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a b s t r a c t

Measurements are presented of the phase function, P11, and asymmetry parameter, g, of
five ice clouds created in a laboratory cloud chamber. At �7 1C, two clouds were created:
one comprised entirely of solid columns, and one comprised entirely of hollow columns.
Similarly at �15 1C, two clouds were created: one consisting of solid plates and one
consisting of hollow plates. At �30 1C, only hollow particles could be created within the
constraints of the experiment. The resulting cloud at �30 1C contained short hollow
columns and thick hollow plates. During the course of each experiment, the cloud
properties were monitored using a Cloud Particle Imager (CPI). In addition to this, ice
crystal replicas were created using formvar resin. By examining the replicas under an
optical microscope, two different internal structures were identified. The internal and
external facets were measured and used to create geometric particle models with realistic
internal structures. Theoretical results were calculated using both Ray Tracing (RT) and
Ray Tracing with Diffraction on Facets (RTDF). Experimental and theoretical results are
compared to assess the impact of internal structure on P11 and g and the applicability of RT
and RTDF for hollow columns.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The role of clouds in the Earth's radiation budget is still
considered one of the biggest uncertainties in predicting
climate change today [1]. Ice clouds are of particular
interest as the large range of ice crystal size, shape and
complexity gives rise to considerable variabilities in their
net radiative effect [2–4]. In addition to this, cirrus has an
er Ltd. This is an open acce

ster.ac.uk
extensive global coverage of 30%, with coverage in the
tropics reaching 60–70% [5].

Ice crystal habit has been an area of scientific curiosity
for centuries [6–8], with many studies of natural snow
crystals noting the wide variety of crystal morphologies. In
the 1930s, the first controlled laboratory investigations
into crystal habit were conducted, where crystal growth
was observed over a variety of conditions [9]. These
findings were presented in the form of a morphology
diagram, describing ice crystal habit as a function of
temperature and supersaturation. Since then, observations
from numerous laboratory and field studies have built on
the original morphology diagram, with several other
particle habits discovered over a larger range of
ss article under the CC BY license
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Fig. 1. Schematic of the Manchester Ice Cloud Chamber. A 10 m tall fall
tube is housed in three cold rooms over three stories. Various access
points allow the addition of liquid water and vapour, and a compressed
air line is used to nucleate ice in the cloud.
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temperatures and supersaturations [10,11]. In order to
identify ice crystal habit, laboratory based experiments
have used a variety of techniques including photography,
formvar replicas, and cloud probes [12–16]. Although some
in situ studies have used replication techniques [17,18],
in situ habit information is mostly gathered with the use of
2D imaging probes such as the Stratton Park Engineering
Company (SPEC) Cloud Particle Imager (CPI) (see Section
2.2.1) [19]. The CPI is capable of determining the habits
and sizes of particles in the size range 10–2000 μm and as
such it has been used in determining the habit and size
distributions of various cloud types in several field experi-
ments [18–26]. However, the ability to accurately deter-
mine habit from CPI images is hampered by particle
orientation and the limited resolving power of the probe.

The variety in particle size and shape poses many
challenges in the modelling of scattering by ice crystals.
Multiple studies have highlighted the importance of crys-
tal habit upon the scattering properties [27–34]. Simplified
shapes such as cylinders and spheroids were found to be
inadequate approximations [35], and the more accurate
simple hexagonal column still predicts higher asymmetry
parameters and more prominent halo features than those
observed from satellite and aircraft data [36–41]. The
featureless phase functions are known to be related to
crystals with mesoscopic surface roughness, aggregates
and particles with inclusions. Consequently, surface rough-
ness and internal structure have gained recognition as
important factors in the scattering properties of ice crys-
tals [42–47]. These small scale features cannot be accu-
rately determined from cloud probe images and
consequently may be overlooked in particle models.
Although approximations to observed surface roughness
are often used, details of the inclusions have yet to be
accounted for in particle models since suitable measure-
ments have not previously been available.

