 36 GHz. At
36 GHz, R? is roughly equal to 0.7, with block aggregates
being associated with the highest back-scattering. The de-
pendence on peg and A, (not shown here, see supplements)
is similar in comparison to r¢pys. Of those three param-
eters, highest correlations are achieved for rpys and the
lowest for peg, for which R? ~ 0.4 at 36 GHz. A, has
slightly lower R?-values than for r..,s. In the middle
panel, the dependence upon 7,4, is even lower, with R?
less than 0.13 at all frequencies. A small tendency to-
wards increased @)y with 7.4, is seen, but the data density
is somewhat lacking at 7a5s > 2.5, hence definite conclu-
sions cannot be made.

The right panel of Fig. 6 shows back-scattering for cat-
egory 3 data as a function of Neyst. As a reminder, the
crystal sizes are scaled such that each aggregate has the
same mass (i.e. Dye, = 2mm). Aggregates with only a
few crystals are more efficient scatterers in comparison to
aggregates consisting of a high number of crystals. This
relationship is overall more compact in comparison to the
panels to the left. Replacing Neryst with A, on the x-axis
(shown in supplements) yields somewhat lower R2-values.

The difference between frequencies should be noted.
13.4 GHz shows relatively low variance in all panels, with
high dependence on 7¢;yst and Nepyst. On the other hand,
the back-scattering at 35.6 and 94.1 GHz shows a very high
spread. 94 GHz seems to be only well explained by Nepyst
in the right panel, however the spread is very large above
Neryst = 1000.

Corresponding plots of 0.5 and 1 mm data are found in
the supplements. The impact upon back-scattering effi-
ciency was generally found to be lower, with some excep-
tions. Exceptions are scattering at 94 GHz, having some-
what higher R2-values for all parameters at both 0.5 and
Imm. Furthermore, R? is also higher for Neyys at all
frequencies. Overall, the observations in previous para-
graphs are preserved at these sizes, except that there are
more combinations of frequencies and sizes in the Rayleigh
regime, and that the variance is generally reduced.

3.3.3. Extinction

In a similar fashion to Fig. 6, extinction efficiency is
shown in Fig. 7 for category 2 and 3 data. Q. shows a
clear dependence upon 7.y in the left panel. R? is in
the order of 0.9 at 183 and 325 GHz. Smaller values are
found for 664 GHz, likely due to under-fitting of the poly-
nomial fit (data points can be seen to fluctuate relative
to the line). There is also a shift in the shape of the fit-
ted curves between 325 and 664 GHz, from a negative to a
positive second derivative. In the middle panel, A, com-
pares similarly to rcryst, with the exception that a clear
improvement is seen for 664 GHz data. The shapes of the
curves also show progression with frequency, from positive
to negative second derivatives as frequency increases.
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Figure 7: Extinction efficiencies Q. as a function of different parameters, at 183.31, 325.15 and 664.00 GHz. The temperature is 230 K.
(Left) Qe as a function of crystal axis ratio reryst, using category 2 data. (Middle) Q. as a function of aerodynamic area ratio A, using
category 2 data. (Right) Qe as a function of the constituent crystal number Neryst, using category 3 data.

Using pefr as a descriptor (see supplements) yields some-
what worse results in comparison to repyst (R? is 0.7 and
0.6 for 183 and 325 GHz, respectively). 664 GHz is an ex-
ception, which sees an improvement (R? ~ 0.7), though
still worse than for A,. Using r.ss (see supplements), re-
sulted in almost no dependence, (R? ~ 0.001 for 183 and
325 GHz, and R? =~ 0.07 for 664 GHz).

The correlation to Neyyst, for category 3 data, is shown
in the left panel to be high, R2 > 0.08 at all frequencies
(close to 1 for 183 GHz). Once again, a shift in the ap-
pearance of the curves is seen between 325 and 664 GHz.
Using A, on the x-axis (see supplements) yields even bet-
ter results, R% improves at all frequencies. It was also
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found that the data points (Q. as a function of A;) oc-
cupy roughly the same points as in the middle panel, i.e.
A, is an equally good descriptor for category 2 and 3 data.

Once again, corresponding plots of 0.5 and 1 mm data
are available as supplements. There are some interesting
differences. For instance, the shift of curvature in the left
panel between 325 and 664 GHz, is not found in the 0.5 and
1 mm data. Otherwise, R2-values are with some exceptions
either similar in size or lower.

