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Abstract

Even though there are numerous studies on cirrus clouds and its influence on climate, lack of
detailed information on its microphysical properties like ice crystal geometry, still exists.
Challenges like instrumental limitations and scarcity of observational data could be the
reasons behind it. But this knowledge gap has only heightened the error in climate model
predictions. Therefore, this study is focused on the Tropical Tropopause Layer (TTL), where
cirrus clouds can be seen, and the temperature bias is higher. Since the shape and surface
geometry of ice crystals greatly influence the temperature, a detailed understanding of these
ice crystals is necessary. So, this paper will look in-depth on finding the morphology of different
types of ice crystals in the TTL.

The primary objective of this research is to analyse the scattering patterns of ice crystals in
the TTL cirrus and find their characteristics like shape and size distributions. As cirrus is a high
cloud, it plays a crucial role in the Earth-atmosphere radiation balance and by knowing the
scattering properties of ice crystals, their impact on the radiative balance can be estimated.
This research further helps to broaden the understanding of the general scattering properties
of TTL ice crystals, to support climate modelling and contribute towards more accurate climate
prediction.

An investigation into the light scattering data is presented. The data consist of 2D scattering
patterns of ice crystals of size 1-100um captured by the Aerosol Ice Interface Transition
Spectrometer (AIITS) between the scattering angles 6° and 25° at the wavelength of 532nm.
The images were taken during the NERC and NASA Co-ordinated Airborne Studies in the
Tropics and Airborne Tropical Tropopause Experiment (known as the CAST-ATTREX
campaign) on 5th March 2015 at an altitude between 15-16km over the Eastern Pacific.

The features in the scattering patterns are analysed to identify the crystal habit, as they vary
with the geometry of the crystal. After the analysis phase, the model crystals of specific types
and sizes are generated using an appropriate computer program. The scattering data of the
model crystals are then simulated using a Beam Tracing Model (BTM) based on physical
optics, as geometric optics doesnbd6t produce the
T-matrix or Discrete Dipole Approximation) are either unsuitable for large size parameters or
time-consuming. The simulated scattering pattern of a model crystal is then compared against
that of the AINITS to find the characteristics like shape, surface texture and size of the ice
crystals. By successive testing and further analysis, the crystal sizes are estimated. Since the
manual analysis of scattering patterns is time-consuming, a pilot study on Deep Learning
Network has been undertaken to classify the scattering patterns.

Previous studies have shown that there are high concentrations of small ice crystals in TTL
cirrus. However, these crystals, especially <30um, are often misclassified due to the limited
resolution of the imaging instruments, or even considered as shattered ice. Through this
research it was possible to explore both the crystal habit and its surface texture with greater
accuracy as the scattering patterns captured by the AIITS are analysed instead of crystal
images. It was found that most of the crystals are quasi-spheroidal in shape and that there is
indeed an abundance of smaller crystals <30um. It was also found that over a quarter of the
crystal population has rough surfaces.
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1. INTRODUCTION

Ice crystals can produce spectacular displays in the sky. Depending on the angle of incident
light as well as the geometry and orientation of the ice crystals, these displays vary. Optical
phenomena like halos and light pillars are results of refraction and reflection of light through
ice crystals.

Clouds can be seen in different levels of the atmosphere 7 high, middle, or low. Compared to
low and middle clouds, high clouds like cirrus varies significantly in terms of their radiative
properties due to their position in the atmosphere as well as the complex microphysical
properties of ice crystals in them (Kokhanovsky 2006). The ice crystals in cirrus clouds vary
in shape and size depending on their growth conditions such as temperature and humidity in
the atmosphere. Their size rangesfrom<1 0e m t o many t h o uBasan2DE2).
Cirrus clouds are commonly seen in the upper troposphere and lower stratosphere, a layer
called tropopause layer. In the tropics, this layer is known as the tropical tropopause layer
(TTL). Studies show that the cirrus cloud coverage is higher in the tropics than in the mid-
latitudes (Baran 2012, Lloyd et al. 2021). The impact of TTL cirrus on climate is huge and
several studies have been conducted to understand their microphysical and macrophysical
properties (see Section 2.2.2). The microphysical properties (shape and size distribution etc.)
of crystals, play a key role as they can ultimately affect the cloud radiative forcing (Zhang et
al. 1999). Therefore, it is crucial to know the physical and scattering properties of ice crystals
in TTL clouds and by knowing them, radiative transfer and climate model simulations can be
done much more accurately.

There are several airborne instruments which are used for imaging ice crystals directly and
indirectly. Direct imaging simply means taking images of a crystal directly, while the detection
of light scattered by a crystal is called indirect imaging. The primary advantage of indirect
imaging is that it can be used for imaging small crystals. Small crystals <100¢ mdue to their
size, are often not classified accurately by direct imaging instruments, limited by their resolving
power. Also, it is hard to predict whether the crystal surface is smooth or rough by analysing
their direct images.

In this research, properties of individual ice crystals in 1-100e msize range are investigated by
analysing their scattering patterns. This helps not only to classify the crystal habits, but also
to identify their surface texture. Different types of crystals exhibit different properties in their
scattering patterns. The scattering pattern will often contain prominent features like speckles,
rings, arcs, or bands (maxima and minima) resulting from constructive and destructive
interference. The pattern depends on the wavelength of the incident light as well as the
geometry (shape, surface roughness and orientation) and refractive index of the particle. For
example, the scattering pattern obtained from a pristine plate crystal differs from that of a
scalene plate crystal in many ways (see Section 5.1). By successive testing and closely
studying these features, the crystal sizes and shapes can be estimated.

In Chapter 2, the properties of ice crystals like their structure, habits, and orientation are
discussed, followed by the types of cirrus clouds and the importance of understanding their
microphysical properties as well as previous studies conducted in them. In the later sections,
the scattering process and related terminology are briefly described.

This study is focusing on a database of 2D light scattering images taken by the Aerosol Ice
Interface Transition Spectrometer (AlITS) at the wavelength of 532nm over the angular range
of 6°-25°. These images were taken during the NERC and NASA Co-ordinated Airborne
Studies in the Tropics and Airborne Tropical Tropopause Experiment (known as the CAST-
ATTREX campaign) on 5th March 2015. Details of the ATTREX mission as well as some of
the instruments used for the mission are discussed in Chapter 3.
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Since the data are indirect images of crystals, an investigation is needed to identify the crystal
shapes and sizes. This is done using a combination of analysis and computer modelling
techniques detailed in Chapter 4. On analysing the features in the scattering pattern, it is
possible to identify the general shape of the crystal, as the features vary depending on the
geometry (and surface texture) of the crystal. Additional steps are followed to accurately
estimate the shape, size, and surface texture of the crystals. Once the crystal habit is found,
a model of that crystal is generated using a specific algorithm and its scattering pattern is
simulated using a technique called the Beam Tracing Model (Taylor 2016, Hesse et al. 2018).
Investigations are carried out using crystal models of different sizes and orientations until the
scattering pattern matches with the AIITS images. If the AIITS images only contain speckle-
like features indicating rough crystals, the crystal habit identification is not possible. The size
and roughness of rough crystals are calculated using two different computer programmes.
The features of different types of crystals and their scattering patterns as well as the process
of estimating the shapes, sizes and roughness of crystals are described in Chapter 4. The
simulated scattering patterns of different types of modelled crystals compared to the AIITS
images are detailed in Chapter 5 using a variety of examples.

The findings of the current investigation are summarized in Chapter 6. These are also
compared with the results from other NASA probes during the same flight as well as results
from previous studies conducted in TTL cirrus clouds.

Finally, a pilot study on a Deep Learning neural network that helps to classify the crystals
based on the scattering pattern is discussed. To speed up the process, the Transfer Learning
method is implemented using two pre-trained networks (GoogLeNet and ResNet-50) for image
classification and their prediction accuracies are analysed. Transfer Learning is particularly
useful when limited data is available. Another advantage of using a pre-trained network is that
the network can transfer the knowledge it gained from a larger dataset it has been trained
with, to the new smaller dataset. This reduces the training time and the need to design a
network from scratch. By replacing the final few layers of the pre-trained network, it can be
used alongside the new dataset.

As with all neural networks, the first step is data pre-processing. This process is described in
detail in Chapter 7. The pre-trained networks are then trained with a limited number of AIITS
images belonging to five categories (Blank images, Columns, Patterned, Plates, and
Rounded) as this is a pilot study. There are two versions of the program: one for testing
individual images and another for testing a folder of images. In the first version, on testing a
single image, the probability of the crystal type is predicted in the form of a bar chart in
descending order. In the second, the probability of the crystal type is predicted based on a
folder of test images and the predictions with highest score (probability) are written to a file.
The first program will be useful for individual inspection of images and predictions, while the
second one is aimed at an image database for a faster comparison of results and for checking
the overall prediction accuracies of the networks. In addition, to check the usability of the
trained networks on light scattering images taken by other instruments, images from the
Particle Phase Discriminator version 2 (PPD2) are used as another test set. Finally, the
prediction accuracies of both GooglLeNet and ResNet-50 are evaluated based on two test
datasets.



2. ICE CRYSTALS, CIRRUS CLOUDS AND LIGHT SCATTERING
I AN OVERVIEW

2.1 Ice crystals

Ice crystals are simply water in a solid state. At visible wavelengths, ice appears transparent
in its purest form and somewhat opaque in the presence of impurities like tiny air bubbles or
dust particles. Ice crystals are formed by homogeneous or heterogeneous nucleation. While
the former occurs below -38°C (Atlas et al. 2022), the latter, which is observed frequently
(Carslaw 2009), occurs below 0°C. Homogeneous nucleation refers to the spontaneous
freezing of liquid water, and heterogeneous nucleation refers to the nucleation process
involving an ice nucleating particle like mineral dust, volcanic ash, pollen, soot etc. In
heterogeneous nucleation, the nucleating particle usually has a crystal lattice structure that
closely resembles that of ice.

Depending on temperature and pressure, ice can take on different crystalline structures.
Among them, the most common types are hexagonal ice (In) and cubic ice (lc), both having a
structure of tessellating hexagonal rings of oxygen atoms linked by hydrogen bonds. The two
types differ on how their layers are stacked. Fig. 2.1 (a) shows a layer of water ice with red
spheres representing oxygen atoms connected by hydrogen bonds (hydrogen atoms are
omitted for clarity). Fig. 2.1 (b) shows hexagonal ice (I,) with the same layer format repeating
in successive layers, while in cubic ice (lc) Fig. 2.1 (c), the successive layers are displaced by
half the diameter of the hexagonal ring in the previous layer. A possible structure of a
combination of hexagonal ice (In) and cubicice (I)t er med as O6st acKkiyghig
shown in Fig. 2.1 (d) (Murray et al. 2015).