There have been a number of theoretical studies of
idealized surface roughness. By creating rough surfaces in
the particle model by tilting facet mantles, or by distorting
the outgoing ray paths, results from these studies agree
that ice particle roughness leads to a general decrease in
asymmetry parameter in addition to a more featureless
phase function [31,48]. However, a recent paper showed
that the mantle tilting method does not replicate idealized
surface roughness for high values of roughness [49].
Experimental difficulties mean that direct measurements
of ice surface roughness are scarce. In general, the surface
roughness of ice crystals is beyond the capabilities of
optical microscopy, and the coating techniques required
for electron microscopy mean that the ice surface cannot
be directly imaged. Recently, however, the Variable Pres-
sure Scanning Electron Microscope (VP-SEM) has proved
successful in measuring ice surface roughness [50]. One
study used the Small Ice Detector version 3 (SID-3) to
obtain two-dimensional scattering patterns from ice crys-
tals [51]. By making use of the relationship between
surface energy and roughness, these scattering patterns
may be used to estimate ice crystal roughness. This
technique has the ability to distinguish between particles
of varying degrees of roughness and has been used in situ
for the classification of naturally occurring ice crystals [45].
Similar to surface roughness, internal structure is also
known to influence the scattering properties of ice crys-
tals. One theoretical study modelled cavities using hex-
agonal based pyramids which were identified by CPI
particle images [52]. Ray Tracing results from these models
showed a reduction in asymmetry parameter for hollow
particles at certain aspect ratios. Another study used a
similar particle model based on photomicrograph images
of hollow rosettes at the South Pole [53]. In their study, a
more rigorous physical optics approach was used which
showed a general increasing trend in the asymmetry
parameter for hollow particles [53]. Both these studies
used comparable internal structures based on different
particle images. Similar indentations can be seen from a
number of experiments [10,54]. Other sources show varied
and complex cavities [17,55], the structure of which are
difficult to determine using two-dimensional images and
may be missed entirely with instruments of limited
resolution. This results in over-idealized geometries being
used for hollow ice crystals in particle models. As the
single scattering properties are known to be sensitive to
particle habit, it is probable that the faithful representation
of internal geometry is also necessary. Further laboratory
investigations are therefore pivotal in determining internal
structure and its impact upon the single scattering proper-
ties, and to test light scattering models.

2. Experimental set-up

2.1. Cloud chamber

The experiments presented in this paper were con-
ducted in the Manchester Ice Cloud Chamber (MICC), as
previously described [56]. The cloud chamber consists of a
10 m tall fall tube of 1 m diameter. The chamber is housed
in three stacked cold rooms capable of reaching tempera-
tures down to �55 1C. The set-up used in this experiment
is shown in Fig. 1.



Fig. 2. Vertical cross-sectional schematic of the scattering chamber. The
laser is directed through the cylindrical cloud of diameter 0.3 m. The
detector optics rotate around the central axis of the cloud, collecting
scattered light.
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At the top of the chamber, a Schlick Form 5 two-substance
nebulizer was used to create a cloud of supercooled liquid
water droplets. The micrometer scale on the nebulizer
allowed the size and concentration of water droplets to be
controlled. Approximately 1m below the nebulizer, ice was
nucleated in the cloud using a compressor expansion techni-
que [16,57,56]. To employ this technique, a solenoid valve was
used to open and close a compressed air line. When the valve
was opened, the compressed air expanded adiabatically, thus
cooling the local environment to below the homogeneous
nucleation temperature and forcing the formation of ice. In
these experiments, the solenoid valve was opened and closed
periodically in order to provide a steady flux of ice nuclei.
Water vapour was input at the midpoint of the chamber via a
water boiler, therefore the ice crystals continued to grow as
they fell through the chamber. All experiments were con-
ducted at ambient atmospheric pressure (1010mbar).

It is known from previous studies that the ice crystal
habit is dependent on temperature and supersaturation
[9,10]. From certain habit diagrams, it is clear that certain
temperature ranges produce particular habits [58]. It is
also evident that the ice crystal structure becomes more
complex with increasing supersaturation, allowing for the
formation of hollow columns and sectored plates above
water saturation. Therefore, in order to create a variety of
solid and hollow habits in the ice cloud chamber, the
temperature and humidity had to be altered. The tem-
perature of the chamber was set and maintained by
selecting the cold room temperatures. The temperature
inside the chamber was found to be stable within 71.51.
However, the supersaturation is dependent upon a num-
ber of factors and could not be as easily constrained. Two
methods were used to vary the supersaturation: changing
the ice crystal concentration, and altering the vapour
input. By decreasing the ice crystal concentration, or by
increasing the amount of water vapour, the supersatura-
tion was increased. The ice crystal concentration was
controlled by the droplet input and the nucleator fre-
quency, whereas the vapour input was controlled by a
variable power supply. By altering these inputs, clouds of
predominantly hollow or particles were achieved. Using
this experimental set-up, the profile of the cloud was
vertically inhomogeneous inside the chamber and there-
fore representative measurements of relative humidity
could not be taken.