8.8.4. Asymmetry

The asymmetry parameter g as a function of r¢pye is
considered in the top panel of Fig. 8. g varies in between
roughly 0.7 and 0.9, and relatively high dependence upon
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Figure 8: Asymmetry parameter g as a function of different param-
eters, at 183.31, 325.15 and 664.00 GHz, and a temperature of 230
K. (Top) g as a function of crystal axis ratio reryst, using category 2
data. (Bottom) g as a function of the crystal number Neryst, using
category 3 data.

Teryst 15 demonstrated at all frequencies (R2 at least 0.65
for all frequencies). As was the case for Q., the fitted lines
switch curvature between 325 and 664 GHz. The depen-
dence on per and A, (see supplements) is reduced at 183
and 325 GHz, but similar at 664 GHz. Negligible depen-
dence with respect to 7,4, was found, with R? < 0.05 at
all frequencies.

Finally, g as a function of Nyt is shown in the bottom
panel of Fig. 8, for category 3 data. R? of Neryst are higher
than for re,y s, with values of at least 0.83 for all frequen-
cies. Also, for each frequency, a local minimum is found
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for the fitted lines, and the Ncyys-values of these minima
increase with frequency.

Similar plots for data at 0.5 and 1 mm, are once again
available in the supplements. For category 2 data, the
dependence of g upon r,ys; is clearly decreasing for lower
values of D,eq, and a larger variance in g is seen. At
500 pm, g reaches values as low as 0.1. The category 3 data
shows similar tendencies. R? take on fairly similar values
at 1mm, compared to the bottom panel of Fig. 8, but
drops significantly at 0.5 mm. The spread in g increases in
overall.

8.4. Bulk scattering properties

Bulk scattering properties are treated in this section. All
figures assume an exponential PSD in D,,.4 (see Eq. (14)),
and a temperature of 230 K. Scattering data using exter-
nal shape data (see Sec. 2.1.1) have been included for ref-
erence.

8.4.1. Passive microwave and sub-millimetre extinction

The top panel of Fig. 9 displays bulk extinction coeffi-
cient (7.) as a function of ice water content, at 183 and
664 GHz respectively, with data divided into lines of dif-
ferent repyst. The habits from the external sources (sum-
marized in Tab. 1) are included as dotted lines. Totally
random orientation is assumed for the external habits, as
mentioned earlier. Horizontally random orientation is as-
sumed otherwise.

At 183 GHz, aggregates of rerys ~ 1, (associated with
high peg in Fig. 4) are seen to have the highest ~.-values.
Conversely, column aggregates (7cryst > 1) have the lowest
extinction, roughly a factor 6 lower, over the whole IWC
range. The plate aggregates (reryst < 1) occupy the space
in between the block and column aggregates. Overall, in-
creasing the aspect ratio of the crystals (i.e. deviation from
Teryst = 1) tends to lower the extinction. The extinction
at 664 GHz, shows less variance in comparison to 183 GHz,
the spread is roughly a factor 2, with a high degree of over-
lap between the lines.

In the bottom panel of Fig. 9, 7, is shown as a function
of snowfall rate Rjeq (Eq. 16). Note that v, has an ap-
proximately inverse dependence on A, (v; increases with
decreasing A,), which according to the middle panel in
Fig. 4, is generally smaller for aggregates of repye = 1. At
both frequencies, replacing the x-axis from IWC to Rjeq
results in a decrease in spread, to the point where the
lines significantly overlap at 664 GHz. At 183 GHz, the
spread is a factor of roughly 3 in the upper end of Rieq,
and roughly 2 at the lower end. Thus, replacing IWC with
Rjeq reduces the spread in 7. by a factor of roughly 2.

Regarding the external habits, the Hong aggregate,
which is composed of large solid columns, demonstrates
the highest extinction of all habits at 183 GHz, in the top
panel. The Evans and Tyyneld aggregates demonstrate
tendencies fairly similar to the low 7.,s aggregates, hav-
ing fairly high extinction at both frequencies. The Hong
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Figure 9: Bulk extinction 7. separated into lines of crystal axis
ratio reryst and 3 external habits. Two frequencies are shown in both
panels, where the upper and bottom collection of lines correspond to
664.00 and 183.31 GHz, respectively. Temperature is 230 K and an
exponential PSD in Dyeq was assumed. (Top) ve as a function of ice
water content. Note that the blue dashed line is hidden behind the
green dot-dashed line. (Bottom) «. as a function of liquid equivalent
snowfall Rjeq, in mm per hour. The legends are common for the two
panels.

aggregate stands out in the bottom panel at 664 GHz, hav-
ing relatively low extinction at given snowfall rates.