(a) layer of water ice
e 20 2 aa an el
(b) hexagonal

(d) Stacking disordered

basal face

TX]
|8 W

(c) cubic

,fVJJJ
f}i§i

Fig. 2.1: Different crystal structures of ice; (a) layer of water ice, (b) hexagonal ice, (c) cubic
ice and (d) stacking disordered ice. Taken from Murray et al. (2015).
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2.1.1 Ice crystal habits

The shape of the ice crystal varies from pristine hexagonal prism (2 basal and 6 prism facets)

to complex structures. Both the crystal shape and its growth are very much determined by the

temperature and ice supersaturation. Nevertheless, the underlying crystal structure can also
determine the (umasdt all 2015). Fohexanple, hexagonal plates and

columns are likely to originate from hexagonal ice (In), cubes, octahedra and cubo-octahedra

fromcubicice (Ic),and t ri gonal crystals frs MMurdagdta. 20d5).ng di sc

AfiThe ice elements formed in natural crysmlsi(drs ar e
groups of crystals having a common (Masog &ndu s ) , S
Ludlam 1951). There are 80 types of snow crystals based on meteorological classification

(Lee and Magono 1966); a further improvement from 36t ypes based on Nakayac¢
classification of snow crystals. Though widely used, the authors of Kikuchi et al. (2013) point

out that these classifications are based on observations in Japan and do not include
observations from polar regions. The new ,cl assi f
is based on observations from several sites in Japan as well as northern and southern

hemisphere polar regions. It presents 121 types of snow crystals, ice crystals and solid

precipitation particles with microscope images and schematic drawings alongside their
characteristics. The solid precipitation particles include sleet, hail, and ice pellets (Kikuchi et

al. 2013).

Bailey and Hallett (2009) provide a comprehensive habit diagram as a function of temperature
and ice supersaturation, which is shown in Fig. 2.2. The figure consists of both textual (top)
and pictorial format (bottom) of ice crystal habits formed between 0°-70°C, based on field
studies and laboratory results.

In general, single crystals dominate above -20°C, while polycrystalline structures dominate
between -20°C and -70°C. Among the latter, a plate-like regime is evident from -20°C to -40°C
and column-l i ke regi me bet we.eMost of 4h6 thin eolurdns ¢aid Bels€&n
between -10°C and 0°C below 30% ice supersaturation. Most of the simple hexagonal crystals
are found at low ice supersaturation and crystal complexity increases with supersaturation.
Stellar crystals or dendrites are formed at a temperature range of -8°C and -18°C. On the
other hand, bullet rosettes can be seen at temperatures below -40°C at higher supersaturation
values. At lower saturation (below 10%), small crystals of size<50 um can be seen (Bailey and
Hallett 2009).

Mason and Ludlam (1951) state that A. . . skel et al or forrdsearedthé t i ¢ cr
consequence of high ice-supersaturations, while complete crystals of simple geometrical

shape are produced at ThisagmreesswithpFg 223 whenre adndriticn s 0 .
crystals are found at between 20-60% ice supersaturation and hexagonal crystals at below

10% ice supersaturation.

Depending on temperature and ice supersaturation, the crystal habit can shift substantially

due to their fall in the atmosphere. However, the history of nucleation and changing growth

conditions will be preserved in the crystal (Bailey and Hallett 2009). Regarding symmetry and

surface texture, ice crystals may not always be perfect. Bailey and Hallett (2009) state that

fmost ice crystals are defective and irregular in shape to varying degrees and are mostly
polycrystalline at t e me eastaajarity ef e chystdlsare defe@i®eAC. . . (
in shape with rough surfaces. 0
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Fig. 2.2: Habit diagram for atmospheric ice crystals in text (above) and in pictorial format
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Temperature (°C)
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(below), taken from Bailey and Hallett (2009).

2.1.2 Orientation of crystals

In an ice cloud, ice crystals can be seen in different orientations. However, the orientation of
the crystal depends largely on its geometry, or more simply, keeping its largest surface area
horizontal. For example, planar crystals like columns and plates are usually found orienting
horizontally. More specifically, hexagonal columns are usually found horizontally oriented
along its column axis, while plates are often seen lying on their basal facet. The preferred
orientation is due to the atmospheric drag force. The larger the surface area of the crystal, the
larger the drag force will be. Based on a study (Noel and Sassen 2005) conducted in cold
cirrus cloud to investigate the orientation of ice crystals using LIDAR (Light Detection and
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Ranging) observations, 81.5% crystals were found below 1.75° to the orientation angle. About
11.5 % of the crystals were between 1.75-3°, and 7% of the crystals above 3° to the orientation
angle. Therefore, it was estimated that the high-level cold clouds (<~-30°C) have a maximum
deviation angle of ~1.0° (Noel and Sassen 2005). Other studies (Chepfer et al. 1999,
Westbrook et al. 2010) also confirm that planar crystals are found to be horizontally oriented.

2.2 Cirrus clouds

Clouds are made of minute particles of liquid water, ice crystals, or both. They may also
contain ice nucleating particles or aerosols. Ranging from puffy cumulus to colourful
noctilucent, clouds are divided into different types depending on their appearance (shape,
texture etc.), and the atmospheric level at which they occur. Though clouds can be seen at all
levels of the atmosphere, most of them are found in the lowest layer of the atmosphere called
the troposphere (up t o 10km f r opwh&eathetniajorisy ofshe dustepartecles
and water vapour are present.

High clouds, which are entirely composed of ice crystals are called cirrus clouds. They have

a white, thin, and wispy appearance with a mean optical depth of 0.31+0.24 (Giannakaki et al.

2007). An example is shown in Fig. 2.3. Even though previous studies (Kramer et al. 1999)

show that homogeneous nucleation is the main nucleation mechanism due to low temperature,

later studies (O 6 S het @. 2016) show evidence for both heterogeneous and homogeneous

nucleation of ice particles in cirrus clouds. They are also formed as a result of contrails left

behind by aeroplanes, known as contrail cirrus (Karcher 2018). For high clouds like cirrus,

cirrostratus, and cirrocumulus, (sometimes referred as cirriform clouds collectively), the typical

height of the c¢cloud base -EHkranck6-18kmdén thE emperaté s s ur f
and tropical regions respectively (Houze 2014).

o 4
o o |
(&0 7] A | i 7 L

Fig. 2.3: Cirrus cloud seen across the sky over Hertfordshire, U.K., along with contrails.

The cirrus cloud can be further divided into different types. Cirrusspissatus( t r ans |l at es t o
in Latin) is the thickest cirrus cloud which can be seen in the upper troposphere. An example,

12



taken from St. Brelade, Jersey can be seen in Fig. 2.4 (a). Another cirrus cloud type known as
cirrus floccus can also be seen in its initial stage of development (see inset of Fig. 2.4 (a),
CloudAtlas 2017). Houze (2014) suggests that as the cloud ages, the hair-like appearance of
cirrus clouds will become more exaggerated. Fig. 2.4 (b-d), taken from Colorado, shows this
aging process (Houze 2014). In Fig. 2.4 (b), cirrus floccus with wool-like patches can be seen.
In a more advanced stage of development, cirrus uncinus can be seen in Fig. 2.4 (c), which

can be easily distinguished by its unique
Later, in the most advanced state, cirrus fibrates are formed with parallel streaks without any
hook.Fig.24( d) shows a special kind of cirrus f

with a distinct fish bone-like look.

Clouds, in general, play a very important role inclimate.in Changes in cl oud
because clouds exert a strong control over Earth's radiative balance (Carslaw et al. 2002).
They can make the Earthoés atmosphere cool

er

hook

i brat

cover

sunlight. According to the report by the Intergovernmental Panel on Climate Change, i Cl ou d s

and aerosols continue to contribute the largest uncertainty to estimates and interpretations of
the Eartho6s c¢ han gBoncheretal.2018)yCirrhswcldugl® in parti¢ular, have
been a topic of interest for many researchers. Results from space-based measurements show
that at any given time, cirrus covers about 30% of the mid-latitudes, and 60%i 80% of the
tropics (Baran 2012). Relatively higher cloud fractions were found in tropical regions compared
to mid-latitudes (Lloyd et al. 2021).

Bl
BN Lig \s‘X\‘

Fig. 2.4: Different types of cirrus clouds. (a) Cirrus spissatus (taken from CloudAtlas (2017));
the highlighted area shows the cirrus floccus in its initial development stage. (b) Cirrus
floccus, (c) cirrus uncinus, and (d) cirrus fibrates vertebratus. Images (b-d) are taken from
Houze (2014).
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2.2.1 Microphysical properties of cirrus clouds and its impact on climate
Inconsistencies still exist in climate modelling due to spatial and temporal variations of cirrus

clouds and differences in their microphysical parameters (Baran 2012, Zhang et al. 1999).

Limitations of imaging instruments in capturing their exact properties, scarcity of satellite as

well as in situ measurements are other contributing factors to such inconsistencies (Jensen

and Pfister 2004, Karcher 2018). Several authors (Strom et al. 1997, Noel and Sassen 2005,

Murray et.al 2015) have pointed out the shortage of information about the microphysical

properties of cirrus clouds which results in uncertainty of their effect on the radiative balance

and ultimately, in modelling climate.n The r adi ati ve i mpact of <cirrus
sources of uncertainty in global climate models (GCMs) due to the complex microphysical
processes that are poorly wunderst @i®y. and di fficu

Cirrus clouds can be seen primarily in the tropopause layer, a transition layer which separates

the dry stratosphere from the wet troposphere. It extends between ~10-12km at high altitudes

and 14-18km in the tropics (Houze 2014). Within the tropopause layer temperature stays

almost constant. Bet we en t he Earthos surface and the t
decreases with height and above the tropopause layer, the temperature increases with height
(temperature inversion). In the tropics, this layer is known as Tropical Tropopause Layer (TTL).

Many authors (Baran 2012, Thornberry et al. 2017) claim that the TTL cirrus act as a crucial

layer in the atmosphere by contributing to thermal radiation and temperature biases. i The r ol e
of thin cirrus clouds for cloud feedback is not known and remains a source of possible
systematic bias...Feedbacks from thin cirrus amount cannot be ruled out and are an important
source of (Boucherrttalad0iB). y o

Cirrus clouds can absorb the ther mal infrared r
lower atmosphere and at the same time, they can reflect the incoming sunlight (Kokhanovsky

2006). Depending on the amount of radiation it absorbs and reflects, the net energy varies.

AfUnder standing the r ol[raiativefenecgy budgetlsystermn s vitdlsas i n t hi
they interact with short- and long-wave radiation, and the presence of cirrus can be decisive

as to a net gain or loss of radiative energy in the [polar] atmosphered¢ ( Mar si2028). et al
The net radiative effect of cirrus cloud is defined as the sum of the short-wave radiation and

long-wave radiation (Baran 2012).