2.2. Cloud measurement

2.2.1. CPI
Inside the scattering section (described in Section 2.3), a

Cloud Particle Imager (CPI) samples the cloud as it falls out of
the chamber [59]. The CPI has been used in numerous
laboratory and field studies [22,60,61]. The probe takes 2D
images of the ice crystals which are then processed using
CPIview. CPIview gives information on particle size, habit and
concentration. In these experiments, the CPI was used to
monitor ice crystal concentration.

2.2.2. Ice crystal replicas
In addition to the CPI, the cloud was monitored using

ice crystal replicas. These are made using a 0.6% solution of
polyvinyl formal (C3H7), commonly known as formvar, in
chloroform. This solution was chilled in the cold room
prior to collecting samples. The solution was applied to
microscope slides which were placed in the cloud chamber
to collect falling ice crystals. The slides were left to dry in a
sealed bell jar filled with desiccant in order to minimise
the production of artefacts. The ice crystals which fall on
the microscope slide are encompassed by the formvar
solution, as the chloroform evaporates, the ice crystal is
preserved in a formvar shell [62]. Once dry, the ice crystal
replicas were examined under an optical microscope. The
dimensions of both internal and external facets were
measured using a microscope graticule. These measure-
ments were used to construct geometric particle models
with realistic internal structures, discussed in Section 3.
2.3. Scattering chamber

The scattering experiments were conducted in a sepa-
rate scattering chamber, which was attached to a sampling
port at the bottom of the cloud chamber. Fig. 2 shows a
cross-sectional view of the scattering chamber.

The scattering chamber has been previously described
in several papers [57,16,15]. However, a brief description is
given here. The chamber is a cylindrical enclosure of
diameter 0.45 m and height 0.3 m. A 0.3 m opening at
the top of the scattering chamber attaches to the bottom of
the cloud chamber, and an opening at the bottom allows
the cloud to fall through freely. The lasers are mounted
outside the chamber in a temperature controlled box, and
the beams are directed through the centre of the chamber.
The base of the scattering chamber contains a motor
controlled rotating platform with an angular resolution
of 0.191 per step. The detector optics were mounted on the
rotating platform in the same plane as the lasers, at a
distance of 0.06 m from the centre of the scattering
section. Consequently, the measured intensities are con-
sidered to be in the far-field.
2.4. Optical set up

The optical set-up is shown via a plan view of the
scattering chamber in Fig. 3.
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The experiment used two 5 mW diode lasers: a Taurus
635 nm red laser, and an Electra portable 405 nm violet
laser, both manufactured by Laserglow Technologies. The
degree of polarization of the red and violet lasers were
measured to be 0.91 and 0.87 respectively. The lasers were
oriented so they were linearly polarized at 451 to the
scattering plane.

The intensities of the red and violet lasers were
monitored over experimental temperatures for several
hours in order to determine the stability of the power of
the input beam. The intensities were measured to be stable
within 3.1% and 2.8%, respectively. The divergence of the
red and violet beams was measured to be o1:2 mrad and
o0:5 mrad, respectively. As the maximum path length of
each laser was o0:3 m, the divergence of the lasers was
not further considered. The detector optics had a field of
view of 1.01, as the distance from the detector optics to the
centre of the scattering volume was o0:06 m, this diver-
gence was also considered negligible and was not further
considered.

In order to utilize both wavelengths in each experi-
ment, the lasers were directed through the centre of the
Fig. 3. Plan view of the optical set-up. The grey disc represents the
rotating platform at the bottom of the scattering chamber, the detector
optics were fixed onto this. The detector rotated around a vertical axis at
the centre of the chamber, and hence the centre of the cloud (not to
scale).

Fig. 4. The scattering volume, V, is the volume in which the laser intersects the f
detector optics fromwithin the scattering volume is observed. The measured sign
scattering section, separated by an angle of 0.941 (five
steps) as shown in Fig. 3. By offsetting them in this way,
the scattered intensity could then be measured for each
laser simultaneously, although the red and violet signals
corresponded to different scattering angles. The detector
optics consisted of a planoconvex lens with a focal length
of 0.10 m. A fibre optic was placed at the focal length, and a
collar was placed before the lens, restricting the field of
view to 1.01. The detector optics fed into an Ocean Optics
S2000 CCD array spectrometer which measured the inten-
sity of the scattered light. The spectrometer has a wave-
length range of 200–850 nm over 2048 pixels. The low
dynamic range of the instrument required the additional
use of neutral density filters to record high intensities in
the 0–101 range. Beyond this, the integration time of the
instrument was altered in order to measure varying
intensities of scattered light. Corrections for filters, inte-
gration time and dark current are applied in post
processing.