3.4.2. Radar back-scattering and triple frequency signa-
tures

The top panel of Fig. 10 displays triple frequency signa-

tures. Lines are divided into 7.rys: and external particles

are included as in the previous figure. Aggregates of dif-
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Figure 10: Triple frequency signatures and bulk back-scattering co-
efficients, using radar frequencies of 13.4 (Ky-band), 35.6 (Ka-band)
and 94.1 GHz (W-band). Temperature is 230 K and an exponential
PSD was assumed. Lines are divided into different rerys¢-values.
(Top) Triple frequency signatures. (Bottom) Bulk back-scattering
coefficient ~;, as a function of Rjeq, at 94 and 13.4 GHz in the upper
and lower collection of lines, respectively. The legends are common
for the two panels.

ferent 7¢yse-values produce distinct signatures. The block
aggregate (reryst = 1) occupies the lower right portion of
the top panel. As 7.y deviates from 1, the lines are
bent counter-clockwise. Column aggregates, reyyst = 12
in particular, are bent the furthest, while plate aggregates
occupy the intermediate area.

As a test, triple frequency signatures were produced
with D,eq replaced by Dypq, in the particle size distribu-



tion (Eq. 14). The plot is available in the supplements.
Overall, the appearance is similar to the top panel of
Fig. 10. A small counter-clockwise shift of varying magni-
tude can be observed for all habits. For r..ye = 1 only a
negligible shift is found, while for 7,5 = 15 the shift is
up to 2dB.

Bulk back-scattering coefficient (7;) as a function of Rieq
are displayed in the bottom panel. ~, has a fairly high
spread at 94.1 GHz, roughly a factor 10 difference between
lowest and highest line at Rjeq higher than 1mmh~! (ex-
cluding the external habits). At 13.4 GHz (lower collection
of lines), the spread is much smaller at all Rjcq-values.
Back-scattering at 35.6 GHz is not displayed, in order to
not clutter the plot. However, it behaves fairly similar to
Ye at 94 GHz, with a slightly lower spread. Back-scattering
as a function of IWC is not displayed. The spread was
found to be higher in comparison, at 94 GHz the spread
is a factor 2 higher than when using Rjeq. Hence, the de-
crease in spread at 94 GHz between IWC and Rjeq is sim-
ilar to what was found for the extinction ~y.. At 13.4 GHz
the difference in spread is about 50 %.

4. Discussion

Simulations by the snowflake tool-kit with different val-
ues of constituent crystal axis ratio (r¢rys:) produced ag-
gregates of fairly distinct features. Judging by the lines in
Fig. 3, some of the generated aggregates, the 7.yt = 6
aggregate for instance, yield a mass-size relationship fairly
similar to the Evans aggregate. Furthermore, the aggre-
gates have values of b in between 2.35 and 2.74 (Tab. 2).
Measurements and simulations by Heymsfield et al. (2002)
and Westbrook et al. (2004) argue for b = 2, while Mitchell
(1996) estimated b to lie in between 2.1 and 2.45 for ag-
gregates and 2.8 for lump graupel, using in-situ measure-
ments. Also, Locatelli and Hobbs (1974) reported empiri-
cal expressions with b equal to 1.9 for unrimed aggregates
of plates, side planes bullets and columns, and 1.9 for un-
rimed aggregates of dendrites. Our aggregates could thus
be considered to have fairly high b-values (although com-
parable to the aggregates included from other sources).
The high b-values can partly be explained by the settings
used for our aggregation simulations, which were required
in order to generate a large enough set of aggregates with
high mass. Limited test simulations revealed that aggre-
gates of b-values closer to two was indeed possible.