Y Y Y (2.1)

where 'Y is the net radiation (irradiance, unit: W/m?),'Y is the short-wave radiation and
'Y is the long-wave radiation. The short-wave radiation is the difference between the short-
wave irradiance from cirrus (Y ) and cloud-free sky Y . Similarly, the

long-wave radiation is the difference between the long-wave irradiance from the cirrus
(Y ) and cloud-free sky ‘Y

YooY Y 2.2)

Y Y Y ‘ (2.3)

The net radiative effect can be positive, negative, or neutral depending on ice crystal shape

and size distribution along with other parameters (optical depth, ice water content, altitude

etc.) of the cirrus cloud (Baran 2012). For example, in terms of crystal habit, a cloud containing

spherical crystals has higher radiative forcing compared to one with aspherical or polycrystals

(aspherical crystals have higher reflective (albedo) properties) (Zhang et al. 1999). In terms of

crystal size, large ice crystals produce positive cloud radiative forcing (and thereby warming

effect on Earth-atmosphere system); on the other hand, a large number of smaller crystals

can create the opposite effect (Zhang et al. 1999). The authors also statethat i Ci r r us ¢ | o u
radiative forcing, which reflects the potential climate impact of cirrus, is extremely sensitive to

crystal shape and t o Othergtgiesa(Wendischzeeal. 2005sahdr200B)u t i o n . ¢
also confirm that ice crystal shape can significantly affect long-wave radiation.
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Small particle size with low fall speed (the rate at which crystals fall down in the atmosphere
due to gravity) is one of the reasons for longer cloud persistence in the TTL (Fueglistaler et al.
2009). rhe small particles may make an important contribution for the radiative transfer in
clouds and should not be neglecteddo  ( WyL39&).rin the next section, the importance of
studying small crystals is described, based on the previous studies conducted in the cirrus
clouds.

2.2.2 Previous studies on cirrus clouds

Over the years, various studies of the microphysics of cirrus clouds have demonstrated the
prevalence of small ice (<100um). However, there are uncertainties concerning their
morphology (Baran 2012).

In a study, based on a series of in-situ measurements over several states in the U.S., a higher
concentration of smaller sized crystals was found. The particle size distributions measured in
and near cirrus clouds using optical array probes can be seen in Fig. 2.5 (Heymsfield 1975).
The temperature varied between -19°C and -58°C during sampling. From Fig. 2.5, it is evident
that the particle spectra are roughly the same for two types of cirrus, cirrus uncinus and
cirrostratus up to crystal size of 100um. The particle concentration is high in the size range
10-100 um. Then it reduces gradually for cirrostratus; while for cirrus uncinus, it peaks again
at 500pm.

10 T T T

(A} CIRRUS UNCINUS
(B) CIRROSTRATUS

(A)

2
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.oonmo R E
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Fig. 2.5: The particle size distributions measured in cirrus clouds, taken from Heymsfield
(1975). Two types of cirrus clouds were sampled: cirrus uncinus (A) and cirrostratus (B).

Regarding a series of measurements to analyse the distribution and mass concentration of
ice in cirrus clouds using an airborne optical ice particle counter, Liou (1986) statesthati T h e
crystal shapes associated with cirrostratus, cirrocumulus and cirrus were found to be columns,
plates and bullets with sizes ranging from about 100 to 1000 ym. It is noted that many crystals
with sizes smaller than 100um may be missed by the samplingt echni ques. 0

NASA has also conducted several studies of cirrus clouds over the years. The objective of
one such study, the 2014 Airborne Tropical Tropopause Experiment (ATTREX), was to
investigate the composition, humidity, and thermal structure of TTL cirrus (Jensen et al. 2019).
(Note that this investigation is also part of ATTREX but focused on 2015 ATTREX.) Details of
the instruments and ATTREX mission are given in Chapter 3. Fig. 2.6 shows the mean size

15



distribution of crystals sampled on 9-10 March over Western Pacific (the fifth flight out of six
flight samplings) along with their CPI (Cloud Particle Imager) images. The size distributions
are shown for two temperature ranges. From the CPI images, the abundance of smaller
crystals at lower temperature (T<195K=-78°C) can be seen. In comparison, larger crystals are
evident at the higher temperature range of 195-210K (=-78 to -63°C). In general, the smaller
crystals look quasi-spheroidal (except a few plates, columns, and bullets), but it is difficult to
identify the actual crystal shape from the image. In terms of crystal size, the distribution peaks
can be seen at crystal sizes<30um. This data is from just one of 6 flight sampling results;
nevertheless, the results from the other flights corroborate the abundance of small crystals
<30um (Woods et al. 2018).

Mean Hawkeye size distributions (9-10 March)

=
T<195K |
195<T<210K

gl ele’e B
i ] DE @-E" ksl © EFDI -
] . s eecige 1'03 ‘1 .o
s ] ), d - 03- e

-
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=)

dN/diogD (L")
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Fig. 2.6: The mean size distribution of crystals (provided by FCDP and 2D-S probes) and the
crystal images captured by the CPI during the flight on 9-10 March as part of the 2014
ATTREX campaign. Image reproduced from Jensen et al. (2019). The two CPI image panels
(right) correspond to temperature<195K (top) and between 195-210K (bottom).

Similar results were found during a mission to study the microphysical properties of midlatitude
cirrus clouds where temperature ranged between -28°C and -61°C. The particle distribution
peaked in number concentration near 30um; 99% of the total number concentration were
accounted by particles <50um (Lawson et al. 2006b). Among these measurements, two flights
were through thin cirrus clouds and no particles >100um were observed. The dominance of
small crystals might be explained by ice shattering, but the authors consider this phenomenon
to have only a partial effect on the counts. firhus, the data suggest that, while crystal shattering
may inflate the number of small particles in some cirrus clouds, there are instances where
crystal shattering is highly unlikely and very high concentrations of small particles are still
0 b s e r (Lasvsbo et al. 2006b).
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In another study, cirrus clouds were sampled by an aircraft off the UK coast, to the northeast
(altitude 6500 to 8 5 0 Q andhnorth (altitude 6000 to 9 0 0 0, omD1™ and 13" March 2015
respectively (O 6 S het @. 2016). During the former flight, the temperature ranged between
230 and 239 K with a cloud top temperatur
with a cloud top temperature of 226K. It is reported that fFor both flights the highest
concentrations of small ice (less than 100um in size) are observed at the lowest temperatures
suggesting that this is where most of the ice nucleation is occurringd(O 6 S het &. 2016).

In addition to the studies mentioned above, a novel imaging remote sensing method was used
during a recent study (Forster and Mayer 2022) on retrieving ice crystal properties in cirrus
cloud. It was based on ground-based imaging observations of halo displays and they found
that 90% of the crystals had an effective radius (measure for mean size in particle population)
of <40um. The process of retrieval of ice crystal properties is as follows: The image database
consists of images taken by the HaloCam. An automated HaloForest algorithm validates the
images with 22° halos. The images are centred around specific azimuth angles. The best
match is found based on the radiance measurement of the ground-based HaloCam RGB
image and the precomputed radiance distribution in the look up table in the scattering angle
range of 18-25°. The look up table consists of different parameters like ice crystal habits,
surface roughness values, effective radii, cirrus optical thickness etc. The ice crystal properties
of the best match are then retrieved. In addition, they also check for the presence of the 46°
halo, to further differentiate the crystals. Though the light shed by the study on the crystal size
is valuable, it is worth noting that, since it was focused on halo producing crystals (usually
facetted crystals), other crystals (like quasi-spheroids, which are incapable of producing halos)
were excluded from the study.

Despite all these studies, there is ambiguity around small sized crystals as to whether they
are actual crystals or just artifacts resulting from the partial observation of out-of-focus larger
particles (O 6 S het a. 2016). They are also often considered as shattered ice (O 6 S het a.
2016, Guignard et al. 2012), misclassified or generalized as quasi-spheroids (Bailey and
Hallett 2009, Woods et al. 2018), missed by the detecting instruments (Liou 1986), or even
excluded from the dataset due to pixel inadequacy (O6 S hetal. 2016). A The pr e
absence of such small particles has important implications for understanding cirrus cloud
microphysics and radiative properties, and so further investigation of this issue is crucial to
further (P66 peta 2046).

It is clear from these studies that a detailed knowledge of small ice crystal (<100 m properties
is required to characterise cirrus more effectively, permitting the development of more
accurate radiative transfer and climate model simulations. The current study is specifically
focused on this range and provides just such an insight into these properties. Since this
investigation is based on analysing the 2D light scattering patterns captured by the AIITS, the
method is not affected by the resolution limit imposed by direct imaging. Additionally, the
surface texture can also be analysed accurately. Scattering images however mean that, the
properties of ice crystals can only be found by solving the indirect problem using a combination
of observational data analysis and computer modelling technigues.

Before proceeding any further, the scattering process and related terminologies are
discussed.

2.3 The process of scattering and related terminology

Consider a patrticle which is subdivided into smaller regions. Light, an electromagnetic wave,
can induce a dipole moment in each of these regions and set the dipoles to oscillate at the
frequency of the applied field. As a result, they radiate energy in all directions known as
scattered wave. At any point P, the total scattered field will be the sum of all the scattered
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wavelets (Bohren and Huffman 1998). Fig. 2.7 provides a pictorial representation of this
process.

Not all the incident waves will be re-radiated as a scattered wave. A portion of the incident
energy coul d be padidesdependiegdod thebabsorptibrecoefficient of the
medium. As a result of scattering and absorption, the incident wave will be attenuated, which
is commonly referred as o6extinction

Extinction = Scattering + Absorption

INCIDENT

SCATTERED
WAVELETS

Fig. 2.7: The process of incident light scattered by a particle, taken from Bohren and
Huffman (1998).

The light wave incident on a particle can be absorbed, reflected from its surface or refracted
through the particle and be scattered in different directions. It is possible to capture part of the
angular distribution of the scattered light using instruments like the AIITS (described in Section
3.2.4) and by analysing the features of the scattering pattern, the properties of particles can
be retrieved. This is termed the Indirect (inverse) scattering problem. That is, finding the
characteristics (shape, size, and surface) of the particle by analysing its scattering data, which
is a challenging problem. The converse is called the direct scattering problem, finding the
scattered field from a particle of known shape, size, and constituents.

Note that only elastic scattering is considered. That is, the scattered light is assumed to have
the same wavelength (or frequency) as the incident light.

2.3.1 Scattering pattern

Scattering patterns help us to study the morphology of ice crystals as the features in the
pattern vary depending on the crystal habit. It is a two-dimensional plot of the scattered light
represented in polar co-ordinate form (%) , wh e® &8 0 AO&Dd 6 nAdderal, the
forward and backward scattering hemisphere gives scattering information between —=0°-90°
and —=90°-180° respectively. In this study, the focus is on the forward scattering information
of 6 A-© 2 5wbhich is the angular range of AIITS images. The same range is used while
scattering patterns of model crystals are simulated using the Beam Tracing Model (BTM, see
Section 4.3.1). The scattering pattern in a linear intensity scale will only illustrate features at
high intensity. For this reason, the scattering pattern is plotted in logarithmic scale for a better
visualisation of the intricate details, especially at the lower intensity range.
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2.3.2 Single scattering and its properties

Single scattering refers to scattering from a single particle. In single scattering, it is assumed
that the particles are at large separation from each other, and only the scattered field of the
individual particle when excited by an external field is considered. Hence, it is sometimes
referred as independent scattering. That is, each particle is treated in complete isolation from
the surrounding particles (Bohren and Huffman 1998). Regarding the minimal particle
separation for independent scattering, there is no universal rule. While a mutual distance of
three times the radius is recommended by Hulst (1957), a distance of four times their radius
is suggested by Mishchenko (2000).