2.4.1. Measurements
Each measurement was taken over the course of a

minute and therefore corresponds to an ensemble of
particles passing through the scattering volume. During
each measurement, the detector was stationary. It was
then moved five steps and the next measurement was
taken. This process was repeated every 0.951 between
angles 0.381 and 150.41; beyond this, the detector optics
intersected the laser beam and thus no useful data could
be collected for θ41501. The measured intensity corre-
sponds to a scattering volume, V, defined in this paper as
the volume of the laser which falls within the field of view
of the detector optics (shown in Fig. 4).

The scattering volume changes depend upon the position
of the detector, and is therefore a function of angle, θ, where
θ is the angle subtended by the straight through beam and
the detector optics. Only light scattered within this volume is
seen by the detector optics and as such the measured
ield of view of the detector optics. Only light scattered in the plane of the
al is therefore proportional to V, which is a function of scattering angle, θ.



Fig. 5. Modelled flow field at the CPI inlet and estimated ice crystal
orientations, expressed as the angle the major axis of the ice crystal
makes to the horizontal.
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intensity is proportional to V. In order to correct for this, the
measured intensity is divided by the scattering volume in
order to get the scattered intensity per unit volume.

2.5. Particle orientation

Ice particles are observed to fall preferentially with
their major axis perpendicular to direction of propagation
[63,64]. The amount by which they deviate from this
orientation can be described by the tilt angle. As particles
become larger and more elongated, the tilt angles decrease
and the particles become more preferentially oriented.

The flow field inside the scattering volume was mod-
elled using the Partial Differential Equation toolbox in
Matlab 2014b. In order to do this, the cold room environ-
ment was modelled using Neumann boundary conditions
for solid objects and Dirichlet conditions for the inlet tube
to the CPI, which had a known flow speed. In these
experiments, the inlet tube to the CPI lies � 1 cm below
the scattering volume (Fig. 4). The resultant flow field is
shown in Fig. 5a. The average ice crystal fall speeds were
estimated to be � 0:25 ms�1 [65]. The net movement of
the crystal is then approximated by adding the velocities
of the flow field to the crystal fall speeds. Assuming that
the major axis of the ice crystal is oriented orthogonal to
the direction of propagation, the deviation of the axis or
orientation from the horizontal is estimated. These angular
deviations are estimated to be between �811 and 811, the
distribution of orientations is shown in Fig. 5b. It was also
assumed that the ice crystals maintain a rotational degree
of freedom about their minor axis. Other factors such as
ambient shears are likely to cause additional deviations
from the estimated orientation. For the purposes of this
experiment, orientation was treated as random.

2.6. Obtaining the scattering phase function, P11

The red and violet lasers are partially linearly polarized
at an angle of 451 to the scattering plane. The degree of
polarization of each laser was measured to be 0.91 and 0.87.
Therefore the incident Stokes parameters are given by

I0ðvÞ:

1
0
pv
0

2
6664

3
7775 and I0ðrÞ:
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0
pr
0

2
6664
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7775

where I0ðvÞ is the intensity of the violet laser, Wm�2; I0ðrÞ is
the intensity of the red laser, Wm�2; pv is the degree of
polarization of the violet laser; pr is the degree of polariza-
tion of the red laser.

In order to calculate the Stokes parameter of the
scattered wave, we assume that the particles in the
scattering volume are randomly oriented, as discussed in
Section 2.5. By making this assumption, the Stokes para-
meter of the scattered wave can be given by [66]
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where I0 is the intensity of the incident beam, Wm�2; k is
the wavenumber; r is the distance from the scattering
particle to the detector, m
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and therefore

IpP11 ð3Þ
where I is the total scattered intensity as a function of

angle θ. Therefore the measured intensities described in
Section 2.4 can be normalised to 4π in order to obtain the
phase function P11, according toZ π

