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ABSTRACT

The bulk single-scattering properties of various randomly oriented aggregate ice crystal models are
compared and contrasted at a number of frequencies between 89 and 874 GHz. The model ice
particles consist of the ten-branched plate aggregate, five-branched plate aggregate, eight-branched
hexagonal aggregate, VVoronoi ice aggregate, six-branched hollow bullet rosette, hexagonal column
of aspect ratio unity, and the ten-branched hexagonal aggregate. The bulk single-scattering
properties of the latter two ice particle models have been calculated using the light scattering
methods described in Part I, which represent the two most extreme members of an ensemble model
of cirrus ice crystals. In Part I, it was shown that the method of physical optics could be combined
with the T-matrix at a size parameter of about 18 to compute the bulk integral ice optical properties
and the phase function in the microwave to sufficient accuracy to be of practical value. Here, the
bulk single-scattering properties predicted by the two ensemble model members and the VVoronoi
model are shown to generally bound those of all other models at frequencies between 89 and 874
GHz, thus representing a three-component model of ice cloud that can be generally applied to the
microwave, rather than using many differing ice particle models. Moreover, the Voronoi model and
hollow bullet rosette scatter similarly to each other in the microwave. Furthermore, from the various
comparisons, the importance of assumed shapes of the particle size distribution as well as cm-sized

ice aggregates is demonstrated.
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1. Introduction

There is a need to generate the bulk single-scattering properties of ice crystals in the millimetre and
sub-millimetre parts of the spectrum, owing to the launch in the early 2020s of the space-based Ice
Cloud Imager (ICI) instrument [1]. Moreover, these properties are also required to facilitate
interpretation of multi-frequency radiometer data from the ICI airborne demonstrator instrument
called the International Sub-millimetre Airborne Radiometer (ISMAR) [2]. The purpose of these
instruments is to, partly, make use of their sensitivity to the presence of cirrus and ice cloud, so that
properties such as column-integrated ice water content (IWC), called the ice water path (IWP), and
bulk ice particle size can be retrieved from polarised multi-frequency observations. It has been
known since circa 1990s that the microwave and sub-millimetre spectral regions are particularly
sensitive to the IWP and bulk ice crystal size [3—6]. This sensitivity is due to ice at these
frequencies being relatively weakly absorbing, thereby causing incident microwave radiation from
beneath the cirrus to be scattered out of the line of sight of the instrument. This scattering process
leads to depressions in the above-cirrus or ice cloud measured brightness temperature relative to the
clear-sky brightness temperature, and it is these brightness temperature depressions that are known
to be directly proportional to the IWP [3].

The IWP is related to a numerical weather prediction (NWP) and climate model prognostic
variable, IWC. Currently, the performance of such general circulation models (GCMs) in
predicting the global distribution of IWC and/or the IWP is known to be poor; see, for example, the
studies described in Refs. [7-9]. Indeed, in the most recent report of the International Panel on
Climate Change (IPCC) the following is stated on page 589: “representation of cirrus in GCMs
appears to be poor” [10]. With such a poor representation of cirrus and/or ice mass in GCMs,
which, in turn, feeds through to the representation of the hydrological cycle, there is a clear need for
more direct global observations of the IWP and ice cloud microphysics through the utilisation of

sub-millimetre-wave observations.



To make use of future sub-millimetre global observations of cirrus requires the further
development of bulk single-scattering properties of observed atmospheric ice crystals. The
brightness temperature depressions previously alluded to in the sub-mm-wave spectral region will
depend on assumptions about the particle size distribution, the shape and mass of the ice crystals,
and their orientation with respect to an incident beam. It is known that the fractal nature of ice
crystals follows particular power laws that describe their mass or density and area, and the mass of
aggregating ice crystals generally follows mass—dimension relationships that are proportional to D?,
where D is the maximum dimension of the ice crystal [11-13]. There have been a number of
attempts to construct idealised ice crystal models with specific mass—size relationships and apply
these models to the development of databases of ice crystal optical properties in the microwave, and
apply them to observations; see, for instance, the studies by Refs. [14-22]. The simulation of
microwave brightness temperatures, between the frequencies of 10 and 183 GHz, using NWP-
generated global model fields was found by Ref. [18] to be generally better using the sector
snowflake model of Ref. [14] than by the assumption of soft ice spheres. The reason for this more
generally improved simulation of observed brightness temperatures by a snowflake model was
shown by Ref. [19] to be that it was an “average” representation of all other ice optical properties
that they considered for the same mass of ice; they also found similar favourable behaviour for the
eight-branched hexagonal ice aggregate model of Ref. [15], which was originally developed by Ref.
[23]. Moreover, the assumption of the soft ice sphere was found not to be generally consistent at all
of the frequencies considered by Ref. [19]. This “averaged” bulk optical property behaviour by a
single shape of snowflake or ice aggregate might be sufficient to apply to frequencies in the
microwave and sub-millimetre spectral regions to retrieve the IWP and bulk ice crystal size.
However, previous studies that have assumed the eight-branched hexagonal aggregate have shown
that the model generally over-predicts in-situ estimates of IWC by factors of about 2 [24]. This is

because this model predicts a mass—dimension relationship that is proportional to D* and not D?,



The same study concluded that it is better to assume a shape distribution of ice crystals to predict
in-situ estimates of IWC. This was achieved by weighting each of the various members of the shape
distribution at each size bin of the PSD, such that the observed IWC was reproduced to well within
a factor of 2. In that study, it was necessary to apply such a weighting at each size bin owing to each
particle model mass being proportional to D*, but each model had differing pre-factor values in its
mass-dimension relationship. Therefore, the shape distribution of idealised model particles could be
made to behave as if their integrated mass values were produced by particles with mass being
proportional to D?. The sector snowflake model of Ref. [14] predicts a density—D relationship of the
following form: p ~ D2, which implies a mass-D relationship also of the form ~ D¥2. However, as
stated earlier, current microphysical observations of ice aggregation and theory suggest that the
mass of aggregating ice crystals should be proportional to D?, which implies a density—D
relationship of the form D™°. The sector snowflake model of Ref. [14], with such a density profile,
at large D values, will predict very low-density particles, as they will become very thin at those D
values, relative to density models that predict a D™ relationship. These very low-density particles
will become weakly interactive with microwave emission from the lower atmosphere and, as a
consequence of being very low-density, they will become weakly interacting large particles, or
WILPs for short. Thus, in the tropics, where very large D particles can occur, the sector snowflake
model will be expected to predict microwave and sub-millimetre brightness temperatures that will
probably be too warm relative to observation.

An alternative to simulating microwave scattering by single ice crystal models, soft spheres or
soft spheroids is to assume an ensemble model of cirrus ice crystals. To this end, Ref. [25]
developed the ensemble model of cirrus ice crystals. This model, which is shown in Fig. 1 in Ref.
[25], consists of six shapes, which are a hexagonal ice column of an assumed aspect ratio, AR, of
unity (i.e. the ratio of hexagonal column length to diameter), the six-branched bullet rosette, and

then hexagonal monomers are randomly attached to build four ice aggregate models, which consist



of three-, five-, eight- and, finally, ten-branched hexagonal ice aggregates. The latter aggregate
models can cover the largest ice crystal sizes found in the particle size distribution (PSD), whilst the
former members can populate the smaller end of the ice crystal PSD. Alternatively, weights can be
assigned to each member of the ensemble model at each PSD bin size to compute the bulk ice
optical properties and/or the total mass of ice contained in the PSD, similar to Ref. [24]. The
applicability of the ensemble model in simulating observations of cirrus from across the spectrum
from different types of ice cloud in the mid-latitudes has been previously demonstrated by Ref.
[17]. In that reference, it is shown that by combining the ensemble model with a representative
moment estimation parameterisation of the PSD, as developed by Ref. [26], observations obtained
in the visible, infrared, microwave and radar regions of the spectrum could be simulated to good
accuracy. The ensemble model’s predicted bulk ice optical properties have also been validated by
global observations of cirrus obtained at visible and infrared wavelengths [27, 28].