Some of the single scattering properties are described below.

2.3.2.1 Cross-sections and efficiencies

The scattering cross section (Csca) can be defined as the ratio of the total power (unit: W)
removed from the incident beam due to the light scattering by the particle to the incident
irradiance (unit: Wm-2). Similarly, absorption cross section (Cas) can be defined as the ratio of
the total power removed from the incident beam due to the absorption of light by the particle
to the incident irradiance. Extinction cross section (Cex) accounts for the attenuation resulting
from both the scattering and absorption cross sections.

By the law of conservation of energy,
6 6 6 (24)
For a non-absorbing patrticle,
0 0
The scattering cross section can also be defined as the product of scattering efficiency (Qsca)

and the geometrical projected cross section of the particle. Equation 2.4 can be written in
terms of efficiencies as,

0 0 0
where Qex: and Qaps are extinction and absorption efficiencies respectively. The cross sections
have units of area, while efficiencies are dimensionless.

2.3.2.2 Single scattering albedo
The ratio of scattering cross section to extinction cross section is defined as the single
scattering albedo.
5

1B
It provides a measure of how much of the extinction is due to scattering and takes a value
between 0 and 1. While] p implies that the extinction is solely due to scattering, ] T
implies that the extinction is solely due to absorption.

2.3.2.3 Phase function

The angular intensity distribution of light scattered by a particle at a given wavelength is called
the phase function. The direction of scattering is characterized by scattering angle (= and
azimuth angle n . The scattering angle —is the angle formed between the incident and
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scattered beam directions. The phase function is normalized in such a way that the integral
over the scattering sphere centred on the particle is equal to t* (Sienfeld and Pandis,1997).

0 - i e Tt

2.3.2.4 Asymmetry Parameter
Asymmetry parameter refers to the intensity-weighted average of the cosine of the scattering

angle (—-

", T oo p 5 T rr ey,
Q WeE i — VL —wWE il VO—

Depending on the direction of the scattered light, the value of "Qchanges between -1 and 1.
When —=r1 Jthe scattered light propagates in the same direction of the incident light (forward
scattering and "x1. For backward scattering (—p W J1 When the scattered light propagates in
a backward direction to the incident light, "G=-1. When the light is scattered equally in all
directions (isotropic), "G-O0.

In this chapter, an overview on ice crystals and cirrus clouds were given. The scattering
process and associated terminology were also outlined. Previous studies point out the
importance of understanding the microphysical properties of small ice crystals in cirrus cloud
and this research is focused on investigating the properties of these ice crystals.

In the next chapters, this paper briefly discusses:

9 The light scattering data and instrumentation.

1 The features that can be seen in the scattering pattern and how to identify the ice
crystal geometry based on those features. The processes of estimating the size of
smooth and rough crystals are also described.

1 Examples of different types of modelled crystals and their simulated scattering patterns
are compared to the AIITS light scattering pattern images.

1 The statistics of crystal types and sizes based on analysing the light scattering data
taken by AIITS (05 March ATTREX 2015).

1 The steps involved in developing a Deep Learning code for future crystal classification.
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3. LIGHT SCATTERING DATA

The data used in this research was obtained during the ATTREX (Airborne Tropical
Tropopause Experiment) scientific campaign on 5" March 2015. The data, a collection of 2426
indirect images or far-field light scattering patterns, was generated by the AIITS (Aerosol Ice
Interface Transition Spectrometer), an instrument designed and built at the University of
Hertfordshire. This chapter outlines the ATTREX mission and some of the instruments used
during the science flight.

3.1 Airborne Tropical Tropopause Experiment (ATTREX)

The ATTREX was a series of scientific measurement campaigns initiated by NASA (National
Aeronautics and Space Administration) to study the physical processes, chemical
composition, moisture |l evels and humidity
(Fig. 3.1), an unmanned aerial vehicle (UAV) was chosen for this project to carry the
specialised instruments due to its ability to fly at high altitude (20 km) covering a long range
(16000 km) with a payload capacity of around 680 kg (Jensen et al. 2013). The ATTREX
project was managed by the NASA Ames Earth Science Project Office, along with
investigators from NASA, National Oceanic and Atmospheric Administration (NOAA), National
Centre for Atmospheric Research (NCAR), several universities as well as private industry
(Conner 2015).

Fig. 3.1: NASA Global Hawk during a checkout flight of ATTREX instruments (Baccus 2014).

Overall, the ATTREX mission provided over 300 hours of TTL sampling (Jensen et al. 2022).
Brief summaries of the flights, the regions where the experiments were conducted as well as
the flight duration when sampling are given in Table 3.1. The flight path taken during different
ATTREX missions are shown in Figs. 3.2 and 3.3. The figures have a different range in
latitude/longitude. Details of the 2011 and 2013 ATTREX missions are discussed in Jensen et
al. (2013).
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2011 (Oct-Nov) 61.3 (3 flights) Eastern Pacific TTL

2013 (Feb-Mar) 146.6 (6 flights) Central and Eastern Pacific
TTL

2014 (Jan-Mar) 99.9 (6 flights) Western Pacific TTL

2015 (Jan-Mar) 66 (4 flights) Central and Eastern Pacific
TTL

Table 3.1: ATTREX flights details.

RFO05, 26-27 Februan

-110 0 470

RFO3, 9-10 November

RFO1, 28-29 Oclober

RF04, 21-22 February

Fig. 3.2: Flight tracks of ATTREX 2011 (left) and 2013 (right) flights (Jensen et al. 2013).

RF06, 11-12 March

30

RF04, 6:7 March

; RF01, 12-13 February

LS
1l e |

PR
Fig. 3.3: Flight tracks of ATTREX 2014 science flight (Woods et al. 2018).

RFO05, 9-10 Margh

During the ATTREX 2014 deployment, six research flights were conducted in the Western
Pacific. These are shown in six different colours in Fig. 3.3. Fig. 3.4 also shows the ATTREX
2014 flight path, but additionally it shows the occurrence of clouds (coloured by temperature
in Kelvin) along the flight track as well as the vertical flight profile. The clouds were sampled
at an altitude between 14-18 km and the temperature of the cloud ranged between 185-207
K. Further information on the 2014 ATTREX mission can be found in Thornberry et al. (2017),
Jensen et al. (2017) and Woods et al. (2018).
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Latitude (°N)

Altitude (km)

Fig. 3.4: The Global Hawk flight path over the Western Pacific for ATTREX 2014 (top) shown
in grey colour. The presence of cloud is shown in rainbow colours with a temperatures scale
on right side of the figure. The TTL clouds are shown in dark blue colour. The altitude of
clouds (in km) along with the vertical profile of the flight are shown in the bottom panel
(Thornberry et al. 2017).

3.1.1 ATTREX 2015

The 2015 ATTREX deployment was NASA ATTREX and CAST (Co-ordinated Airborne

Studies in the Tropics, funded by Natural Environmental Research Council (NERC)) joint

mission conducting research flights using the Global Hawk. The Global Hawk took off from its
bascatNASA6s Armstrong Flight Research Centre, Cali
flights between 3™ and 13" March with an average duration of 22 hours totalling 66 hours.

Latitude

130°W 120°W 110°W 100°W 90°W
Longitude

Fig. 3.5: Image of ATTREX 2015 flighttrackss uper i mposed on aThegcol ort er
flight track on 5™ March is shown in red. The other flight tracks on 10" March (blue), 2 range
flights on 26™ Feb (yellow) and 13" March (green), can be seen as well.
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Along with the previously flown ATTREX payload, two new CAST probes were used, the AlITS
and the Green House gas Observations in the Stratosphere and Troposphere (GHOST)
(Conner 2015). More details on AIITS can be found in Section 3.2.4. GHOST is a shortwave-
infrared (SWIR) spectrometer which measures the greenhouse gases from an airborne
platform (Humpage et al. 2018). The two CAST instruments had conflicting requirements for
atmospheric conditions to get optimal results; while AIITS is designed to study cloud particles,
GHOST require cloudless skies (Humpage et al. 2018). Therefore, separate flights were
targeted for AIITS and GHOST on 5" and 10" March respectively. The flight on the 5™ of
March (flight track shown in red colour in Fig. 3.5) lasted for a total duration of 25 hours and a
large proportion of it consisted of vertical profiling through the TTL clouds.

Fig. 3.6 shows how the static temperature and pressure change as a function of altitude.
Pressure is given in units of hecto Pascals (hPa). 1 hPa=100 Pa= 1 millibar. At higher altitudes
around 18km, the pressure ranges between 50-100 hPa and the temperature 190-215 K,
compared to the surface values 900-950 hPa and 280-290 K respectively.

Altitude (km)
)
(km)
S

Altitude

0 . . . . . .
180 200 220 240 260 280 300 0 200 400 600 800 1000
Temperature (K) Pressure (hPa)

Fig. 3.6: Temperature(left) and Pressure (right) profile.

Temperature and altitude data are shown in Fig. 3.7. The vertical profile of the flight, track
shown in blue colour, ranges from 14 to 18 km. The corresponding value of temperature is
shown in red colour. Over time, the temperature varied between 190 and 220 K, and as
expected, the temperature peaked at around 205K over the area in which the flight descended
to 14km.
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Temperature and Altitude Data
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Fig. 3.7: The temperature and altitude data. The blue solid line represents the vertical profile
of the flight track, and the red solid line represents the static temperature along the flight
track.

3.2 Measurement Probes

Several measurement probes were installed on the aircraft during the ATTREX mission, some
of which are briefly described here.

3.2.1 Fast Cloud Droplet Probe (FCDP)

FCDP is an optical particle counter designed to measure cloud particle number and size
distributions in 1.5-50 um diameter range. The probe (see Fig. 3.8) consists of 2 arms with a
laser beam on one side (transmitter arm) and the photodetectors on the other (receiver arm).
It works on the principle of forward scattering; as the particle passes through the sample
volume (between the transmit and receive arm) the light will be scattered and directed through
collection lens system, while the detecting optics measures the particle size based on the
intensity of scattered light collected at the dump spot. The data acquisition as well as the signal
processing systems are kept in the main body (SPECinc 2019). The instrument provides
reliable measurement in ice clouds (Jensen et al. 2013). The FCDP, along with the layout of
its light scattering measurement principle is shown in Fig. 3.8. Apart from ATTREX, FCDP has
also been used in the NASA POSIDON (Pacific Oxidants, Sulphur, Ice, Dehydration, and
cONvection) experiment to study the OH and sulphur chemistry, cirrus clouds, and
dehydration in the tropical upper troposphere and lower stratosphere over the western Pacific
(NASA 2020).