0
P11ðθÞ sinθ dθ¼ 2 ð4Þ

As we cannot measure beyond θ¼ 150:41, modelled
data were used to fill in the range 150.4–1801. Images of
the formvar replicas were analysed in order to create
suitable particle models for each cloud. In all experiments,
it was found that each cloud consisted of only one crystal
habit, although the aspect ratio was found to change with
particle size. Here, the aspect ratio is defined as the ratio of
the length of the prism face to the length of the basal face.
Particles with an aspect ratio 41 are considered to be
column-like, whereas particles with an aspect ratio o1
are considered to be plate-like. A habit mixture model was
created that was based on one habit but several sizes and
aspect ratios. Details of the composition of each cloud can



Fig. 6. Formvar replicas showing typical structures of hollow particles at (a) �7 1C, (b) �15 1C and (c) �30 1C.

Fig. 7. Construction of the particle models based on formvar replicas. (a) Shows the construction of a typical hollow column as observed at �7 1C and
(b) shows the construction of a typical hollow column as observed at �30 1C. From left to right: cross sectional view taken parallel to the prism face, plan
view as seen from the basal face, and 3D model.
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be found in Section 3. Both Ray Tracing [31] and RTDF
were tested (see Section 3.1). RTDF differs from conven-
tional geometric optics by considering diffraction at facets
in addition to diffraction at the projected cross-section.
Therefore, RTDF better describes the size dependence,
especially for small and intermediate size parameters
[67]. RTDF phase functions were used to normalise the
measured results. The data were normalised as follows:

f �
Z 150:41

0
IscaðθÞ sinθ dθþ

Z 1801

150:41
mðθÞ sinθ dθ¼ 2 ð5Þ
where mðθÞ is the modelled data and f is a scaling factor
required to normalise the phase function. The normalised
intensity, IscaðθÞ � f , is then plotted as a function of θ. The
asymmetry parameter, g, is defined as

g¼ 1
2

Z 1801

0
P11 θ

� �
sinθ cosθ dθ ð6Þ

For the measured phase functions, the asymmetry
parameter was found by using P11 ¼ IscaðθÞ � f in the range
θ¼ 0:38–150.41 and using the modelled values of P11 in
the range θ¼ 150:4–1801.
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3. Results

3.1. Theoretical results

Measurements from the formvar replicas (Fig. 6) were
used to create geometric models, which represented
internal structure.
Fig. 8. Ray Tracing and RTDF results for solid columns and both types of
hollow columns. ‘Hollow 1’ denotes the typical hollow structure as seen
at �7 1C, as depicted in Fig. 7a. ‘Hollow 2’ denotes the typical hollow
structure as seen at �30 1C, as depicted in Fig. 7b. The results from Ray
Tracing are offset by 104 in order to present both models on the
same graph.

Table 1
Modelled asymmetry parameters for solid columns and both types of
hollow columns for an prism length of 100 μm and a basal length of
50 μm. ‘Hollow 1’ corresponds to the typical internal structure seen at
�7 1C, and ‘Hollow 2’ corresponds to the typical internal structure seen
at �30 1C, ‘% dev.’ gives the percentage deviation of the modelled
asymmetry parameter of the hollow models from the modelled asym-
metry parameter of the solid models.

Model Ray Tracing RTDF

g % Dev. g % Dev.

Solid 0.7994 0.8085
Hollow 1 0.8076 1.03 0.8100 0.12
Hollow 2 0.7976 �0.23 0.7928 �1.94

Fig. 10. Ratios of the RT phase functions to RTDF
Experiments at T ¼ �7 1C and T ¼ �30 1C both pro-
duced columnar habits in agreement with established
habit diagrams [10]; however, there were notable differ-
ences between the columns grown at �30 1 C and the
columns grown at �7 1C . At �30 1C (Fig. 6c) the columns
showed a stepped internal structure. Whereas at �7 1C
(Fig. 6a) the columns showed a simpler internal structure.