In this paper, we consider the two most extreme members of the ensemble model of cirrus ice
crystals, the first and sixth members only, which are the hexagonal ice column of aspect ratio unity
and the ten-branched hexagonal column aggregate. Hereinafter, to simplify the wording, the terms
“branched” and “hexagonal” are dropped so that each of the assumed aggregate models is described
more simply, owing to all models being composed of hexagonal ice crystals. For example, the latter
model is described as the ten-column aggregate. The bulk single-scattering properties of these two
models are computed using the light-scattering methods described in Part I. In Part I, it was shown
that the physical optics method was applicable in the microwave region down to size parameters of
about 18, where the size parameter was defined as =D/A; this same definition of the size parameter
is used in this paper [29]. The bridging between the electromagnetic and physical optics methods
applied at size parameters smaller or greater than 18, respectively, was achieved using the ray
tracing with diffraction on facets (RTDF) method developed by Ref. [30]. It was argued in Part |

that the applicability of RTDF down to such low size parameters in the microwave region was



possible, owing to treating diffraction at each of the facets on the ray-tracing paths in addition to
diffraction at the projected cross-section of the model ice crystal. Furthermore, the real refractive
indices of atmospheric ice in the microwave are generally about 1.77; with such a large real
refractive index, the processes of scattering are dominated by diffraction and reflection, both of
which are treated accurately by RTDF. In principle, other physical optics methods could also be
utilised in the microwave region in the same way as that shown in Part I, such as the methods
developed by Refs. [31-33]. By replacing all electromagnetic solutions at a size parameter of 18 or
greater with RTDF solutions, it was shown in Part | that the bulk integral ice optical properties of
hexagonal columns of aspect ratio unity and eight-column aggregates could be replicated using the
approximate solutions to generally within < 5% of the full electromagnetic solutions in the
microwave. The scattering phase functions of the smooth hexagonal column and eight-column
aggregate were also shown to be generally well replicated by RTDF at 243 and 874 GHz. This was
also found to be the case for the bulk scattering phase function of the eight-column aggregate,
where the latter was achieved by replacing, as above, electromagnetic solutions with RTDF
solutions at size parameters of about 18 or greater at 874 GHz.

The electromagnetic results obtained from the eight-column aggregate used in Part | were
extracted from the microwave single-scattering database compiled by Ref. [21]. The single-
scattering databases described in Ref. [21] assume other randomly oriented model ice crystals, such
as the ten-plate aggregate, five-plate aggregate, and the six-branched hollow bullet rosette, among
others. The single-scattering results obtained for each of these randomly oriented model ice crystals
were obtained using the methods of the Imbedded T-matrix and improved geometric optics [34,
35]. As discussed in Part I, the microwave database of Ref. [21] overcomes the difficulties of
previous databases discussed above, as it considers a much greater range in atmospheric
temperature, frequency, and a greater range in ice crystal maximum dimensions, out to 1cm-sized

ice crystals. A further ice aggregate model that is considered here is the VVoronoi particle model



developed by Ref. [36]. This model is based on the VVoronoi tessellation of tiled polygons but
realised in three-dimensional space to form a chain of polyhedral particles. A figure of the Voronoi
model can be seen in Fig. 3 in Ref. [36].

In this paper, Part Il, the bulk single-scattering solutions obtained for the model particles
described above obtained from Ref. [21] are compared with those obtained for the two most
extreme members of the ensemble model and the VVoronoi model between the frequencies of 89 and
874 GHz. The purpose of this paper is to ascertain whether the bulk single-scattering properties of
other ice aggregate models, calculated using state-of-the-art light scattering methods from Ref. [21],
are generally bounded by the two most extreme members of the ensemble model, and the VVoronoi
particle. If so, this three-component model of ice cloud (i.e. the hexagonal ice column, eight-
column aggregate and the VVoronoi model) could generally be applied to microwave observations,
rather than applying ice cloud models consisting of n combinations of various idealised ice crystals.
Later on in the paper, the members of this three-component model will sometimes be referred to as
members one to three, respectively. The applicability of this three-component model to forward
model microwave observations obtained from a number of ice cloud cases will be the subject of the
Part 111 paper.

The ISMAR instrument, as pointed out in Ref. [2], has frequencies located between 118 and
874 GHz and can be installed on board the Facility for Airborne Atmospheric Measurements
(FAAM) aircraft [www.faam.ac.uk]. The 874 GHz channel will be added to ISMAR at some point
during the summer of 2017. In this paper, we also consider frequencies relevant to the ICI
instrument, which spans the range between 183 and 664 GHz. A further microwave instrument on
board the FAAM aircraft is the Microwave Airborne Radiometer Scanning System (MARSS),
which has channels located between 89 and 183 GHz. It is often the case that both ISMAR and
MARSS are on board the FAMM aircraft at the same time. As mentioned in Part I, and as discussed

in Ref. [2], the ISMAR instrument also measures vertically and horizontally polarised radiances; for



this reason, in this paper, the most relevant scattering matrix elements between the different ice
crystal aggregate models are compared.

The paper is split into the following sections. In Section 2, the methodology of calculating the
single-scattering properties of the two most extreme members of the ensemble model, the VVoronoi
model, assumed refractive indices, PSDs, and scattering definitions are defined. In Section 3, the
bulk integral optical properties calculated for the various ice crystal models described above,
obtained from the ice crystal model database of Ref. [21], are compared and contrasted with those
calculated from the three-component model at frequencies between 89 and 874 GHz. Section 4
repeats this analysis for the most relevant bulk scattering matrix elements. In Section 5, differences
between the various models are explored in brightness temperature space at frequencies of 183 and
874 GHz. In Section 6, the implications for single-scattering databases, in the microwave and sub-
millimetre spectral regions, of observed ice crystal size spectra that significantly exceed ice crystal
maximum dimensions of 1 cm are discussed. Finally, the salient points found in this paper, Part I,
are summarised and discussed in Section 7.

2. Methodology and definitions

The randomly oriented bulk single-scattering properties of the two most extreme members of the
ensemble model are calculated at frequencies between 89 and 874 GHz using the light-scattering
methods of Monte Carlo ray tracing and the T-matrix developed by Refs. [39-41]. As in Part I, the
electromagnetic methods are applied up to size parameters of about 18 at all frequencies
considered. At size parameters greater than about 18, the Monte Carlo ray-tracing method of Ref.
[39] is applied. In applying the Monte Carlo ray-tracing method, the two ensemble model members
are randomised using the distortion parameter defined in Ref. [39]. The distortion parameter
randomly tilts the facets of each of the model ice crystals with respect to its surface normal at each
reflection and refraction event, thereby randomising the ray paths within the ice crystal model. This

randomising process of ray paths within the ice crystal model results in featureless scattering matrix



elements as a function of the scattering angle, thus smoothing out optical features such as halos and
ice bows. This randomising of each of the models is supposed to represent large-scale complexity
of real ice crystals, where large-scale complexity is defined in Ref. [42]. By large-scale complexity
we mean that ice crystals may be constructed from many ice crystal monomers of varying shapes
and aspect ratios that are arbitrarily attached to form complex ice aggregates. Here, and in the
calculations that follow, distortion values of 0.6 are applied to the two ensemble model members to
represent very complex ice particles that ISMAR and ICI might sample. In Part I, the RTDF method
developed by Ref. [30] was preferred over the ray-tracing method of Ref. [39], the latter of which
considers only diffraction at the projected cross-section of the particle. However, in this paper we
consider highly distorted ice crystals. With such large values of distortion parameters, there are
insignificant differences between the calculated single-scattering properties using the two physical
optics methods (not shown here for reasons of brevity). Therefore, for the purposes of this paper,
the Monte Carlo ray-tracing method of Ref. [39] is considered sufficiently accurate.