PARTICLE
TRAJECTORY COLLECTION LENS
SYSTEM

SCATTERED LIGHT

BEAM
UNSCATTERED
LASER BEAM BY PARTICLE IN : SPUTTER QUALIFYING

SAMPLE VOLUME v / DETECTOR
=) B | l e
o = N
\ f sSSISiSr==S N aur
SAMPLE APERTURE
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LASER AND . DUMP SPOT
COLLIMATING

LENS ‘ SIGNAL (SIZING) ot 1o Wacnua

DETECTOR x
2.4 MM X 2.4 MM
ACTIVE AREA .

Fig. 3.8: Picture of FCDP (left) (SPECinc 2019) and its light scattering measurement
principle (right) (Glienke et al. 2020).
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3.2.2 Two-Dimensional Stereo (2D-S)

2D-S is an optical imaging instrument capable of taking shadowgraph images (a photographic
image resemblingashadow) of particles with a pixel r
to 250 m/s (Lawson et al. 2006a). It can measure the patrticle size between 10-1280 microns
using two independent 10 um channels, as well as particle concentration and extinction (NASA
2022). It consists of two linear 128-photodiode arrays illuminated by two diode laser beams
perpendicular to each other. The beams are directed through the centre of the sample volume.
Since the probe is capable of recording two independent images of the same patrticle in the
beambés overl ap r egimensional \dew ean be reconstruaed for some
particles. Single images of particles are captured outside the rectangular overlap region
(Lawson et al. 2006a). Although replaced by the Hawkeye and 3V-CPI (Three view Cloud
Particle Imager, combination of 2D-S and CPI), the instrument is still operational. Fig. 3.9
shows the zoomed in portion of sample volume of the 2D-S as well as the instrument installed
on an aircraft.

Fig. 3.9: Photograph of 2D-S &  c-Upwisweof sample volume with orthogonal laser beams
(left) and of 2D-S and CPI installed on a research aircraft (right) (Lawson et al. 2006a).

3.2.3 Hawkeye

Hawkeye (see Fig. 3.10) is a particle imager which houses a combination of cloud particle
probes: Two channels of 2D-S capable of sizing particles in the 10-1280 um and 50-6400 um
size ranges at 10um and 50um resolution respectively, FCDP with 1.57 50 um size range at
3um resolution and Cloud Particle Imager (CPI) with 2.31 2300 um size range at 2.3um
resolution (SPECinc 2012). In other words, it is an extended version of 3V-CPI integrated with
FCDP. The 3V-CPI, an imaging probe, comprises of two channels of 2D-S as well as the CPI
probe and is used to measure the particle size, shape, and concentration. The CPIl was
operating in a trigger mode to take high resolution images of the particle when the particle is
found in the overlap region of the 2 laser beams from the 2D-S probe. The CPI camera
provides grayscale images with a maximum rate of 400 frames per second. Therefore, the
CPI provided information on crystal habit while 2D-S provided data on particle size distribution.
The sectional view of the instrument as well as its optical layout is shown in Fig. 3.10.
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Fig. 3.10: The sectional view of Hawkeye instrument (left) and its optical layout (right).
Reproduced from SPECinc (2011).

3.2.4 Aerosol Ice Interface Transition Spectrometer (AIITS)

AIITS is a light scattering (indirect imaging) instrument used to investigate the morphology of
airborne particles, in particular ice crystals in high altitude cirrus clouds. Indirect imaging is
particularly useful for small crystal analysis since optical (direct) imaging is often constrained
by depth of field, aberrations, and diffraction. Therefore, the lower size limit is much larger with
direct imaging. It works by introducing a laser beam to an individual particle and the forward
scattering patterns are captured in two dimensions by two high-resolution cameras (Stopford
et al. 2015). The instrument can analyse the individual particles ranging from 1 to 100 um in
size, carried in the airflow. It was developed at the University of Hertfordshire as part of the
NERC project Co-ordinated Airborne Studies in the Tropics (CAST).

Folding mirror

P image intensifier-

Pellicle . !P camera and relay lens

beamsplitter @ : S camera and relay Iem—

—,f\—rocu551ng Icnscs
-

\ - / "
o
Quarter wave plate S image intensifier
C ondenser lenses for forward scatter
Beam shaping lenses

&Tnggcr detector mirror
Beam folding mirror Trigger detector PCB
(opposite side of scattering volume)
Backscatter collimating lens
!S PMT

Focussing lens

Polarising beamsplitter

PPMT—

Fig. 3.11: The AIITS instrument (left). The instrument layout, picture courtesy of Dr Chris
Stopford (right). The components are not to scale.

The instrument shown in Fig. 3.11, consists of a laser source (532nm), photomultiplier tube
(PMT), beam splitters, trigger detector system and cameras. The instrument weighs
approximately 35kg; its outer casing is made of anodized aluminium. The particle enters
through the inlet (left side) of the instrument shown in Fig. 3.11. The inlet is designed to reduce
shattering of ice with an angled leading edge.
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Optionally, the laser light is passed through a quarter-wave plate, which converts linearly
polarized light into circularly polarized light (and vice versa). This is directed towards the beam
steering mirror, which reduces the size of the optical system by bending the beam while
redirecting the beam to the scattering volume. The scattering volume is defined by the region
intersected by the trigger detector mirror (bottom) and the photodiode (top). To be triggered,
a particle must be within the scanning area of the detector as well as in the path of the beam.
The emerging scattered light passes through a Pellicle beam splitter and the images are
captured by the intensified CCD cameras.

The instrument can operate in two different modes: forward scattering intensity mode and
forward and backward depolarisation mode. In the former mode, the quarter wave plate
converts the beam into circularly polarized light and the cameras capture the 2D intensity
patterns. While operating in the latter mode, the beam will be linearly polarized, and
independent images of parallel and perpendicular polarization are taken by the two intensified
cameras with up to 100fps (frames per second). Backward scattered depolarisation is
captured on to two PMTs with orthogonal polarisation filters applied. The images are greyscale
images (8-bit JPG) with a dimension of 512x640 pixels. The forward and backward scattering
pattern have an angular range of 6°-25° and 163.5°-173.7° respectively. Unfortunately, one of
the intensifiers was broken during the testing phase of ATTREX 2015 science flight and
therefore, the polarised images were not captured.

All the instruments described in this section can be mounted on aircrafts. The specifications
of these instruments are summarized in Table 3.2.

Sample Volume Collection  Measurement Optimum size
Instrument Sample Area
at 100m/s angle Range range {1m)

FCDP 0.08L/s[1] 2'4'm' 'n“:[’é]z'”' 4121  1550um[]  10-25um [
0.128 cm x
4 _ 6
- 16L/s[] 6.3 cm[] 101280um[7]  >3Gum ]

0.37Ls[]  2°SMMX23 5 5g2  2.32300im[]  >3Qum [

mm[']
0.74mnt x 90
um =0.06mm  0.74mnt[Y]  6-25°[% 1-100um [*Y 1-100um [*Y
[

Table 3.2: Specifications of different instruments.

The results from the NASA probes are compared

I Thornberry et al. 2017

2 Glienke et al. 2020

3 Dr Richard Cotton, private communicatjddct 2023
4 Baumgardneet al. 2011

5 Samplecross sectiorl.awson et al. 2006a

6 NASA (2022)

" Przybylo et al2022

8 SPECinc (268}

° SPECIinE012

0L awsonR. Pet al. 2008

11 Dr Chris Stopford, private communicatjddov 2023
12 Stopford et al. 2015
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3.3 Images taken by the CPI

The images taken by the CPI instrument on 5" March 2015 are given in Fig. 6.25. In the figure,
a few hexagonal plates and columns can be seen, but predominantly the crystals look quasi-
spheroidal. The spheroidal crystals may not be spheroidal in reality; it might be due to the
constrained resolution of the instrument. Likewise, the surface texture cannot be determined
from the given images. This is where additional information can be drawn from the AIITS
images, as the intricate features in the scattering pattern can be clearly seen. And by solving
the inverse problem, the crystal type can be identified. An example image, taken using AIITS
instrument is shown below (Fig. 3.12), where the speckle-like feature is visible, indicative of a
rough surface texture. Based on modelling results, it was found that the crystal was indeed a
rough solid column (details in Section 5.2.2).

Fig. 3.12: AIITS no.1906

This chapter provided an introduction to the ATTREX mission, and several probes used for
measurements including the AIITS. Next, we look at how the features in the scattering pattern
images taken by the AIITS help in identifying the crystal types. The method used to simulate
the scattering patterns of model crystals and some terminologies related to crystal modelling
are also described.
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4. METHODOLOGIES

In the first section of this chapter, some of the terminologies associated with crystal modelling
are discussed. The crystal modelling requires different analytic as well as computational
techniques as it varies with type of crystal. The crystal type can be identified by analysing the
features in the scattering pattern. This is outlined in Section 4.2. This is followed by the method
which is used to simulate the light scattering pattern as well as the steps involved in estimating
ice crystal geometry. Finally, the process of extracting the crystal diameter and surface
roughness from rough crystals using two different algorithms is discussed in detail in Sections
4.5.1 and 4.5.2 respectively.

4.1 Terminology

Some of the terminologies that are often used in this and following chapters are explained
here.

4.1.1 Euler angles

The Euler angles are used to define crystal orientation. For example, the model crystal needs
to be rotated several times using different Euler angles, until a best match between the
simulated images and AIITS images are found. Hence, they play a key role in accurately
estimating the crystal sizes (discussed in Chapter 5).

Consider a (three dimensional) Cartesian co-ordinate system with x, y, and z axes
(perpendicular to each other) and the propagation of incident beam is in -z direction, with the
particle situated at its centre. An example is shown in Fig. 4.1.

Fig. 4.1: Changing the orientation of a column crystal using the Euler angles, taken from

(Taylor 2016). Step-by-step rotationf r om t he crystal 6s initial

different angles are shown through A-D.
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The hexagonal column aligned with its axis parallel to the z-axis, is rotated in 3 steps defined

by 3 angles: alpha (0), beta (b) and gamma (2) respec
any rotation is shown in Fig. 4.1 (A). Once rotated, the subsequent rotations are calculated

from the new co-ordinate system. This results in 3 axes of rotation: 1) Rotate around z axis by

an angle U (z6=z and the new axes are named x0
anangl e b (x66=x06 and, y6 and z06 changes to vy
angle o0 (Z=z66 and, x0606 and y66 changes 410 X
(B-D) respectively. If rotated in the clockwise direction, the angle of rotation will be positive. In

this paper, Euler angles are specified in radians, unless otherwise stated.