When viewed from the basal face, each indentation of
the stepped hollow column had hexagonal symmetry.
Based on averaged measurements, each indentation was
constructed by three hexagonal columns of descending
size. The size of the basal faces is measured as b/2, 3b/8
and b/4, where b is the length of the basal facet of the ice
crystal. The depth of each indentation is measured as 2p/
15 where p is the length of the prism facet of the ice
crystal. The columns created at �7 1C could not be viewed
from the basal face due to the tendency of the ice crystals
to lie with their prism facets parallel to the microscope
slide. It was assumed that these indentations also retained
hexagonal symmetry and therefore they were modelled
using hexagonal based pyramids. Each indentation had a
base width of b/2 and a height of 2p/5. At �15 1C the
plates (Fig. 6b) could not be viewed from their prism face
due to their orientation. Although the thickness of the
plates could be estimated using CPI images, the vertical
profile of the internal structure could not be investigated
Fig. 9. Schematic of ray paths causing additional halos in hollow column
1 compared to a solid column: � 4:71 (path A), � 9:51 (path B).

phase functions for solid and hollow columns.
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in detail. From the formvar images, the internal structure
of plates appeared similar to the structure of the stepped
columns seen at �30 1C, although the structure became
increasingly complex as the plates increased in size. For
this reason, plates were modelled using the same geome-
try as the stepped column with a thickness of 15 μm based
on observations from the CPI.

3.1.1. Results from Ray Tracing and Ray Tracing with
Diffraction on Facets

Three example columns were constructed in order to
directly compare the effects of each indentation: one solid
column, one hollow column with a pyramidal cavity (as
observed at �7 1C), and one hollow column with stepped
internal structure (as observed at �30 1C). Each column
measured 100 μm (prism face) by 50 μm (basal face), and
each indentation measured 40 μm in depth. The phase
function and asymmetry parameter were found using both
Table 2
Summary of input parameter and cloud properties for each experiment.

Experiment Temperature Ice crystal Predominant Size
range

(1C) concentration
(l�1)

habit (μm)

1 �7 10,000 Solid column 10–170
2 �7 2500 Hollow

column
20–280

3 �15 5000 Solid plate 10–290
4 �15 1000 Hollow plate 20–290
5 �30 1000 Hollow plate/

columns
10–140

Fig. 11. Particle size distributions for the five clouds created during these experim
Ray Tracing and RTDF, for a wavelength of 635 nm and a
complex refractive index of 1:3085þð1:04� 10�8Þi [68].
All modelled results presented in this paper are based on
random orientations. Results using the two methods are
presented in Fig. 8 and Table 1.

Comparing the RT and RTDF results in Fig. 8, one
notable difference is the increased scattering between
about 31 and 201 observed for hollow column 1. The phase
function of hollow column 1 has two additional peaks at
� 4:71 and 9.51, which are due to ray paths sketched in
Fig. 9. Ray path A corresponds to the halo for the prism
angle of 15.141. Path B is similar, but the ray re-enters the
crystal and goes through a second deflection. Therefore,
the complete deflection angle is about twice the deflection
angle for ray path A. This increase in forward scattering
leads to a noticeably higher for hollow column 1 when
compared with the solid column. Due to the stepped
indentation of hollow column 2, which only includes
additional 901 prism angles, there is only a small increase
in forward scattering compared to the solid column. In this
case, the reduction in the 22o halo, in addition to the
increase in scattering in the 120–140o region leads to an
overall decrease in asymmetry parameter Therefore, the
asymmetry parameter of hollow column 2 is rather similar
to that of the solid column.

To compare the two scattering models, the ratios of the
RT phase functions to the RTDF phase functions are plotted
in Fig. 10. The RTDF phase functions are similar to RT;
however, the peaks are broadened due to diffraction on
facets. Due to this, some of the intensity of the 221 halo
peak is moved towards smaller scattering angles. For all
particles, scattering close to 1801 is significantly smaller for
ents. Approximately 1000 formvar images were analysed for each cloud.



Fig. 12. Formvar replicas showing typical habits observed during the five
experiments.

Fig. 13. Aspect ratios of hollow and solid columns based on measure-
ments from formvar replicas.

Fig. 14. Measured and modelled phase functions for solid columns at
�7 1C.

Fig. 15. Measured and modelled phase functions for hollow columns at
�7 1C.

Fig. 16. Measured and modelled phase functions for solid plates at
�15 1C. Intensity measurements from the red laser are unavailable for
this experiment.
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RTDF when compared with RT, particularly in the case of
the hollow columns. Overall, these deviations result in a
1.4% increase in the RTDF predicted asymmetry parameter
for the solid column when compared to RT. For hollow
column 1, RTDF predicts an asymmetry parameter 0.12%
larger than RT. This increase is rather small, which is most
likely due to a reduction of the RTDF forward scattering
peak at θ¼ 0:251 because of the smaller area of parallel
basal facet components. The RTDF forward scattering peak
is slightly more reduced for hollow column 2 when
compared with RT, presumably due to the segmentation
of the basal facets into smaller components causing
stronger diffraction as well as additional ray paths. This
results in a 2% lower asymmetry parameter for hollow
column 2 compared to the solid column when using RTDF.