The most extreme member of the ensemble model represents a complex ice aggregate, and to
compute the single-scattering properties of this ice crystal requires electromagnetic methods other
than the available T-matrix method of Ref. [40]. The T-matrix method of Ref. [40] is not applicable
to the most extreme member of the ensemble model, as it is applicable to non-axisymmetric
particles such as the finite hexagonal cylinder. Here, random orientation is considered, and owing to
the analytic orientation averaging procedure available in the T-matrix, this makes it a more
attractive method to apply than other methods such as the discrete dipole approximation (DDA) in
terms of computational efficiency. To utilise the non-axisymmetric T-matrix method, we are
therefore required to represent the ten-column aggregate ensemble model member through an
approximate geometry at size parameters < 18. As discussed in Ref. [17], the ensemble ten-column
aggregate model considered in this paper is composed of hexagonal monomers that are well

separated in space but are attached, meaning that multiple reflections between monomers that make
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up the aggregate can be ignored. The meaning of this is that the phase function of one hexagonal
monomer is similar to the phase function of the complete hexagonal ice aggregate owing to
absorption, together with the inter-monomer reflections being weak. This behaviour in the phase
function is seen even at visible wavelengths in Figs. 5 and 6 in Ref. [43], where it can be seen that
the phase functions of the single component column or plate ice crystals are similar to spatial
aggregates of these particles. Moreover, it has more generally been shown that the scattering matrix
elements of complex ice crystals are similar to the scattering matrix elements of their single
component ice crystals [44—46]. With absorption and distortions applied to the model particles,
such differences will be even smaller, and these conditions will be met in the microwave.
Therefore, based on the previous theoretical studies, we simplify, here, and hereinafter, the ice
aggregate ensemble model member to calculate the single-scattering properties of this member by
assuming equal area ratio hexagonal ice columns, thus preserving a microphysical property of this
ensemble model member. The area ratio is defined as the ratio of the projected area of the
orientation-averaged non-spherical ice crystal of size, D, to the projected area of the circumscribed
circle of the same D.

It was previously shown in Ref. [47] that the area ratios predicted by the members of the
ensemble model are well within the ranges of in-situ measured area ratios obtained from a number
of field campaigns, which were located in Arctic, mid-latitude and tropical regions. Moreover,
balloon-borne microphysical measurements of the area ratio of ice crystals obtained in high-latitude
cirrus by Ref. [48] were found to be consistent with some ensemble model member predictions of
the area ratio. For those cases in which the T-matrix method of Ref. [40] was found to be non-
convergent, owing to large hexagonal ice column aspect ratios, the T-matrix method of Ref. [41]
was applied to circular ice cylinders with the same area ratio as that of the ten-column aggregate
model. In the case of the hexagonal ice column of aspect ratio unity, the simplification to circular

ice cylinders was found to be unnecessary. At size parameters > 18, the Monte Carlo ray-tracing
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method was applied to the actual geometry of the two ensemble model members without
approximation. The simplification of the ten-column aggregate model to equal area ratio hexagonal
ice columns and cylinders will be severely tested at the frequency of 89 GHz, as at that frequency
size parameters > 18 are not considered.

In the case of the VVoronoi model and as discussed in Ref. [36], this model can be constructed to
follow any density—dimension relationship. In this paper, the model follows the density—dimension
relationship derived in Ref. [37]. The latter derivation was based on in-situ airborne bulk
measurements of IWC and estimates of IWC, where the estimates were based on a variety of
microphysical probes, as obtained in a number of cold mid-latitude cirrus cases. They found from
these in-situ measurements that the best mass—dimension relationship was found to have the
following form: m=0.0257D? where m is the mass of aggregating ice and the units are in SI. This
derived mass—dimension relationship implies an effective density, pe, of the following form:
pe=0.049D*° where the effective density is given by the equivalent mass of an ice sphere of
diameter D. Thus, the Voronoi model follows a generally observed effective density-size
relationship.

The single-scattering properties of the Voronoi model have been calculated using a non-standard
finite-difference time-domain method (FDTD), as used in Ref. [36] and applied to the global
remote sensing of ice cloud in Ref. [28], and the discrete dipole approximation (DDSCAT) version

7.3 available via http://www.ddscat.org/ [38]. The FDTD method was applied at size parameters

between 1 and 70, whilst the DDSCAT method was applied at size parameters greater than 70. For
size parameters of less than 1, the DDSCAT method was applied owing to the difficulties of
applying the FDTD method to very small particles. The DDSCAT method was applied to the
Voronoi model at up to maximum ice crystal dimensions of 1.5 cm, between the frequencies of 10
and 874 GHz. An example of the input data used in the electromagnetic computations at 664 GHz

can be seen in the Appendix to this paper. The DDSCAT electromagnetic computations were
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performed on an HP Z-840 Workstation (CPU Intel Xeon 3.10 GHz) and the FDTD computations
utilised an Intel-C compiler.

The assumed refractive indices of atmospheric ice applied here are the same as those used in
Part |, and are taken from the compilation made available by Ref. [49]. The bulk scalar optical
properties used here were previously described in Part I, and are given by Eqgs. (3-6) in that paper,
i.e. the orientation-averaged bulk extinction and scattering coefficients, Bex: and Psca, respectively,
the single-scattering albedo, wp, and the asymmetry parameter, g. The PSDs assumed in calculating
the bulk integral ice optical properties were also described in Part I, in Section 3.3, and are shown
in Fig. 5 in that paper. In Section 3.3 in Part I, the mean mass-weighted size, Dmmw, 1S given by Eq.
(2), and exactly the same PSDs and values of Dmmy as those used in Part | are applied in this paper.
As a reminder, the mean mass-weighted size is defined as the ratio between the third and second
moments of the PSD, where the second moment is given by the mass of ice contained in the PSD.
Hence, Dymw IS @ mass-weighted characteristic size of the PSD. The values of D in the PSDs do not
exceed 1 cm.

In some microwave, radar and sub-millimetre studies the characteristic ice crystal size of the
PSD is usually given by the effective dimension, D, of the PSD. However, the definition of D, is
that of the ratio of the total mass of ice contained in the PSD to the orientation-averaged cross-
section of the PSD [50]. In the case of aggregating ice crystals, as argued in Ref. [51], D will tend
to near constant values, simply because the numerator, as discussed in Section 1, becomes
proportional to D? and the denominator, in the case of the aggregating ice crystals observed in Ref.
[12], becomes proportional to D*"**®. Therefore, D, has a D****% dependence on D, given the
data supplied by Ref. [12]. Clearly, such a definition of characteristic ice crystal size of the PSD
cannot be usefully applied to microwave, radar and sub-millimetre observations, as D, will become
weakly dependent on IWC. Therefore, the definition of Dymw is preferred, since Dmmw iS Weighted

by the mass of ice, and it is the mass of ice that is directly proportional to the brightness
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temperature depressions observed at microwave frequencies previously discussed in Section 1.
Given the methodology and definitions defined in this section, in the next section the bulk
integral optical properties calculated for the three-component model are compared and contrasted
with the other ice crystal models previously discussed in Section 1 at frequencies between 89 and
874 GHz. The frequencies represent the range in central frequencies available on the ICl, MARSS
and ISMAR instruments. In the next section, we compare bulk integrated optical properties rather

than single-scattering properties as a function of D, as in reality, ice clouds are polydispersive in
size and individual ice crystal interference effects are averaged out, once integrated over the PSD as
demonstrated by Ref. [52]. In that paper, it was concluded that removing interference effects
through the integration of the single-scattering properties over PSDs provides a more natural
simulation of the optical properties of non-spherical particles. Moreover, here we wish to
demonstrate that in the microwave, the choice of shape of the PSD might be as important as choice
of ice crystal shape.

3. Comparisons of the bulk integral ice optical properties in the microwave region

The three-component model integral ice optical properties have been calculated at an assumed
temperature of about 240 K. The microwave single-scattering properties made available by Ref.
[21] were calculated at the temperature values of 160, 200, 230 and 270 K using atmospheric ice
refractive indices compiled by Ref. [53]. It is known that the imaginary part of the ice refractive
index in the microwave region is temperature-dependent, as discussed in Refs. [21, 54]. The
integral optical properties of the ice particle models are compared using the databases computed at
the temperatures of 240 and 230 K. However, absolute differences in the real and imaginary
refractive indices between the two compilations, at these two temperatures and at the two most
extreme frequencies of 89 and 874 GHz, are about 1% and less than 1%, respectively. Such small

absolute differences between the two refractive indices at the two temperatures are not considered
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significant, for the purposes of this paper. The geometry of the ten- and five-plate aggregates, eight-
column aggregate, and six-branched hollow bullet rosette is detailed in Ref. [55].