4.1.2 Aspect Ratio

The aspect ratio (0 'Yis defined as the ratio of the hexagonal prism height (‘O to its basal
diameter (O =2*prism radius). The aspect ratio is larger than one for columns, and smaller
than one for plates. Examples are shown in Fig. 4.2 using a hexagonal column and plate.
Crystals with aspect ratio unity are often called as equiaxed as their prism height and basal
diameter are equal.

0'Y °
0

@)

Fig. 4.2: Planar crystals: column (left) and plate (right) with dimensions indicated.

4.1.3 Size Parameter

The size parameter @& is the product of wave number (Q —) and the characteristic size (i)
of the particle. It is dimensionless.

. s |
w QI 5
In many applications the characteristic size is defined as ——, where O is the maximum
dimension of the particle.
. “ 'O
w —_—
For a hexagonal prism, ‘O MO 'O where "Oand O are the height and diameter of

the particle, respectively.

Since the AIITS detects patrticles in the 1-100 um diameter range at a wavelength of 532nm,
the current study is only focused on size parameters ranging from 5.9 to 590.5.
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4.2 Features of different types of crystals and their scattering

patterns

Different features are manifested in the scattering pattern depending on the crystal type. In
general, the scattering pattern varies with particle shape, size, texture, refractive index, and
wavelength at which it is measured. As this study is focusing on ice crystals with refractive
index 1.31 at the wavelength 532nm of the

only on the crystal shape, size, and texture. By analysing the features in the pattern, it is
possible to identify the overall shape of the crystal and other properties such as whether it is
rough, rounded, or pristine. In general, pristine crystals exhibit bright, sharp, and well-defined
scattering arcs; rough crystals show speckle-like features and crystals with significantly
rounded edges are likely to display ring-like structure in their scattering pattern. In plates, due
to the crystal orientation, 22° halos cannot be observed. The features of different types of
crystals and their scattering patterns are summarized in Table 4.1.

- orientated
preferentially on its
basal facet
(perpendicular to the
gravitational force).

- can be regular
hexagonal, trigonal,
scalene or droxtal type
with pristine/round
edges and
smooth/rough surface

- orientated
preferentially on prism
axis near perpendicular
to the gravitational
force.

- can be short or long
columns and needles
(extremely thin solid
columns).

- can be rough or
smooth with rounded,
or pristine edges.

- any orientation.
- crystals with rough
surface.

Regular Hexagonal: 6 prominent scattering
arcs extending from the centre radially.

Scalene: 4 prominent and 2 weak scattering
arcs.

Trigonal or scalene with 3-fold symmetry: 6
scattering arcs with distinct features.

Droxtals: 3 or more scattering arcs with bright
spots (halos). These can be regular or scalene
type as well. (For details, see Section 5.1.4)

Rough plates: Speckle-like feature with 3 or
more arcs.

Rounded plates: Ring-like structure with 3 or
more arcs.

Smooth columns: 2 bright scattering arcs in
the centre (later mentioned as major central arc)
with or without parallel lines. The central arc can
contain maxima and minima. The number of
these will increase with crystal diameter. Often
a bright spot (halo) can be seen towards the end
of one scattering arc.

Needles: Major central arc  without
accompanying parallel lines.

Rough columns: Speckle-like feature with a
major central arc.

Speckle-like feature.
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- any orientation.

- crystals with rounded
edges and smooth
surface.

- any orientation.

- crystals with rounded  Combination of both ring-like and speckle-like
edges and rough features.

surface.

Ring-like structure.

Table 4.1. Features of different types of crystals and their respective simulated patterns.

These main and sub-crystal categories, what their simulated scattering patterns look like, how
specific models are created, how the simulated patterns are generated from these models and
how they are compared, are all explained in detail in Chapter 5 along with examples.

4.3 Methods for simulating light scattering patterns
In principle, light scattering patterns can be simulated by exact methods (finding solutions to

the scattering problem by directly solmatrixg

method (Mishchenko et al. 2014) is an exact method, and the discrete dipole approximation
(Yurkin et al. 2007) i s a numerically exact met hod.
computational limits makes them unsuitable for large particle sizes and/or particles with
complex shape. For such particles hybrid physical-geometric optics can be applied (Yang et
al. 2019, Konoshonkin et al. 2017, Taylor 2016, Hesse et al. 2018). Within this project, the
Beam Tracing Models (Taylor 2016 and Hesse et al. 2018) are applied. They are briefly
described in the next section.

4.3.1 The Beam Tracing Model (BTM)

For this work two versions (Taylor 2016 and Hesse et al. 2018) of the Beam Tracing Model
(BTM) were used. In both methods the incident plane wave is split into beams. In Taylor (2016)
method, the beams are defined by the projected cross sections of the beam-facing facets, but
in Hesse et al. (2018) method, beams are defined by triangulating the projected cross section

Ma x w

Al t ho't

of the particle. Foll owing Snell 6s | aw, each be

surface. This is implemented differently in the two methods: if a transmitted beam hits more
than one facet, it is split into sub-beams, which are again reflected and refracted, etc, until

beam energy is below a set minimum or a set number of recursions isreachedi n Tayl or 6 s

method (2016), whereas the small triangular beams are not further subdivided in Hesse et al.
(2018) method.

In both methods, externally reflected and outward refracted beams undergo Kirchhoff
diffraction, and the far field is calculated for the angular region of interest. In addition to tracing
the part of the incident wave hitting the crystal, external diffraction needs to be considered.
Fol | owi n g pBreiple, this is dome by computing Kirchhoff diffraction by the beam
facing facets. Taylor 6(2016) method is very fast, but the current implementation is only
applicable to simple geometric shapes like hexagonal prisms, whereas the method of Hesse
et al. (2018) is not restricted by such limitations to particle shape, but it is more computationally
expensive.

A S a
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4.4 Estimating the shape and size of crystals

In general, estimating the crystal geometry is a four-step process, which is outlined below. In
step 1, an overall idea about the crystal habit is obtained through the analysis of features in
the scattering pattern. However, for an accurate estimation of both size and shape, steps 2-4
are to be followed. After finding the crystal type, corresponding model crystals are generated.
The BTM is used to simulate the scattering pattern of model crystals. Model crystals of various
sizes and orientations are used until the simulated patterns matches the AIITS images. Once
they match, the crystal size is estimated depending on the crystal habit.

Step 1: Find the crystal shape: Analyse the features in the light scattering pattern images to
find the type of ice crystal. The features of different types of crystals were already addressed
in Section 4.2. This can be done by visual inspection. However, it is challenging to classify the
crystal habits manually and the process will become even harder for larger datasets. This is
the motivation behind implementing a Deep Learning Network, an automated neural network
to classify the scattering images based on the crystal type, which will be discussed in Chapter
7.

Step 2: Model specific crystal: Generate the specific crystal files using the relevant program.

Different programs (in Fortran) are used to generate crystals with different geometries like

pristine hexagonal plates, quasi-spheroids, rough crystals etc. Model crystals of different sizes

and in different orientations are required. Model crystals are initially produced i n  =0b =
orientation. These crystal files are used alongside MATLAB code to visualize the patrticle

shape. For more complicated crystal files |like roug
3D Vi e we rfdrvisuaizatios. e d

Step 3: Simulate the scattering pattern: The model crystal file obtained in step 2 is used as
input for the Beam Tracing Model (discussed in Section 4.3.1), to produce 2D scattering
pattern of the model crystal. The simulated pattern is then compared (by eye) with that of the
AIlITS scattering pattern image. Since the pattern changes with crystal size and orientation,
steps 2 and 3 are repeated with different crystal sizes and orientations until the two patterns
match. By changing the values of the Euler angles, different crystal orientation can be
obtained. The scattering pattern is visualized using MATLAB.

Step 4: Estimate particle size: Once the simulated pattern and the AIITS scattering pattern

image match, the crystal size is estimated. The process of size estimation varies with the

crystal habit and is explained in detail in the next chapter. For example, size estimation of a

smooth hexagonal prism is done manually by analysing the angular distribution of diffraction

minima in the scattering pattern (or the width of the scattering arcs). As the width of the

scattering arc increases, the crystal size decreases. For a rounded crystal, size can be

estimated based on the numberof o6ring | i ked struct Uhecigheri n t he
the number of rings, the larger the crystal. For rough crystals, smaller speckles are indicative

of larger crystals, and vice versa.

In general, these steps are followed to estimate the shape and size of all crystals. Chapter 5
provides the process of modelling different types of crystals, comparing it with AIITS images
and estimating the crystal sizes, in detail with examples. For rough crystals, two MATLAB
algorithms are used to estimate particle diameter as well as particle roughness. These are
explained in the next section.

4.5 Estimating the size and roughness of rough crystals

One of the easiest ways to identify the rough crystals is to check whether its scattering pattern
contains any speckle-like features. For rough plates and rough columns, in addition to
speckles, scattering arcs will be visible. However, in some other cases like rough quasi-
spheroids or irregular crystals, the absence of additional unique features (nothing other than
speckles) makes the detection of underlying crystal habit challenging. For this reason, only
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rough plates and rough columns are separately classified. Other crystals are collectively
grouped into the O6Rough crystal dé c &deSeciony4 as t he
for more information.

Unlike the analysis described in the previous section, the process of rough crystal estimation
is automated using MATLAB. That is, the images are directly fed into the program to calculate
the crystal diameter. However, the results have been validated by manual analysis as well and
this is described in Section 5.4.1 in detail. First, the Speckle Analysis code used to calculate
the rough crystal size, is discussed. Then, the Combined Roughness code is discussed, which
evaluates how rough the crystals are on a scale between 0 to 1, ranging from smooth to very
rough respectively. In each section, the accuracy of the algorithm is reviewed, and changes
were made where appropriate.

4.5.1 Speckle Analysis

To estimate the size of the rough crystals, the method described in Ulanowski et al. (2012) is
followed, where the authors state that the median of the speckle area is inversely proportional
to the particle size. The equation,

T_a
“ ’o

0 4.2

is used to estimate the patrticle size or diameter (O). _ is the wavelength of light (532nm), & is
the distance between the particle and the detection plane in equivalent pixels, and O is the
average diameter of the speckle spots in pixels.

Based on the method described in Ulanowski (2012), a Speckle Analysis programme has
been written (in MATLAB) to estimate the crystal size by analysing the speckles in the
scattering pattern (Appendix 11.1). The flowchart of the code is shown in Fig. 4.3.

The first step is the image pre-processing stage which involves 2D median filtering and
displaying the relevant area of the greyscale image. By using 2D median filtering, the noise
can be reduced without damaging the edges of the image.

The next step is the greyscale morphological reconstruction of the image using the
omr econstr uct 6hakwoaparametens: Marker anchMask. The image which needs
to be enhanced is used as the Mask. The Marker is used to mark the regions to be enhanced.
The greyscale reconstruction simply extracts the connected components of Mask which are
dnarkedd by the Marker using iterative geodesic dilations (Vincent 1993). The geodesic
distance is the shortest distance between two pixels in the Mask and is highly dependent on
pixel connectivity (Vincent 1993). As the Marker value, the image is multiplied by a constant,
0.6 which is recommended in Ulanowski et al. (2012). Once the morphological reconstruction
is done, the regional maxima is computed using ¢
finds the regional maxima in the reconstructed image by replacing the pixels of constant
intensity values with 1 and their neighbours of lower pixel values with 0, the speckles can be
identified as pixel values of 1. At this point the image will be binary or logical.