The obtained effective density (pes) and area ratio (A,)
showed a clear dependence upon rcrys:. As one would ex-
pect, constituent crystals of either low or high axis ratio
result in less dense aggregates, while crystals of axis ratios
close to one result in dense aggregates. a -and b-values
derived from in-situ measurements by Mitchell (1996) give
values of peg in between 5 and 16kgm™2 for aggregates
of Dyeq = 2 mm, which is covered by the data points in
the left panel of Fig. 4. The number of constituent crystals
(Neryst) in a given aggregate was also shown to have a clear
impact on these parameters. An increasing Ne;ys¢ results
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in particles of lower density (given that the total particle
mass is fixed), and larger aerodynamic or projected area.
These arguments should for now only be considered to ap-
ply to particles generated using the snowflake tool-kit, as it
cannot be established whether they apply to other aggre-
gate generating algorithms as well; we are unaware of any
other studies performing similar tests with different algo-
rithms. Regardless, the produced aggregates have b-values
and effective densities that cover a fairly large span, and
to some extent matches values observed in nature. The
fluffiest aggregates, being the ones composed of columns,
likely best serve as proxies for snow, while the dense block
aggregates best serve as proxies for rimed aggregates. This
is supported by the general appearance of the renderings
in Fig. 1.

Regarding the single scattering properties, extinction
efficiency (Q.) and back-scattering efficiency (Qp) were
found to be clearly correlated to all of the investigated pa-
rameters, except for the aggregate aspect ratio (ragg). Q.
in particular showed very high dependence, regardless of
whether category 2 or 3 data was used. Nepyst was found
to have high impact on both Q. and Q. @Qp generally
decreases with Nepyst, while (). shows a more complex be-
haviour. For 183 and 325 GHz, local maxima were found
at increasing values of Ne,ys. Hypothetically, such a max-
imum could exist for 664 GHz, however, scattering data
with high enough values of Nyt were not produced to
confirm this.

Q. at 664 GHz seems to behave differently compared to
extinction at the other frequencies. In specific, the sign of
the second derivative of the fitted lines are seen to shift
between 325 and 664 GHz for most parameters. As an ex-
ample, in the middle panel of Fig. 7, extinction at 664 GHz
increases with A,-values up to 10, while at 325 GHz it de-
creases at all A,-values. This is an indication of scattering
more in line with geometric optics, with the extinction
being more related to the geometric cross-section (note
that the size parameter (x) is roughly 14 at 664 GHz and
Dyeq = 2mm).

Qyp could be explained by the considered aggregate pa-
rameters as well, albeit to a lower degree. The scattering
at 13.4 GHz is characterised by Rayleigh scattering, i.e. it
is mostly dependent on the mass and of low variance at
given mass. The higher frequencies are in the Mie regime
and demonstrate high shape dependency. @ at 94 GHz
showed very high variance in particular, and could not
be well explained by any parameter investigated. There
could be interference effects occurring in sub-structures of
the aggregates that are not well captured by any of the in-
vestigated shape parameters removed text in parenthesis.

It is somewhat surprising that 7,5, showed such low de-
pendence on 7.y and marginal impact on the scatter-
ing properties. This is likely in part due to the fact that
the aggregation simulations assume totally random orien-
tation for the aggregating particles. Also, since the defi-
nition of 7,4, used here could be considered to depend on
the extreme features of the particles (i.e. maximum exten-



sion along two directions), it may be a too ambiguously
defined variable. However, the same argument could be
applied to the peg (as defined here), since the size of the
minimum circumsphere is determined by particle extrema
as well. Yet this parameter was seen to be a fairly good
descriptor of scattering properties in general. It should be
noted that high aspect ratios of aggregates does not seem
to be supported by observations. Garrett et al. (2015)
found that the median aspect ratio for aggregates were
1.66 for aggregates, which is less than the mean aspect
ratio rage of roughly 2 found for the aggregates generated
here. Garret’s definition of aspect ratio is slightly different
compared to the one used here, reflecting the fact that the
aspect ratio is calculated from 2D-images and not from
3D-models.