Firstly, the bulk extinction coefficient is compared between the different ice crystal models as a
function of Dmmw, the results of which are presented in Fig. 1 at the frequencies of 89 and 243 GHz,
and in Fig. 2 at the frequencies of 325 and 874 GHz. The results presented in Fig. 1 show that the
three-component model, at the lower frequencies of 89 and 243 GHz, do indeed generally bound
the other ice aggregate models at all Dyymw values considered. The most notable exception to this is
the non-aggregated six-branched hollow bullet rosette, where its bulk extinction coefficient values
are generally smaller than that predicted by the most extreme member of the three-component
model at 89 GHz for 50 um < Dymw < 2000 um, and this same behaviour is also seen at the
frequency of 243 GHz for Dyymw < 1000 um. We note here that the ten-plate aggregate model also,
at some values of Dmmw, has lower bulk extinction values than the third member of the three-
component model for Dymw < 200 um at the two frequencies shown in Fig. 1. However, these latter
values of Dyymw near 100 um or less will probably not be important in the microwave. It should also
be noted here that at the smallest value of Dmmw Shown in Fig. 1, the third member of the three-
component model is roughly an average of the first two members of this model. This is because at
the smallest D,mw Values, the VVoronoi model behaves more as a solid particle, where the mass is
proportional to D*. Moreover, note also that the eight-column aggregate volume extinction
coefficient is greater than that of the other ice aggregate models, owing to this model being compact
rather than chain-like. The results of comparing the extinction coefficients predicted by the various

models at two sub-millimetre frequencies can be inspected in Fig. 2.
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Fig. 1. The bulk extinction coefficient plotted against the mean mass-weighted size, Dymw, at the
frequencies of 89 (top panel) and 243 GHz (bottom panel). The key to each of the ice crystal
models is shown in the top-left in each of the panels. The three members of the three-component
model are shown in the key as Mem 1 (i.e. the hexagonal ice column of AR=1), Mem 2 (i.e. the ten-
column aggregate), and Mem 3 (i.e. the Voronoi model).

It can be seen from Fig. 2 that similar behaviour between the differing ice models is observed,

as shown in Fig. 1, that is the three-component model generally bounds the other ice aggregate
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models, with the exception of the non-aggregated six-branched hollow bullet-rosette. However, at
the highest frequency of 874 GHz, the first two members of the three-component model generally
bound all other ice aggregate models for all values of Dpmmy coOnsidered, with the six-branched
hollow bullet rosette and ten-plate aggregate sometimes exhibiting bulk extinction coefficient
values lower than any member of the three-component model at some values and at one value of
Dmmw, respectively. At the lower sub-millimetre frequency, the first and third members of the three-
component model predict a bulk extinction which generally bound all other aggregate models. The
six-branched hollow bullet rosette predictions of the bulk extinction coefficient show similar
behaviour to that in Fig. 1, i.e. this model tends to be the most divergent from all of the other
models. However, the VVoronoi model (member 3 of the three-component model) has been
constructed so as to have an effective density—D profile similar to an observed power law. Thus,
this particle behaves more like a hollow particle as its effective density decreases with increasing D;
this is especially the case as the imaginary index of ice decreases at the lower frequencies
considered in Figs. 1 and 2.

A further important point to draw from Figs. 1-2 is that the values of the bulk extinction
coefficients can be quite different from nearest-neighbour Dmmw Values for the same ice crystal
model. This is because, as shown in Fig. 5 in Part I, the shapes of the PSDs are quite different as a
function of D. Even though similar values of Dmmw can be obtained from PSDs of different shapes,
this can result in quite different values for each of the bulk extinction coefficients, even with similar
Dmmw Values. Therefore, the assumed shapes of the PSD are just as important as the assumed ice
crystal model shapes when interpreting mm-wave and sub-mm-wave observations. This point was

also noted in Ref. [18].
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Fig. 2. The same as Fig. 1 but for the frequencies at 325 (top panel) and 874 GHz (bottom panel).
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In the figures that follow, the results of comparing the co-albedo (i.e. 1-wo) between the
different ice crystal models are presented in Figs. 3—4. As before, in Fig. 3, results for 89 and 243
GHz are presented, whilst in Fig. 4, results are shown for 325 and 874 GHz. At the least ice-
absorbing frequency shown in the figure, at 89 GHz, the third member of the three-component
model and six-branched bullet rosette models are the most absorbing relative to all other models for
all values of Dymw considered. This being also generally true at 243 GHz, except for D >> 1000
um, when the first member of the three-component model becomes the most absorbing relative to
all other models. This behaviour of the third member of the three-component model is because the
other models are chains of hexagonal columns and plates; therefore, these tend to scatter more
between the individual monomers that make up each of the other particle models, thus resulting in
less absorption. Contrary to Fig. 1, at the lowest frequency, the eight-column aggregate, owing to
this model being more compact rather than chain-like, scatters more radiation than do the other ice
aggregate models at the same values of Dyymw. At 89 GHz, the second member of the three-
component model generally scatters similarly to the five-plate aggregate. However, at 243 GHz,
the ten-plate aggregate model scatters more radiation generally than do the other ice particle
models shown in the figure, whilst the eight-column aggregate model scatters radiation similarly to
the second member of the three-component model. At 89 GHz, the ten-plate aggregate model is
generally more absorbing than the second member of the three-component model at all values of

Dmmw considered.
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Fig. 3. The co-albedo (1.-w0), plotted as a function of Dmmy at the frequencies of 89 GHz (top
panel) and 243 GHz (bottom panel). The key to each of the ice crystal models is shown in the top-
right in each of the panels and is the same as shown in Fig. 1.

The co-albedo comparisons at the two sub-millimetre frequencies are presented in Fig. 4. At the
most ice-absorbing frequency of 874 GHz, and at Dymw Values greater than about 400 um, the third

member of the three-component model becomes less absorbing relative to the other models, simply
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because this model has less ice mass with which to absorb the incident microwave radiation; this
behaviour is most apparent when Dymy > 1000 um. For Dyymw > 400 um, the three-component
model bound all other ice models considered. At Dmmw Values less than about 400 um, the three-
component model bound the five-plate and eight-column ice aggregates, with the ten-plate
aggregate and six-branched bullet rosette being somewhat more scattering than the three-component
model at some values of Dmmw less than about 400 um. At 325 GHz, the ten-plate model generally
absorbs the least compared to the other ice particle models, whilst the eight-column aggregate is
generally bounded by the first two members of the three-component model. Moreover, at this
frequency, when Dymw < 300 um, the third member of the three-component model becomes much
more absorbing than all other models.

Figures 3—4 show that at the least ice-absorbing frequency of 89 GHz, as expected, particles
with the least amount of ice mass become generally the more absorbing. On the contrary, at the
most ice-absorbing frequency of 874 GHz, these same ice particle models become the least
absorbing, owing to the other particle models containing more ice mass. As discussed in Section 1,
the eight-column aggregate model has more ice mass than do the more chain-like models, as
represented by the ten- and five-plate, and the ten-column aggregate models, but it is also more
compact. As a result of these properties, the model scatters radiation the most of all of the models at
89 GHz, but at 874 GHz, the model will be significantly more absorbing than the other ice
aggregate models. Moreover, as already shown in Figs. 1-2, the shape of the assumed PSDs is
important in determining the bulk absorption properties of each of the ice crystal models. For
example, at around the nearest-neighbour Dmmy Values of about 200 and 400 um, the absorption
properties of the model ice particles can be quite different but with similar Dpmy Values. We
emphasise here that choice of PSD shape is as important as ice crystal model selection. This is why

in this section it is more important to contrast the bulk integral optical properties rather than their
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single-scattering counterparts as a function of D.

Fig. 4. The same as Fig. 3 but for the frequencies at 325 GHz (top panel) and 874 GHz (bottom
panel).