Finally, the function O6éregionprops6 is applied
properties of the speckles like speckle area. The median area of the speckle is found, from

which the diameter of the speckle (O ) is derived. This is done by equating the median speckle

areato the equivalent circular area. The speckle diameter (‘O ) is then substituted into Equation

4.1 to find the particle diameter (O).

Ulanowski et al. (2012) recommends using a quality criterion (0),
4.2
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where 0 is the spot coverage, 0 ——, 0 is the total speckle area and 0 is the background

area. 0 has the maximum value (0 p), when & p¥¢ which occurs whend 6 and the
lowest value (0 1), whend Tmord p (when either d or & is zero). The results are
rejected if the quality criterion value falls below 0.4. The chosen threshold is based on
comparing true and predicted values where the correlation value is maximised.

_ Mask: Image
Image Preprocessing

Marker: Image*06
Loadthe scattering > DoMorbhological fructi
pattern (greyscale) oMorphological reconstruction

when Marker<=Mask

'

Apply median filtering Find the regional maxima.
on the image.

image.

A 4
Get thespeckleproperties like
Display the relevant speckle areaising

area of the image. WNB IA 2y LINR LIA

\4

v

Calculate the diameter of the

speckle fronmthe median of
the speckle area.

Compute the particle
diameterusingEquation4.1.

Apply Quality Critedn (0)

'

No Reject the result and

test next image.

Yes

Accept the Particle
size result.

Fig. 4.3: Flowchart of the Speckle Analysis code.

The speckle analysis code has been tested using simulated scattering pattern images and the
result is described in the next section.
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Th e v a |Ud elqumtion 461 is calculated for the simulated images as follows (Fig. 4.4):
The simulated images have a dimension of 511x511 pixels:

L pa

L EgAl ¢
U AT ( JI®RPELALO
D~ 511/2=
’/,—" 255.5 pixels
-\ 25
A
Particle Scattering pattern image

Fig. 4.4: Figure showing the geometry for calculatingv a | Whe ¢

On substituting _=532nm and U=547.92pixels, Equation 4.1 reduces to:

O X%
0

o 2 4.3)

4.5.1.1 Testing the Speckle Analysis code using simulated scattering images

The code was tested using the simulated scattering pattern images of modelled crystals. The
rough crystal models of various roughnesses, types and sizes were generated using the
method described in Collier (2014). Since the sizes of these crystals were known in advance,
it was straightforward to test the accuracy of the prediction results. There were 25 entries in
total with particle diameters ranging from about 10 to 100 um, consisting of plates, columns,
and spheres in different orientations and with various degrees of roughness. The simulated
pattern images were saved in .jpg image format. As an image pre-processing step, these were
converted to greyscale images with only the region of interest displayed. The rest of the
process is the same as shown in the flowchart Fig. 4.3.

In Fig. 4.5, test of the simulated pattern of a rough column with radius 10um and length 30um

using the Speckle Analysis code is shown in successive steps as an example. In the top panel,

the simulated image in .jpg is given in Fig. 4.5 (a), the image after pre-processing is used as

Mask in (b), and the image multiplied by a constant 0.6 is used as the Marker in (c). The
resulting image after morphological reconstruction using the Marker and Mask is shown in (d).

The regional maxima obtained from the reconstructed image is shown as the binary image in

(). The oO6regionpropsé function is wused to get
computed. To analyse the proportion of speckles taken into consideration using the
6regionpropsd functi on,addedx and dhe s$eleated Specklds are o d e
highlighted in (f).
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rotated.pf.crystal.2D.p11.-FW

(c) Marker

(d) Morphological reconstruction (e) Regional Maxima (f) Selected speckles

Fig. 4.5: The step-by-step output of the Speckle Analysis code while using 0.6 as the Marker
value. (a) The simulated image, (b) the cropped image used as the Mask, (c) the image
multiplied by 0.6 used as the Marker value, (d) the result of morphological reconstruction

using Marker and Mask, (e) the regional maxima in the reconstructed image and (f)
highlighting the speckles that are considered in the reconstructed image.

The maximum dimension of the crystal was compared against the diameter predicted using
the Speckle Analysis program. Regarding the Quality Criterion (0 ), Ulanowski et al.
recommend that the predicted result is acceptable if 0>0.4. However, on analysing the 0
values and the predicted result, they were not consistently correlated. That is, the predicted
crystal diameter matched with the actual crystal diameter in some cases where 0 value is less
than 0.4. On testing simulated images no particular relationship was found between 0 value
and predicted result. Hence the quality criterion was not utilised in this analysis.

Ulanowski et al. (2012) states that the median of the speckle area is inversely proportional to
the particle size. This is confirmed in the current study. In Fig. 3.6, the estimated particle
diameter is plotted against the inverse of the median speckle area of the simulated images.
The red line is the Equation 4.1 (or Equation 12 in Ulanowski et al. (2012)). The equation holds
true for smaller crystal sizes up to 30um in diameter. However, for crystals larger than 30um,
it departs from the red line indicating that the speckle sizes are larger for larger crystals.
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Crystal Diameter vs. Inverse Speckle Area using Marker
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Fig. 4.6: A plot of estimated particle diameter versus the inverse of the median speckle area
for the simulated scattering images of rough spheres, plates, and columns. The trendline is
shown as blue dotted line and Equation 4.1 as red line.

In comparison, a similar plot from Ulanowski et al. (2012) is shown in Fig. 4.7. They used a
variety of samples like living cells, rough and smooth dust grains as well as ice analogues. It
is evident from the plot that, as grain size increases beyond 30um, the black line representing
Equation 4.1 diverges from the data points.

® Rough dust O

0.03 1| 5 smooth dust
= X Ice analogue
%
(= ¢ Living cell
< 0.02
s O Sphere cluster O
®
pie - Eq. 12
2
2
£ 0.01 O

0 T T

60 80 100
Grain size (um)

Fig. 4.7: A plot of grain size versus the inverse of the median speckle area for a variety of
samples including dusts, living cell and ice analogue in size range:4-88um, taken from
Ulanowski et al. (2012). Equation 4.1 is shown in black line.

Since Equation 4.1 does not fit for crystal sizes greater than 30um, the algorithm has been
tested with different Marker values rather than just 0.6. Values between 0.6 and 0.9 were
tested in steps of 0.1. The resulting plot of crystal diameter against inverse median speckle
area is shown in Fig. 4.8 and it was found that the line representing Equation 4.1 passes in
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between the datapoints of Markers 0.7 and 0.8. Hence, an attempt was made to test Marker
0.75 as well. The general trend is that, as the Marker value increases, the median speckle
area decreases.

On analysing Fig. 4.8, it is obvious that the line representing Equation 4.1 goes through
majority of the datapoints for Marker values 0.75. The crystal diameter is overestimated, if the
datapoints are above the Equation 4.1 line and on the other hand, underestimated if they are
below the Equation 4.1 line.

Crystal Diameter vs. Inverse Speckle Area using differen
Marker values
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X Marker 0.8 Inverse Speckle Area O Marker 0.9 Inverse Speckle Area

Fig. 4.8: Crystal diameter versus the inverse of the median speckle area for simulated
images using Marker values between 0.6 and 0.9. The Equation 4.1 is shown in red line.

The Sample Standard Deviation was also calculated for the different Marker values using the
equation,

B "'0"Y0'0O"YO O
Yo 6 Fraech & O 0G0 "RE-E (44)

where "0"i8 the Inverse median Speckle Area obtained from reconstructed image and "O"Y0 ‘O
is the Inverse Speckle Area obtained from Equation 4.1. The different Marker values along
with their standard deviation are given in the Table 4.2. The standard deviation values are low

for Marker values between 0.7 and 0.8. Based on the plot in Fig. 4.8 and standard deviation
calculation, 0.75 seems to be the optimal Marker value having the lowest standard deviation
value of 0.0103.
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Marker values Sample Standard Deviation
0.6 0.0243
0.7 0.0145
0.75 0.0103
0.8 0.0159
0.9 0.0919

Table 4.2: The standard deviation of different marker values.

Though using Marker = Original Image x 0.75 was found to be optimal based on testing the
samples of simulated images of crystal sizes between 10-100 um and its sample standard
deviation result, it is better not to rely on a constant Marker value that works for all crystal
sizes. Based on Fig. 4.7 and Fig. 4.8, where different samples are used, both plots show a
similar trend of predicting accurate crystal diameters up to 30pum while using Marker value 0.6.
Therefore, it appears that there is a relationship between crystal size and Marker value. Image
dimension is another factor that affects the crystal diameter prediction. For example, the
Speckle Analysis code predicts different values as crystal diameter for a simulated image of
511x511 pixel dimension compared to a resized image of 458x458 pixel dimension. For these
reasons, an approximative process is recommended: start with a 0.75 Marker value and
compare the speckle size in the reconstructed binary image with regional maxima with that of
the speckles in the original image. If the speckle size in the reconstructed image is smaller,
use a smaller Marker value, otherwise, use a larger Marker value. This will help in a more
accurate crystal size prediction.

4.5.2 Combined Roughness

The crystal roughness can be characterized using the combined roughness parameter
(Ulanowski et al. 2014). Depending on the crystal roughness, the combined roughness value
varies from 0-1; with O being the least rough crystal and 1 being the roughest crystal. The
combined roughness value is calculated based on analysing the textural features in an image.
Textural features provide information on spatial distribution of intensities or more simply, the
variations in the grey levels of pixels in an image. In the same manner whether a surface is
smooth or rough can be differentiated by touching it, the high and low brightness values in
neighbourhood pixels in an image can be manipulated to find out the image texture. As a
statistical approach, Grey Level Co-occurrence Matrix (GLCM) is used to analyse the texture
of different regions of the image. In the following section, the GLCM is explained with an
example and its statistical features are described. The MATLAB program written for
computation of the combined roughness parameter can be found in Appendix 11.2.

4.5.2.1 Grey Level Co-occurrence Matrix (GLCM)

GLCM provides information about grey level values in a neighbourhood region. For example,

in areas with smooth texture, the range of values in the neighbourhood around a pixel is a
small value; in areas of rough texture, the range is larger. In MATLAB, the function
@raycomatrixbis used to create a GLCM (also called Grey-level spatial dependence matrix).
The matrix elements are numbers which specify how often the pixel value 6 (géy-scale or
intensity value) occurred adjacent to the pixel value 6 at é distance 6 dardd direction angle 6 d 6

Specifying the spatial relationship of GLCM:

The spatial relationship of GLCM can be varied using parameters like 6 di r ect iandn ang|l €
6 s y mméntMATLABS The direction angle 6 dafso calledan 6 o f ¥repregerdts the direction

along which the distance between a pixel and its adjacent pixel are calculated and the default

0 o f fisssetttoda pixel and its horizontally adjacent pixel to its right (offset= [row_offset
column_offset] = [0,1]). By default, 6 s y mmastsat o 6 D a, khat & the order of values (1,2)

and (2,1) are counted differen t | vy . I f it is set to O60trued, bot h
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same if they are adjacent, and its order is disregarded. Usually, second order statistics
(distance between 2 pixels) are followed while defining the spatial relationship. Higher order
(distance of 3 or more pixels) statistics results in complex computations and are time
consuming.