An important comparison is that of passive and active
single scattering properties. Comparing on one hand the
two panels of Fig. 5, and on the other hand Fig. 6 to 7,
reveals that back-scattering generally shows more shape-
induced variance than extinction, at least when consid-
ering size parameters above 1. This suggests that passive
measurements have an advantage when retrieving ice mass.
The exception to this is back-scattering at 13.4 GHz, char-
acterised by Rayleigh scattering throughout the considered
particle size range, showing perhaps the smallest spread
overall. Note that comparison between passive and active
measurements is only relevant when both instruments have
sufficient sensitivity to the retrieved quantity. Also, radar
still has the advantage overall when considering vertical
resolution, footprint size, etc

Continuing on the topic of passive scattering proper-
ties, it is also of interest that 664 GHz seems to show a
fairly narrow spread in extinction compared to other fre-
quencies, both for bulk and single scattering properties.
This is supported by the top panel in Fig. 5, where Q. at
664 GHz, shows less variance than the other frequencies.
Also, in Fig. 9, the spread of the 664 GHz lines is very
small. The implication is that since extinction at 664 GHz
is the least sensitive to shape, it has an advantage among
the investigated frequencies for retrieving ice mass by pas-
sive measurements. Radiation attenuated at 183 GHz, is
more impacted by shape.

The asymmetry parameter (g) was seen to behave differ-
ently at 664 GHz compared to other frequencies as well (see
top panel of Fig. 8). It has a minimum at 7¢,ys; = 1 and in-
creases as Teryst deviates from 1. Eriksson et al. (2015) in-
vestigated the importance of g in passive microwave radia-
tive transfer, and showed that cloud induced change in up-
welling radiation is reduced when g increases. On the other
hand, the cloud induced change increases with the extinc-
tion of the cloud particles. Both ¢ and ). were seen to
increase as 7¢rys¢ deviates from 1 at 664 GHz. As a conse-
quence, a compensation effect that reduces brightness tem-
perature sensitivity to variance in r..ys; could hypotheti-
cally be attained. For instance, consider a 664 GHz nadir
measurement in a cloudy scenario, assuming ice aggregate
particles. If 7¢,.ys¢ increases, the resulting increased extinc-
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tion and asymmetry parameter would result in a positive
and negative brightness temperature contribution, respec-
tively, i.e. they cancel each other out to a degree. In other
words, 664 GHz observations are potentially even less sen-
sitive to shape. This further suggests the suitability of
664 GHz as a frequency for retrieving ice mass. The effect
is not visible for 183 and 325 GHz, as g is relatively flat
for these frequencies.

On the other hand, it is difficult to make the same argu-
ment using the data in the bottom panel of Fig. 8, where
g was plotted as a function of Ny instead. The can-
cellation effect discussed in the previous paragraph may
be applicable to Nepysy > 300, where both g and Q. in-
crease with Nepye, but not for Nepye < 300. It should
also be stressed that g is only investigated using category
2 and 3 data, which are composed of large aggregates only.
Satellites measuring at 664 GHz will typically not see these
types of large aggregates. In general, these particles are
concealed at lower altitudes where 664 GHz-channels can
not penetrate, unless carried by up-drafts in deep convec-
tive systems, for instance. Regardless, for the sake of the
664 GHz channel of ICI, the above arguments are overall
promising.

Also interesting is that the spread in bulk extinction co-
efficient (v.) and back-scattering coeflicient (vy,) narrowed
for all frequencies, when v, and -y, were plotted as a func-
tion of snowfall (Fig. 9). At 183 GHz, the spread in ~.
was reduced by a factor of roughly 2, implying that re-
trieval of Rieq is less sensitive to shape and can be re-
trieved with higher accuracy than IWC. Here we consider
snowfall throughout the atmosphere; snowfall close to the
surface might be secluded from satellite measurements by
water vapour extinction. The decrease in spread for ~;, at
94 GHz was close to 2 as well. This is explained by the fact
that high density particles, associated with relatively low
aerodynamic areas, tend to have higher fall-speed. This
produces a shift rightward in the bottom panels of Fig. 9
and 10, i.e. the differences in particle fall-speed provides
a compensation effect to associated differences in scatter-
ing properties. To our knowledge, no previous study has
demonstrated this compensatory effect.

The tendencies observed in the triple frequency analy-
sis are qualitatively consistent with previous results (e.g.
Kulie et al., 2014; Leinonen and Szyrmer, 2015; Kneifel
et al., 2015), where the triple frequency lines are shifted
clockwise as the particle effective density or level of rim-
ing increases. However, there are differences in magnitude
of these shifts and the effective densities that they corre-
spond to; the aggregates of this study seems to be rela-
tively sensitive to peg. On the other hand, the range of
DWR-values covered are similar compared to those stud-
ies. Otherwise, the v, dependence on particle shape (bot-
tom panel of Fig. 10), at 36 GHz and above, is fairly high.
If the objective is to retrieve ice mass or snowfall, this is
of course a limitation, while for retrieval of shape informa-
tion, it is an advantage. Regardless, multi-frequency radar
is desirable in order to constrain the retrievals. Radars at



13.4 GHz and lower (Rayleigh regime), are comparatively
insensitive to shape when estimating Rieq (or ice water
content).