As can be seen by an examination of Figs. 1-2, if the first member of the three-component
model were to be ignored, relative to the various chain-like aggregates and low ice mass models,

the eight-column aggregate model would predict bulk extinction coefficient values much greater
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than those of other models, and as such, no longer in this space represents an “average” behaviour
of all possible aggregated models that could be considered. This is why it is important to consider
other models with actual hollowness and models which follow generally observed effective
density-size relationships. Hence our inclusion of the VVoronoi model as the third member of the
three-component model, as this helps to represent potentially more realistic particles when
simulating microwave observations. In Section 5, the properties shown in Figs. 1-4 are applied to a
radiative transfer model to understand how the differing ice crystal models behave in brightness
temperature space as a function of Dymu.
4. Comparisons of the scattering matrix elements at 89 and 874 GHz
Here, the more relevant scattering matrix elements of the randomly oriented members of the three-
component model are compared with the same scattering matrix elements predicted by the other
randomly oriented ice particle models discussed in Section 3. The elements of the scattering matrix
of randomly oriented ice particles that possess planes of symmetry have been previously defined
and discussed in Ref. [41]. As discussed in Ref. [41], for randomly oriented particles with planes of
symmetry, there are six independent elements of the scattering matrix: P11, P12, P22, P33, P4z and Pas.
However, the ISMAR and ICI instruments measure the linear polarisation and not the circular
polarisation, since there are no coherent sources of circular polarisation in the atmosphere;
therefore, the circular polarisation elements (i.e. P43 and P44) are not included in the comparisons
as these will not contribute to the linear polarisation measurements obtained using the ISMAR and
ICI instruments. Moreover, for the case of random orientation, the P13 and P,, elements are very
similar to each other, and so for this reason, we do not present results for the P,, element.

The P13, P12, P33 elements predicted by the three-component model are calculated, using the
methodology discussed in Sections 1 and 2, at the lowest and highest frequencies of 89 and 874
GHz that were considered in Section 3. These two frequencies have been selected so as to contrast

results at a low and moderate size parameter. The scattering matrix elements predicted by the
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various ice particle models are compared at the same temperature values given in the previous
section. Rather than present results at each ice crystal maximum dimension, here, an arithmetic
average of each of the scattering matrix elements is presented at each frequency. The arithmetic
average is obtained over the following five ice crystal maximum dimensions: 100, 500, 1000, 3500
and 10,000 pum. These chosen maximum dimensions cover the range of ice crystal sizes that will be
important in mm-wave and sub-mm-wave remote sensing, especially the latter values. As a result of
this average maximum dimension, the average size parameters at 89 and 874 GHz are 2.8 and 27.7,
respectively.

Firstly, the results of comparisons at 89 GHz are presented in Fig. 5. In each of the figures,
where appropriate, the results are presented as the common logarithm of the scattering matrix
elements, so that differences between each of the ice particle models can be more easily seen. In the
case of the P33 element, each of these elements is normalised by the P element so that differences

between models can be more easily ascertained.
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Fig. 5. The 89 GHz scattering matrix elements calculated for each model are plotted against the
scattering angle. The key to each of the ice particle models is shown in each of the panels. The first
element log10(P11) is shown in the top panel, together with each models asymmetry parameter. The
P12 element is shown in the middle panel, and the P33/P1; is shown in the bottom panel.
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The asymmetry parameter values alongside each of the ice particle models presented in Fig. 5
(top panel) have been calculated directly from each of the scattering phase functions by using the
definition of the asymmetry parameter given in Ref. [40]. In the figure, the three models comprising
the three-component model (i.e. Mem 1, Mem 2 and Mem 3) are shown as the two full lines and the
dashed line, coloured in black, red and grey, respectively. The results have been plotted in this way
to show more easily if the three-component model bound the other ice particle models. Firstly, at
the frequency of 89 GHz, the second member of the three-component model is represented by the
equal area ratio hexagonal ice column as discussed in Section 2. This approximation does not
appear to be markedly detrimental, as shown in the figure. Indeed, the three-component model does
generally bound most of the other ice crystal models. The exception to this is the six-branched
hollow bullet rosette, however, this model behaves similarly to the third member of the three-
component model. This is similar to the results shown in Section 3. This is particularly seen to be
the case for the P, element, where the six-branched hollow bullet rosette and Mem 3 appear to be
similar but have more negative values than do all of the other ice crystal models, and at around the
scattering angle of 80°, the six-branched hollow bullet rosette is slightly more negative than Mem 3.
Thus, at 89 GHz, the three-component model does generally bound all other ice aggregate models
shown in the figure.

This is also true for the phase functions predicted by the three-component model members, as
they also do generally bound the other ice aggregate models at most of the scattering angles shown.
At scattering angles greater than about 100°, all ice models scatter similarly with the exception of
Mem 1. Indeed, the asymmetry parameter values calculated from each of the first two members of
the three-component model phase functions are the highest and lowest of all of the asymmetry
parameter values shown in the figure. This same bounding of the other ice aggregate models by the
three-component model members is also generally true for the P33/P;; scattering matrix element,

where in this case, the six-branched hollow bullet rosette and Mem 3 behave similarly at all
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scattering angles.

The results of comparing the selected scattering matrix elements of the ice particle models
calculated at the frequency of 874 GHz are shown in Fig. 6. At this frequency of 874 GHz, the first
two members of the three-component model are shown to generally bound the phase functions of
all other ice particle models at most of the scattering angles. The asymmetry parameter values
calculated from each of these two members are the highest and lowest of all of the asymmetry
parameter values shown in Fig. 6, a finding similar to Fig. 5. Results shown for the P, element
indicate that the second and third members of the three-component model have linear polarisations
similar to each other. At low scattering angles, less than about 30°, the other more regular models
(in the sense that no distortion values have been applied to the other models) are most different
from each other and the members of the three-component model. If these other ice particles were
randomly distorted, it is expected that they would behave similarly to the three-component model.
The other point to note from Fig. 6 is that the other chain-like ice aggregate models, at scattering
angles greater than about 30°, also behave similarly to the second and third members of the three-
component model. This finding is consistent with the ray-tracing calculations presented in Part | for
the P1, element, which suggested that there might be a limit to discriminating ice crystal complexity
using linearly polarised observations. On the other hand, the eight-column aggregate P;, values are
most different from those of the chain-like ice models; therefore, this result may indicate that there
is information on discriminating between compact and chain-like ice aggregates in the sub-
millimetre. If the particles were purely horizontally oriented, then it would be expected that these
noted differences would become more pronounced according to the linear polarisation studies
presented in Ref. [56]. However, even in random orientation, polarisation differences in the sub-

mm are dependent on assumed ice crystal shape as shown in Ref. [21].

27



Fig. 6. The same as Fig. 5 except for 874 GHz.
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At 874 GHz, in the case of the P33/P1; element results presented for the second member of the
three-component model have been calculated assuming the equal area ratio circular ice cylinder to
see, similarly to Fig. 5, if this approximation can be used to represent complex ice crystals in the
lower order scattering matrix elements. Again, the three-component model members are shown to
generally bound all other ice aggregate model results at most of the scattering angles shown. The
exception to this, once again, is the six-branched bullet-rosette, which has slightly lower values of
P33/P11 than the second member of the three-component model between the scattering angles of
about 80° and 130°. Interestingly, in the P33/P11, we note that the eight-column aggregate at
scattering angles greater than about 100° becomes more divergent from the other ice models and
tends to the first member of the three-component model.

In this section and in the previous section, the three-component model has been shown to,
indeed, generally bound the other ice aggregate particle models considered in this paper, especially
in the sub-mm-wave spectral region. The model that has been shown to be most divergent from
other models is the six-branched hollow bullet rosette. However, in some of the cases presented,
this model behaves similarly to the third member of the three-component model. This result shows
the need to consider particles which are actually hollow and/or particles which closely follow
observed density—D power laws in the microwave region.

5. Brightness temperature differences between differing ice crystal models at 183 and 874
GHz

Here, brightness temperature differences are obtained between the second member of the three-
component model and the other ice particle models at 183 and 874 GHz. This model is chosen as it
can represent an “average” of the bulk extinction results shown in Section 3 at the lower
frequencies, and at the highest frequency of 874 GHz, it can have one of the lowest volume
extinction values of all the other models shown. The frequency of 183 GHz is chosen because this

represents the highest central frequency that is currently available on board Earth observation
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satellites. The frequency of 874 GHz is the highest central frequency available on the ISMAR
instrument. Differences between the ice models at these two frequencies will indicate which values
of Dymw are the more likely to be sensitive to significant deviations in brightness temperature
between different assumed ice models. The radiative transfer model used in this section to obtain
the various brightness temperature differences is the same delta-Eddington two-stream
approximation used in Section 4 in Part I; therefore, a description of the model will not be repeated
here. However, in this paper the standard mid-latitude summer atmosphere is assumed and the
cirrus of an assumed geometrical vertical depth of 3 km is located at an altitude of 10 km. The
surface and cloud temperature values are assumed to be 294.20 and 235.3 K, respectively. Note that
the cloud temperature is similar to the temperature assumed in all of the other sections of this paper
to calculate the bulk single-scattering properties. The accuracy of the radiative transfer model has
also been previously discussed in Section 4 in Part | and was considered sufficiently accurate for the
purposes of sensitivity studies. The required inputs into the delta-Eddington two-stream
approximation are the integral optical properties discussed in Sections 3 and 4, which are the
extinction coefficient, single-scattering albedo, and the asymmetry parameter. The differences noted
between the various ice crystal models in the previous sections are now explored in brightness
temperature space.