3.2. Experimental results

Five experiments were conducted. In order to produce
different habits, several input variables were changed.
Three temperatures were chosen in order to cover differ-
ent habit regimes. Ice crystal concentration and vapour
input were varied in order to alter the relative humidity in
the chamber. The input parameters are summarised in
Table 2.

3.2.1. Particle size distributions
Particle size distributions were measured from the

formvar replicas. These results are presented in Fig. 11.

3.2.2. Particle habits
The formvar replicas were also used to determine the

particle habits. It was found that each cloud consisted of
one particle habit, with a range of sizes and aspect ratios.
Typical particle habits are shown in Fig. 12.



Fig. 17. Measured and modelled phase functions for hollow plates at
�15 1C.

Fig. 18. Measured and modelled phase functions for a cloud of cold
hollow columns and hollow plates at �30 1C.
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The aspect ratios were measured from the ice crystal
replicas. Due to the tendency for plates to land with their
basal face parallel to the microscope slide, the aspect ratio
of plates was not measured. The measured aspect ratios
with respect to maximum particle dimension is given in

Fig. 13. Maximum crystal dimension is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þb2

q
,

where p and b are the dimensions of the prism and basal
facets respectively.

These size distributions and aspect ratios were used to
construct habit mixture models for each cloud. For clouds
3 and 4, the aspect ratios could not be measured due to the
orientation of the crystals. From CPI images, the thickness
of the plates was estimated to be 15 μm. This thickness
was used for all plate sizes. The particle models were used
in both RT and RTDF.

4. Discussion

In Figs. 14–18, it can be seen that there are random
variations, or noise, in the measured phase functions. This
can be attributed, in part, to low signal to noise ratios,
where ‘signal’ is defined as the measured intensity, and
‘noise’ is defined as the background intensity. At larger
angles where the scattered intensity was weak, typical
signal to noise ratios were � 2. As the lasers were diode
lasers with inherently short coherence lengths, the noise
cannot be attributed to laser speckle. Each experiment was
repeated four times in order to gain average measure-
ments. The average signal to noise ratios and standard
deviations for all experiments are given in Table 3.
A summary of the measured and modelled asymmetry
parameters is given in Table 4.

For cloud 1, solid columns at �7 1C, there is little
difference between the asymmetry parameters predicted
by Ray Tracing and RTDF. Both RT and RTDF over-predict
the asymmetry parameter by 5.2–7.4%. However, differ-
ences are easily seen in the phase function (Fig. 14).
Compared to measured results, Ray Tracing over-predicts
the 221 halo and over-predicts scattering in the 140–1501
range. It also under-predicts scattering in the 0–101 range.
By comparison, the 221 halo predicted by RTDF is smaller
and smoother, fitting within the errors of measured
results.

For cloud 2, hollow columns at �7 1C, both models
over-predict the asymmetry parameter by 6.5–8.5%. The
halo feature predicted by Ray Tracing is significantly
reduced when compared to the solid column model,
however the halo is still sharper than measured results,
leading to an under-prediction of scattering in the 10–201
range and an over-prediction of scattering in the 20–301
range. By comparison, the shape of the halo feature
predicted by RTDF is much smoother, although the peak
is still over-predicted.

Both plate clouds (clouds 3 and 4) show a significant
deviation between the measured and modelled phase
functions in the 1201–1501 range. This may be due to the
inaccurate modelling of plate particles. As described in
Section 3.1, the prism facet of plate habits could not be
measured from the formvar replicas. Based on CPI images,
it was decided to model all plates with a thickness of
15 μm. The modelled phase functions all exhibit a trough
feature between 1201 and 1501, which is not seen for
columnar habits. This deviation may be caused, in part, by
the under-prediction of the thickness of the plates. In
addition to this, it can be seen from Fig. 12 that the hollow
plates produced in cloud 4 had additional features pro-
truding from the prism facets, the particles in cloud 3 had
rounded edges, and both clouds contained scalene parti-
cles. Omitting these features in the model may cause
deviations from the measured results. Comparing the
measured results for clouds 3 and 4, we observe a reduc-
tion in asymmetry parameter for cloud 4 when compared
with cloud 3. However, the modelled results show an
increase in asymmetry parameter for cloud 4 when com-
pared to cloud 3. This is due to the change in aspect ratio
of the particles. The hollow plate cloud was created at a
higher humidity than the solid plate cloud by increasing
the vapour input to the chamber. This created the hollow
particles as seen in Fig. 12, however the ice crystals also
exhibited smaller aspect ratios and therefore they cannot
be directly compared.