The external Evans and Tyyneld aggregates, behave
somewhat similarly to the aggregates generated in this
study, as mentioned previously. They are of fairly high
densities (as seen for the Evans aggregate in Fig. 3). As
such, they generally produce high .. The Hong aggre-
gate however, having the highest peg-value of all habits,
behaves differently. For example, it produces very high ex-
tinction when expressed in ice water content, at 183 GHz in
the top panel of Fig. 9, but very low extinction at 664 GHz
in the bottom panel, when expressed in snowfall rate. The
later is an effect of the Hong aggregate being associated
with very high fall-speed (small aerodynamic area).

On a final note, above investigations are by no means
intended to be a comprehensive study meant to cover all
possible aspects of aggregate scattering properties. The
use of horizontal random orientation only is a limitation
with respect to side-looking satellite radiometers, for in-
stance. Rather, the study serves as a demonstration of the
impact of the individual microphysical parameters. Other
aggregate parameters were considered as well (maximum
diameter, radius of gyration, etc.), but not included as
they resulted in similar or insignificant results. It is not
fully clear from the analysis what actually causes the ob-
served behaviour in scattering properties (i.e. correlation
vs. causation). Tepys; is likely only affecting the scattering
properties indirectly, by influencing the overall aggregate
shape. The aerodynamic area has a more direct influence,
especially when moving into the geometric optics regime.
Regardless, rcrys: is not an useful parameter for quantify-
ing real particles, as real aggregates can typically not be
defined by a single pristine crystal type. Same argument
holds for Nepyst. As such, it is promising that both peg
and A, worked so well as descriptors for the scattering
properties.

5. Conclusions and outlook

A set of aggregates was generated through simulation
in a stochastic and explicit manner. The general charac-
teristics and scattering properties of these aggregates were
found to have similarities to other studies, but deviations
were also noted. For instance, the b-coefficients of the ag-
gregate mass-size relationships were found to be unusually
high, and the produced triple frequency signatures are only
qualitatively similar to previous studies. The main goal of
this study was to explore the response of aggregation and
scattering properties to the assumption of crystal shape.
The main conclusions are as follows:

o Extinction was generally found to be less sensitive
than back-scattering to shape. Active instruments are
overall more advantageous for retrieval of snow mass
for multiple reasons. However, in this respect passive
instruments seem to have an advantage.
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» Extinction (both single particle and bulk) at 664 GHz
behaves differently compared to the other frequencies.
It could be argued that the dependency on shape is
relatively low at this frequency, making it suitable for
ice mass retrievals particularly.

o Bulk extinction and back-scattering sensitivity to ag-
gregate shape was reduced (by a factor of up to
roughly 2) if snowfall rate is considered instead of
ice water content. The implication is that retrieval
of snowfall rate could be more accurate than for snow
water content.

o Calculated triple frequencies saw a clear dependence
on crystal axis ratio and conversely the effective den-
sity, consistent with both modelling and observational
results in the literature. The potential of multi-
frequency radar measurements for retrieving informa-
tion on bulk particle properties is thus further estab-
lished.

e Crystal axis ratio used as input to the aggregation
simulation had a high impact on the aggregate effec-
tive density and aerodynamic area. The same conclu-
sion holds for the number of constituent crystals (or
conversely the crystal mass).

e Crystal axis ratio, constituent crystal number, and
the other investigated aggregated parameters have a
clear impact on the extinction efficiency, asymmetry
parameter, and to a lesser degree, back-scattering ef-
ficiency. Aggregate aspect ratio is the exception, to
which most single scattering properties were relatively
insensitive.

Aforementioned observations may provide some guid-
ance to future ice hydrometeor single scattering databases.
The ARTS database (Eriksson et al., 2018) includes aggre-
gates of axis ratios 1/6, 1.25, and 5. However, in order to
cover the full extinction span in Fig. 9 for instance, aggre-
gates of axis ratio 15 are required. This type of “needle”
aggregate could thus be considered to complement the ex-
isting database aggregates well, and will likely be included
in a future database version.
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