To examine the brightness temperature differences, the brightness temperatures calculated
while assuming the second member of the three-component model, hereinafter referred to as the
“control”, are subtracted from all of the other ice crystal models. The results of these calculations at

183 and 874 GHz are shown in Fig. 7.
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Fig. 7. Brightness temperature differences (BT diff K) obtained between the control and all other
ice crystal models plotted against Dmmy at 183 GHz (top panel) and 874 GHz (bottom panel). The
key to each of the brightness temperature differences are shown in the top-left and bottom-left in

each of the panels, respectively.

The figure shows that at 183 GHz, brightness temperature differences between the control and
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the other ice crystal models do not exceed values greater than about 10 K until Dy > 400 pum.
Thereafter, brightness temperature differences become well separated between this model and the
eight-column aggregate model at most of the Dy,my Values shown in the figure. Interestingly, at 183
GHez, differences between the control and the five-plate aggregate stay generally well within
brightness temperature differences of about 10 K for all values of Dyymw considered. The ten- plate
aggregate, and hollow bullet rosette particle models become significantly different from the control
when Dymw Values exceed about 600 um, i.e. greater than about -20 K. However, at this frequency,
the brightness temperature differences shown do not compete with other brightness temperature
differences on the order of 40 K that can be found in the literature, owing to uncertainties in
microphysics until Dpmw > 1000 um [57].

The greatest brightness temperature differences between the control and the other ice crystal
models are induced by the third member of the three-component model and the six-branched
hollow bullet rosette, and these differences can be of the same order as that found for differences
resulting from the uncertainties in cirrus microphysics [57]. However, the differences between
these two models and the control are similar. Therefore, it would be expected that, at least at this
frequency, the three-component model should encompass most of the observed brightness
temperatures. At the traditionally highest Earth-observing microwave central frequency, differences
between differing ice particle models become most apparent only at the largest values of Dmmw
considered in this paper. Another interesting feature at 183 GHz is that brightness temperature
differences between the control and the eight-column aggregate are positive, while for other ice
particle models they are negative. The physical reason for this is as follows. As shown in Section 3,
the eight-column aggregate model has a significantly greater bulk extinction coefficient than that of
the control model considered in this section, thus resulting in less upwelling microwave radiation
relative to the control; consequently, positive brightness temperature differences are induced. On

the other hand, as also shown in Section 3, the hollow bullet rosette and third model member of the
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three-component model have the smallest bulk extinction values at this frequency. Indeed, in Fig. 1
at the largest Dmmw Values the bulk extinction coefficients of the most control and the hollow bullet
rosette and third model member differ by more than one order of magnitude therefore, in these
cases, the brightness temperature differences become negative between the control and these two
ice crystal models resulting in differences of over 100 K at the largest values of Dymw.

As Fig. 7 demonstrates, at the sub-mm-wave frequency of 874 GHz, there is more sensitivity to
assumed ice crystal shapes than at 183 GHz. At this higher frequency, significant brightness
temperature differences greater than £5 K occur between the control and some of the other ice
particle models when 100 um < Dymw < 400 um. The previous statement is, however, only true for
the eight-column aggregate and third member of the three-component model. Brightness
temperature differences between the control and all other models exceeding +5 K do not occur until
Dmmw > 400 pum. At the higher sub-mm-wave frequencies on board ISMAR and ICI, the brightness
temperature deviations observed here should be sufficient to enable discrimination between some of
the models considered in this paper at moderate values of Dmmw, and such values might be typically
encountered in mid-latitude ice cloud. The greatest brightness temperature differences between the
control and the other ice particle models are, once again, observed at the largest values of Dmmw,
and such values should be readily detected in the tropics or in convective ice cloud. Interestingly,
the third member of the three-component model generally induces positive brightness temperature
differences relative to the control, owing to this third member predicting greater values of the bulk
extinction coefficient than the control shown in Section 3. For Dyymy > 400 um, the other ice
particle model members generally induce negative brightness temperature differences relative to the
control. This is because at this frequency, with increased ice absorption (owing to the larger ice
imaginary index at this frequency), the backscattered fraction (i.e. approximately 1 - mog) of

incident microwave radiation is greater for the control than for the other ice particle models
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considered here, thereby inducing the negative brightness temperature differences.

Also noteworthy at the frequency of 874 GHz is the behaviour in the brightness temperature
differences at Dhmw Values that are close to each other, owing to the differing shapes of the PSD, as
previously discussed in Section 3. This is particularly apparent at around Dymw Values near about
450 um; note that at that Dnmw Value, brightness temperature differences can change by more than
about 30 K for the six-branched hollow bullet rosette and ten-plate aggregate. In Ref. [21], the
importance of the ice crystal shape to the retrieval of the particle size and IWP was emphasised at
microwave frequencies. Here, we reiterate the importance not only of the assumed ice crystal shape
but also of the adopted shape of the PSD. It is this latter aspect which is further explored in the next
section.

6. The potential importance of observed very broad PSDs in the microwave region
The most recent ice crystal single-scattering databases have considered ice crystal maximum
dimensions no greater than 1 cm. This is a considerable improvement upon previous databases
which considered maximum dimensions less than this. In this section, we show why, for the
purposes of global remote sensing of ice cloud properties in the microwave, ice crystal single-
scattering databases should be constructed in which the maximum dimensions extend to 5 cm.
There are a few observations of PSDs which clearly show the significant occurrence of ice
crystal maximum dimensions extending to 5 cm. One such study is presented in Ref. [58], where
they show the occurrence of up to 5 cm snow aggregates near to the cloud base. These snow
aggregates are postulated to be formed by the sedimentation of ice aggregates which, in turn,
aggregate on snow grains to form cm-sized snow aggregates [58]. To date, PSD moment estimation
parameterisations such as the one developed by Ref. [26] do not consider such broad PSDs; as such,
observations were missing from the data used to construct the parameterisations. To demonstrate
this point, the PSD parameterisation of Ref. [26] is compared to the measured PSDs taken from

Ref. [58].
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The moment estimation parameterisation of Ref. [26] is based on 10,000 in-situ measurements
of the PSD and IWC, which were measured between the temperatures of 0°C and -60°C during a
number of cirrus field campaigns located in the mid-latitudes and tropics. The parameterisation is
based on the moments of the PSD, given by the integral product of D" and f(D), where f(D) is the
PSD, which gives the particle number concentration at each D, and n > 0. Therefore, the zeroth
moment (i.e. n = 0) is the total number concentration of particles per unit volume of cloudy air. The
other moments of the PSD are related to the 2" moment (M,) (i.e. the mass-carrying moment if the
mass of aggregating ice crystals is proportional to D?) through a relationship of the form M, =

oMb, where o, and B, are functions of in-cloud temperature, T.. Therefore, given all M, the full

PSD can be estimated from the IWC and T, values via an assumed mass—D relationship. It was
shown in Ref. [26] that no universal PSD could be found that described all of the in-situ PSDs
obtained in the mid-latitudes and tropics. Therefore, normalisations had to be applied to the mid-
latitude and tropical in-situ dataset to obtain separate parameterisations that can be applied in those
two latitude regions.