For cloud 5, hollow columns at �30 1C, there is a
significant deviation in the results in the 140–1501 range.
As described with respect to the plate clouds (clouds 3 and
4), this may be due to a none representative selection of
the size and aspect ratio of the particles. The particles
collected in cloud 5 had typical aspect ratios close to one,
and therefore both orientations were seen in the formvar
replicas. However, if thin, plate-like particles were present
in the cloud, they may have oriented on the microscope
slides with their basal facet parallel to the slide. In this



Table 4
Measured and modelled asymmetry parameters for all experiments. ‘% Dev.’ gives the percentage deviation of the modelled result from the measured
result.

Measurement/Model Cloud 1 Cloud 2 Cloud 3 Cloud 4 Cloud 5

g % Dev. g % Dev. g % Dev. g % Dev. g % Dev.

Measured (red) 0.7623 0.7746 0.7779 0.7320
Measured (violet) 0.7698 0.7825 0.8243 0.7851 0.7464
RTDF (red) 0.8117 6.48 0.8339 7.66 0.8611 10.70 0.7646 4.45
RTDF(violet) 0.8097 5.19 0.8331 6.47 0.8500 3.13 0.8630 9.93 0.7647 2.45
RT (red) 0.8186 7.40 0.8406 8.52 0.8717 12.05 0.7789 6.41
RT (violet) 0.8119 5.47 0.8352 6.74 0.8490 2.99 0.8677 10.52 0.7708 3.27

Table 3
Average signal to noise ratios (SNR) and standard deviations (as a percentage of the mean) of the intensity measurements used to obtain the phase
functions.

Angular range, 1 0–10 10–30 30–50 50–70 70–90 90–110 110–130 130–150

SNR 14.32 6.95 5.52 4.31 2.48 2.15 1.98 2.01
Standard deviation, % 4 9 14 17 23 26 24 24

H.R. Smith et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 157 (2015) 106–118116
case, the aspect ratio could not be measured and was
therefore not recorded. Due to this, the range of predicted
aspect ratios may have been skewed to larger sizes. There
is also a deviation from modelled data in the 10–201 range,
which may be caused by particle roughness, which is
known to smooth out halo features. Alternatively it could
be caused by particles with more numerous indentations.
Each indentation is modelled by three steps based on
averaged measurements. However, particles with more or
less steps have been observed. The presence of additional
step features could cause light to leave the particle at
shallower angles, causing increased scattering in the
10–201 range.

5. Conclusions

The cavities of hollow ice particles were found to have
differing structures at different temperatures, and the
structure of the cavity was found to influence the single
scattering properties of the particles.

In Section 3.1, solid and hollow particle models were
tested using RT and RTDF in order to determine the effects
of two types of indentation. It was found that the two
types of indentations had differing effects. For the hollow
particle based on particles seen at �7 1C, both RT and
RTDF predict an increase in the asymmetry parameter
compared to a solid column of the same aspect ratio 1. For
the hollow particle model with the stepped internal
structure, both RT and RTDF predict a decrease in asym-
metry parameter compared with a solid column of the
same aspect ratio. In all cases, RT and RTDF over-predict
the asymmetry parameter. As an average across all experi-
ments, RT over-predicts the asymmetry by 6.8%, whereas
RTDF over-predicts asymmetry parameter by 6.11%. The
phase functions predicted by RT showed more prominent
halo features than those predicted by RTDF. Both the
hollow particle models caused a reduction in the 461 halo
when using the RTDF model, however these features
remained prominent when using RT. The phase functions
predicted from RTDF show less deviation from measured
results compared with RT, particularly in the halo regions
and the forward scattering range.

Due to experimental conditions, roughness and hollow-
ness cannot be entirely separated. In all experiments, it is
possible that surface roughness contributed to diminished
halo features, which were typically over-predicted by the
models. Surface roughness is also known to reduce the
asymmetry parameter [45], which may explain the dis-
crepancy between measured and modelled results. Due to
this, measured asymmetry parameters from these experi-
ments may be larger than field experiments due to more
constrained lab conditions and restricted growth times
leading to more pristine particles.
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