The comparisons between the parameterised and observed PSDs discussed above are presented
in Fig. 8. The observed PSDs were digitised from Ref. [58] using the digitisation tool available at

http://arohatgi.info/WebPlotDigitizer/. This tool had to be used as the original data from the authors

of Ref. [58] are no longer available. To generate the parameterised PSDs shown in Fig. 8, the IWC
and T, parameters were assigned the values of 1.7 gm™ and -1.8°C, respectively, which were
estimated from near the cloud base of Ref. [58]. The figure shows that the two parameterisations do
reproduce the observations at sizes less than about 1 cm. However, at sizes greater than this, the
parameterisations fail to include ice aggregates greater than about 2 cm in size. After this size, the
number concentrations in both PSD parameterisations exponentially fall off. However, this

exponential decay is not observed in the case studies in Ref. [58], owing to the ice aggregates not
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being removed from the cloud as might be expected; instead they aggregate on the snow grains to

form the observed cm-sized ice aggregates.
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Fig. 8. Comparison between the parameterised moment estimation PSD from Ref. [26] (FO7) and
observed PSDs from Ref. [58]. The top and bottom panels show the observed PSDs obtained at
differing times near the base of the cloud. The PSD parameterisations are represented in both panels
by the mid-latitude (green dashed line) and tropical (blue dashed line) normalisations.
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The figure highlights the problem with current PSD parameterisations, which are utilised in
NWP and climate models: they do not include observations of very broad PSDs. Clearly, this
situation needs to be remedied through the greater use of the microphysical instrument used in Ref.
[58], which is capable of measuring cm-sized ice aggregates. The moment estimation
parameterisation of Ref. [26] has been previously compared to in-situ PSDs measured in the mid-
latitudes and tropics; however, these cases are few in number. In the case of the tropics, Ref. [59]
found that the moment estimation scheme fit well with several cases of averaged in-situ measured
tropical PSDs. For several cases of mid-latitude cirrus, Ref. [60] compared the estimated moments
to in-situ measured moments, whilst ignoring particles less than 100 um in size, owing to the
current uncertainties in measuring the size of small ice at D < 100 um, and they found good
correlations between the parameterisation and measurements for all cases considered. However,
poor correlations emerged in that study when the moments predicted by the parameterisation
developed by Ref. [61] were compared with the in-situ derived moments.

It is now interesting to compare the derived integral optical properties using the two
observed PSDs and the PSD parameterisation at the lowest and highest frequencies considered
in this paper, at 89 and 874 GHz, assuming the control model used in the previous section. This
model is used here as it is the only ice aggregate model for which the integral optical properties
are available for maximum dimensions up to 5 cm. However, the control model is composed of
ten monomer ice crystals, in reality the observed snow aggregates are likely to be composed of
many more monomers than considered here. On the other hand, the integral optical properties
wo and g of spatial ice aggregates tend to asymptotic values after the addition of three monomer
ice crystals as shown in Ref. [43]. We do not suppose this behaviour to be any different here.
Moreover, the area ratios predicted by the control model are within in-situ experimental
uncertainties of area ratios of fractal ice crystals as shown in Ref. [47]. In that paper, the area

ratios are presented for fractal ice crystals of maximum dimensions up to 1 cm. However, the
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projected area predicted by the control model are still within experimental uncertainties for
crystal dimensions up to 5 cm using the area-dimension relationship derived from Ref. [12], not
shown here for reasons of brevity. Therefore, we consider the results presented in this section to
be of practical value in snow conditions in the calculation of bulk integral optical properties.
The results of these comparisons are shown in Tables 1 and 2. Table 3 shows comparisons
between the backscattered fractions, bf, where bf ~ (1 - wog), calculated using the parameterised
and observed PSDs at the two frequencies. The PSDs used in the tables to calculate the integral
ice optical properties are the same as those used in Fig. 8. For the comparisons shown in the
tables, the tropical parameterised PSDs are used for the calculations shown in the tables, as this
parameterisation generates higher number concentrations of larger ice crystals than does the
mid-latitude parameterisation [62]. Interestingly, Table 1 shows that at 874 GHz, the bulk
extinction coefficients calculated using the parameterisation and observed PSD 2 differ by only
about 12%. This is because the parameterisation for the same amount of ice mass generates
enough smaller ice crystals to predict similar bulk extinction coefficients to those of the
observed PSDs, owing to the maximum contributions to the PSDs at this frequency occurring at
smaller ice crystal sizes than several centimetres. However, the integral optical properties mg
and g are significantly different between the parameterisation and the observed PSDs, as
reflected in Table 1. The parameterisation would predict warmer cloud relative to the observed
PSDs, as its bf value is smaller than the corresponding values obtained with the observed PSDs
by about 10% (Table 3). At 89 GHz, there are major differences between the parameterised
PSD bulk extinction coefficients and the corresponding coefficients calculated using the
observed PSDs, and these differences are on the order of factors of three to four. Clearly, in this
case, the cloud assuming the parameterised PSD, with all things being equal, would predict
significantly warmer upwelling microwave radiation than if the observed PSDs were to be used,

even though, as shown in Table 3, the bf values are similar at this frequency. At 89 GHz, the
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large cm-sized ice aggregates become more important contributors to the bulk extinction
coefficients than previously found at 874 GHz. The findings here suggest a further possible
reason as to why simulated microwave emission appears to be warmer than observed
microwave emission in some studies [63], which, in part, could be due to the assumed PSDs not
being sufficiently broad.

To further improve the PSD parameterisation that might be used in NWP and climate
models, it is of necessity to make greater use of the microphysical instrument deployed in Ref.
[58] in future field campaigns. Very broad PSDs do occur in natural ice clouds, albeit under
perhaps unusual conditions as reported in Ref. [58]. However, to predict such cm-sized ice
aggregates in NWP and climate models, it is important to construct improved PSD
parameterisations and single-scattering databases should consider cm-sized (i.e. up to ~ 5 cm)
ice aggregates to take into account the occurrence of possible very broad PSDs.

Table 1.
Comparisons between the bulk integral ice optical properties (Bext, @o, g) obtained from the
moment estimation parameterisation of Ref. [26] using the tropical PSDs (FO7) and the

observed PSDs at 874 GHz. The same IWC and T, values were used as in Fig. 8 to generate the
tropical PSD.

PSD Bext M™ o g

FO7 0.01644 0.8521 0.7046
Observed PSD1 0.01664 0.6689 0.8248
Observed PSD2 0.01849 0.6869 0.8101
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Table 2.

The same as Table 1 but at 89 GHz.

PSD Bext M™ o g
FO7 0.004036 0.9894 0.5408
Observed PSD1 0.01461 0.9733 0.5796
Observed PSD2 0.01537 0.9757 0.5630
Table 3.

Comparisons of the approximate backscattered fraction, bf, where bf ~ (1 - wog), between the
moment estimated tropical PSD (F07) and the observed PSDs at 89 and 874 GHz.

PSD bf (874 GHz) bf (89 GHz)
FO7 0.3996 0.4649
Observed PSD1 0.4483 0.4358
Observed PSD2 0.4435 0.4507

7. Conclusions and discussion

In this paper, a three-component model for ice cloud in the microwave has been proposed. The
components of this model consist of the hexagonal ice column of aspect ratio unity, the ten-
column aggregate model, and the VVoronoi particle. The Voronoi model was constructed so as to
follow observed density—dimension relationships that are generally found in cirrus. The light
scattering methodologies discussed in Part | have been applied to compute the single-scattering
properties of the first two members of this model between the frequencies of 89 and 874 GHz.
The single-scattering properties predicted by these three models were compared with already
existing single-scattering databases in the microwave region, which are based on other ice

crystal models. The single-scattering properties predicted by the three-component model




members were compared to those computed while assuming the ten- and five-plate aggregate
model, the eight-column aggregate, and the six-branched hollow bullet rosette.

The geometry of the second member of the three-component model was approximated at
size parameters less than about 18 by the equal area ratio hexagonal ice column. This allowed
for very rapid computation of the single-scattering properties using the T-matrix method applied
to a non-axisymmetric ice particle in random orientation. At size parameters greater than 18,
the actual geometry of the model was used to generate the single-scattering properties by
applying the Monte Carlo ray-tracing method. Firstly, the bulk integral ice optical properties
(i.e. Bext, and the co-albedo, 1 - o) were compared to understand if members of the three-
component model bounded the same properties predicted by the other ice crystal models. It was
found that, in general, in the case of Bey;, the three-component model did bound some or all of
the other bulk integral ice optical properties at frequencies between 89 and 874 GHz. At the
sub-mm-wave frequencies, the three-component model did bound most of the other ice crystal
models, apart from the six-branched hollow bullet rosette. As frequency decreased and,
therefore, ice crystal absorption, owing to decreasing values in the imaginary ice refractive
index, the proposed model members, at the lowest frequency of 89 GHz, did not generally
bound the six-branched hollow bullet rosette.

In the case of the co-albedo, at 874 GHz, the proposed model members did generally bound
the other ice crystal models when the mean mass-weighted size, Dmmw, > 400 um. At this
frequency, the second member of the three-component model was found to scatter similarly to
the five-plate aggregate. It was also found that the shape of the PSD was as important as the
assumed ice crystal shape, as significantly different values of Bex and 1-wo could be found for
PSDs that gave similar Dnmw Values but were different in shape. It is therefore of importance to

assume representative PSDs in the remote sensing of ice cloud microphysical and
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macrophysical properties in the microwave region and not just the assumed ice crystal shape.

The members of the three-component model were also found to generally bound the other
ice crystal models when the size-averaged scattering matrix elements were compared at the two
frequencies of 89 and 874 GHz. At 89 GHz, this bounding of the proposed model members to
most of the other ice crystal models was found to generally be the case when the P11, P12, P22,
and P33 elements were compared. For the P, element, the three-component model was mostly
divergent from the six-branched hollow bullet rosette at scattering angles of around 80°. At 874
GHz, there were similar findings at this frequency to those found at 89 GHz. One of the
differences that was found for the P1, element was that the eight-column aggregate was most
divergent from the other chain-like aggregate models at scattering angles between about 25° and
less than about 100°. Thus, discriminating ice crystal complexity using linear polarisation at
sub-mm-wave frequencies might be possible in distinguishing compact ice aggregates from
chain-like ice crystals. If these particles were horizontally oriented, then it would be expected
that such differences would become even greater. However, further polarised radiative transfer
studies are required to confirm this finding. Generally, it is found that approximating the ten-
branched hexagonal ice aggregate model through the equal area ratio hexagonal column did not
cause any major detriment to the single-scattering property comparisons; thus, this
approximation will allow for extremely rapid computation of randomly oriented ice crystals
using the T-matrix method to take into account its analytic orientation averaging procedures. A
further observation from these analyses was that the \Voronoi and six-branched bullet rosette
models appear to have similar single-scattering properties. This means that it might be possible
to simulate ice models with observed effective density-size relationships with simpler hollow
bullet rosettes.

The above findings indicate that the proposed model generally bound most of the other ice

crystal models assumed in this paper. This means that the three-component model can be
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weighted at each size bin in the PSD, to obtain equivalent microwave radiances in a similar way
to Ref. [28]. This assertion will be tested in Part 11, where microwave observations between 89
and 874 GHz, obtained from a number of ice cloud cases, will be used to test the three-
component model presented in this paper. Equally notable was the finding that about 5 cm-sized
ice crystal aggregates may need to be considered in future ice crystal single-scattering databases,
as current parameterisations of the PSD do not take into account the possibility of very broad
PSDs. Such PSDs have been observed to occur in natural ice aggregating cloud. Therefore,
further field campaigns are necessary to observe the frequency of occurrence of this process
using microphysical instrumentation that is capable of measuring cm-sized (i.e. ~ 5 cm)
aggregating ice crystals to further aid PSD parameterisations and ice crystal single-scattering

databases.
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APPENDIX

Details of the VVoronoi model electromagnetic calculations are given here. The method of applying
Voronoi tessellations to construct 3D particle shapes has already been described in Ref. [36], and as
discussed in that reference, the Voronoi model can be constructed so as to follow any density—
dimension relationship. As discussed in Section 1, the VVoronoi model used here follows the
effective density—size relationship, pe, found by Ref. [37] using in-situ data obtained in the mid-
latitudes in cold cirrus, and they found this to be pe=0.049D*°, for D > 70 pm. A figure showing

the VVoronoi construction at the example frequency of 664 GHz is shown in Figs. A.1 and A.2.

Figure A.1. The Voronoi particle model, where model numbers between 1 and 25 represent
orientation-averaged maximum dimensions between 0.4 and 2559 pm, respectively. Model
numbers 1 to 12 are the same model as shown above but for orientation-averaged maximum

dimensions between 0.4 and 70 pum.
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Figure A.2. The same as Fig. A.1 but for particle model numbers between 25 and 31, which
represent orientation-averaged maximum dimensions between 2559 and 15,000 pum.

Shown in Fig. A.1 is the model geometry for very small dimensions; such dimensions will
be of no radiative importance in the microwave or sub-millimetre spectral regions. However,
such dimensions will be of importance in the solar region of the spectrum and, therefore, it is
important to show the full model that can be applied across the electromagnetic spectrum while
consistently using the same microphysics. The microphysics of each of the model
configurations presented in Figs. A.1 and A.2 is given in Table A.1. It can be seen from Table
A.1 that the Voronoi model conforms to observations of p. and area ratio (previously defined in
Section 1) very well [37, 13, 44] and, thus, should be a useful model to apply across the
electromagnetic spectrum of relevance to Earth observation. Indeed, in Table A.2, the model is

shown to follow the chosen effective density-size relationship very well.
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Table A.1. The microphysics of the VVoronoi model, where Element is the number of polyhedral
particles that comprise each shape, D is the maximum dimension (averaged over 100 random
orientations), the Area rat (area ratio) is averaged over 100 random orientations and, lastly, the
ratio of the p. in each DDSCAT and FDTD cell to the model pis also provided.

No. Shape Element D um pe Kgm?® Area rat Pe_celll Pe
1-12 1 3 0.4-70 629.2 0.853 1.0
13 2 9 147.3 3331 0.639 1.0
14 3 23 224.9 239.2 0.565 1.0
15 4 45 313.6 172.6 0.493 1.0
16 5 77 419.2 123.6 0.458 1.0
17 6 113 499.9 107.0 0.437 1.0
18 7 169 622.6 82.8 0.401 1.0
19 8 221 751.6 61.6 0.363 1.0
20 9 298 866.7 54.1 0.347 1.0
21 10 340 964.4 44.8 0.330 1.0
22 11 488 1080 45.2 0.324 1.0
23 12 822 1400 34.2 0.322 1.0
24 13 1254 1754 26.6 0.313 1.0
25 14 2767 2559 18.9 0.282 1.0
26 14° 2767 3500 13.8 0.281 0.731
27 14° 2767 5000 9.68 0.281 0.512
28 14° 2767 7500 6.45 0.281 0.341
29 14° 2767 10,000 4.84 0.281 0.256
30 14° 2767 12,000 4.03 0.281 0.213
31 14° 2767 15,000 3.23 0.281 0.171
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Table A.2. A comparison between the Voronoi model and Ref. [37] pey and pe values,

respectively.

D um pevkg m? pekg m?
70 629.2 700.0
147.3 333.1 332.7
224.9 239.2 217.9
313.6 172.6 156.3
419.2 123.6 116.9
499.9 107.0 98.0
622.6 82.8 78.7
751.6 61.6 65.2
866.7 54.1 56.5
964.4 448 50.8
1080 45.2 45.4
1400 34.2 35.0
1754 26.6 27.9
2559 18.9 19.1
3500 13.8 14.0
5000 9.68 9.80
7500 6.45 6.53
10,000 4.84 4.90
12,000 4.03 4.08
15,000 3.23 3.27
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The numerical settings for the DDSCAT calculations were as follows. The error tolerance was
set at 1.0e-05, the maximum number of iterations was set at 300, the interaction cut-off
parameter was set at 1.0e-02, the number of random orientations was 100, and dipole spacing
(d) is selected to be |m|kd < 1.0, except for No.31 at 874 GHz (for No.31 at 874 GHz, [m|kd =
1.23). Grid spacing in the FDTD calculations is the same as that used in the DDSCAT
calculations. Grid spacing was defined as follows:

No0.24-27 for 874 GHz (grid spacing A/22.1<d<A/17.7),

No.25-28 for 664 GHz (grid spacing A/21.4<d<A/15.5),

No0.26-30 for 448 GHz (grid spacing A/23.2<d<A/14.4),

No0.27-31 for 325 GHz (grid spacing A/22.4<d<A/15.8),

No0.28-31 for 243 GHz (grid spacing d=A/20.0),

No0.28-31 for 229 GHz (grid spacing A/21.8<d<\/20.0),

No0.29-31 for 183.31 GHz (grid spacing d=1/20.0),

No0.29-31 for 165.5 GHz (grid spacing A/22.0<d<\/20.0),

where A is the incident wavelength.
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