For example, consider an image (Fig. 4.9 (a)), a two-dimensional matrix of 5x6 order which
contains eight grayscale or intensity values between 1 and 8. This means that there will be 8
shades of brightness in the image. Its GLCM with an offset [0,1], distance 1(pixel) and
sy mmet r iigshawh ia Fig £3(b).
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(a) Image (b) GLCM of Image
Fig. 4.9: (a) An image and (b) its GLCM shown using a 2D matrix.

The GLCM is not an image, but a matrix containing the frequencies of pixel elements based
on the original image matrix. To illustrate, the first element in the GLCM (row 1, column 1) is
zero as there is no occurence of pixel value 1 adjacent to 1 in the image.The second element
in GLCM (row 1, column 2) is 1 as there is one instance of pixel value 1 next to pixel value 2
in the image matrix. The third element (1,3) has occurred twice in the image matrix and hence
2 is tabulated in the GLCM. Similarly, the rest of the pixel pairs in the GLCM are computed.

In general, an image with & ddifferent pixels generates a co-occurrence matrix of & wé amrder.
As the size of the matrix gets larger, MATLAB by default scales down the intensity values to
eight equal width bins. For an image with grayscale value ranges from 0-255, the 256 grey
levels are divided int 8 bins (of 32 levels each) and the values in each bin are mapped into a
single grey value between 1 to 8.

The number of GLCMs depends on the number of offsets (or directions) and its dimension
depends on the number of grey levels or more specifically, the binned grey levels. For an
offset [0,1], only one GLCM is created as only one direction is specified. If a four directional
offset is specified, four GLCMs are created and there will be 4 values for each statistical
feature corresponding to each direction, from which the mean value is taken. Two examples
are given below (Fig. 4.10) for creating GLCMs with the distance between the pixel of interest
(P) and its nearest neighbour pixels in four directions.

101 -1 0 1
1 T -1 w T Ix
0o |« P> P
1 ! 1

(a) (b)

Fig. 4.10: An example showing the spatial relationship with (a) an offset=[01;0-1;-10; 1
0] and (b) an offset=[01; -1 1; -1 0; -1 -1].
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Fig. 4.10 (a) has an array of offset = [0 1; O -1; -1 O; 1 0] specifying right, left, top and bottom
directions respectively and Fig. 4.10 (b) with an array of offset=[01; -1 1; -1 0; -1 -1] specifying
right, top right, top and top left directions respectively. As Ulanowski et al. (2014) is followed,
a distance of 1 pixel in the 4 directions (offset=[01; -1 1; -1 0; -1 -1] is also referred to as 0°,
45°,90° and 135° angles respectively). Also, the grey levels (0-255) are divided into 8 bins.
Therefore, GLCMs are of order 8x8x4, that is, 4 different GLCMs for the four directions and
each GLCM contains 8 rows and 8 columns (Haralick et al. 1973).

The MATLABf unct i on oOngrmaizestie GGMbyequating the sum of its elements
to one and calculates the statistical properties of the GLCM. The number of values in the
statistical features depends on the number of GLCMs. There are four properties in total; they
are dependent on angles and are defined as follows in MATLAB:

Contrast or variance: Measures the local variations in the GLCM. Or simply, it measures
the intensity or value of a pixel and its neighbour over the whole image. If the pixel values are
similar, the contrast of the image will be low, and the higher the amount of local variation in
the image, the greater will be the contrast value.

6et0i ik Q@naAQ (4.5)
h
where p (i, j) is the probability value in row 6 and column 6.j 6

Correlation: A measure of image linearity, so it measures how correlated a pixel is to its
neighbour over the whole image. If the image is linear, higher the correlation value. Correlation
is one for a perfectly positively correlated image.

Qo (4.6)

‘
\
o
[

Ol 1| Qawo Q&

h

where* and‘ are the mean of the GLCM computed on the row and column respectively.
Similarly, , and, are the standard deviations computed on the row and column respectively.

Energy or uniformity: Measures the uniformity of the pixels. It is defined as the sum of
squared entries in the GLCM.

0¢ Qi Qwn a4Q 4.7)
h

Higher the uniformity, higher the energy value. Energy is 1 for a constant image.

Homogeneity: Measures the closeness or density of the distribution of elements in the GLCM
to the GLCM diagonal. Homogeneity is 1 for a diagonal GLCM.
0¢ a € Qe QQow—= 7,30
- p sQ @ (4.8)

In addition to the GLCM textural features, two additional features (related to image brightness)
were considered:

- — (Ratio of root mean square brightness to its standard deviation)

- Kurtosis (0) (Ratio of the fourth central moment of the distribution to the fourth power
of standard deviation) depicts to what extend a distribution contain outliers compared
to the normal distribution.
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According to Ulanowski et al. (2014), the most robust measurements produced by Energy,
—— and base 10 logarithm of Kurtosiswer e used t cominedro mghndédes @

e e s oy YOY
¢ Oe QI Qwe "D VO 4.9

6 € & Q¥ EEBOQT T
o 0] T

The flowchart for creating a GLCM and extracting features from the matrix to compute the
@ombined roughness®6 v ad4ll)eThe fisststep ivimage poeeplocessing Fi g .
in which the region of interest is looked at after cropping and masking the rest of the image.
There are two paths: one for finding the image brightness features and the other for finding
the textural features. In path 1, the mean image brightness is scaled to 10 (from the grey scale
range 0-255) and all the non-zero elements are extracted from the image to calculate the
image histogram which provides the distribution of pixel values in each grey level bins. Then
the statistical parameters like standard deviation, root mean square, and kurtosis are

computed wusing relevant equations. I n path 2,

converted into 60singled datatype first. The type
NaNbéal ues and if the zero entries are not addres
affected. Once the image is convertedinto6si ngl ed datatype, all the zc¢

wi tNha Ndlues. Then the GLCM is created with the specified spatial relationship (adjacent

pixels in direction 0°, 45°, 90° and 135° with distance 1 pixel and symmetrical). The GLCM
features (only OEnergyo6 is required)culated.dhee xt r act
results from the path 1 and path 2 are substituted into the Equation 4.9t o f i cothbinech e 6
roughness6 val ue.

Image Preprocessing (masking ang

_ _ Scale the mean image
cropping to look at theegion of [

brightness to 10.

interest).
___________ v v
Spatial relationship: : | 2y BSNL GKS AYL Qet thg nonzero elements
| datatype and replace all zero in the image and using the
- Offset(direction I St SySyida oA0K image histogram, computg
angle);[0 1;-1 1;-1 0O;- : v the standard deviation,
églllgﬁ’”gegfggg';g;? l-.| Compute GLCM based on the spati RMS, and kurtosis.
' ' : relationship specified in terms of
- Symmetric True | directionangle and symmetry.
___________ i +
{_G:C_M—fe—at:re_s:_ ]I Extract the GLCM features and fing
| - Contrast [~ the mean value.

: - Correlation :
| - Energy I
| -Homogenelty | CAYR GKS WO2YOAY

usingEquatior4.9.

Fig. 4.11: Flowchart of the Combined Roughness algorithm.
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The input images are AIITS images of unit8 type with 8 bits and 28=256 grey levels. Even
though the AlITS6image dimension is 512x640 pixels, only the area of interest (8-25°)
represented by 458x458 were used to calculate the statistical features of GLCM. A few
examples are given below (Table 4.3) representing different roughness of ice crystals. The
first two crystals shown in the table have significant roughness (around 0.6) compared to the
third one (0.3). The last image is a smooth needle crystal with combined roughness around
0.1. From Table 4.3, it is evident that the combined roughness values decreases as we go
through the images from left to right. For the last image, Energy is higher (0.6979) implying a
greater uniformity of the pixel values. In comparison, the first image has a lower Energy value
implying a lesser pixel uniformity. On the other hand, there is high variance of pixel values in

the first image, therefore a higher Contrast. Energy and Contrast are opposite to each other.

Image No: 2227 2376 10 1122

Contrast [0.34,0.46,0.33, | [0.28,0.33,0.26, | [0.156,0.16,0.15 | [0.080,0.0826,0.0

(Mean) 0.45] 0.34] 6,0.159] 804,0.0837]
0.3995 0.3102 0.1582 0.0817
C , [0.88,0.84,0.88, | [0.91,0.89,0.91, | [0.682,0.675,0.6 | [0.844,0.839,0.84
orrelation
(Mean) 0.84] 0.89] 83,0.675] 4,0.837]
0.8648 0.9022 0.6793 0.8414
Energy [0.14,0.12,0.14, | [0.15,0.14,0.16, | [0.498,0.496,0.4 | [0.698,0.697,0.69
(Mean) 0.12] 0.14] 98,0.496] 8,0.697]
0.1338 0.1530 0.4973 0.6979
Homogeneity [0.83,0.79,0.83, | [0.86,0.83,0.86, | [0.921,0.919,0.9 | [0.959,0.958,0.95
(Mean) 0.79] 0.83] 21,0.920] 9,0.958]
0.8170 0.8501 0.9209 0.9591
Kurtosis (K) 4.2002 5.4383 10.89 17.41

l0g10(K) 0.6233 0.7355 1.0371 1.2409
Root Mean

Square 2579 2609 2713 2799

(RMS)
Standard
Deviation 3.79 4.35 4.44 6.05
(SD)

RMS/SD 680.57 599.31 609.83 462.17
Combined 0.6771 0.6252 0.3480 0.1434
Roughness

No. of
Saturated 22 75 0 0
Pixels

Table 4.3: A table showing details of four different images with different roughness scale
along with other statistical parameters.
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4.6 Dealing with weak images

It is difficult to get information from weak grayscale images. There is a wide range of functions
available in MATLAB related to image enhancement. A built-in function @dapthisteq()6has
been found particularly useful for enhancing the image using Contrast-Limited Adaptive
Histogram Equalization (CLAHE).

Fig. 4.12 shows a side-by-side comparison of an original and corresponding enhanced image.
Many features that were hidden in the original image are revealed in the enhanced image.
The ring-like structure in the enhanced image shows that it is likely to be the scattering pattern
of a small quasi-spheroid crystal. In general, this type of enhancement might amplify the noise

in the image too (which can be prever+dltdefault usi ng

being 0.01); however, the additional parameters are not used as only the concealed features
in a weak image are examined.

Fig. 4.12: A comparison of original image (left) and enhanced image (right) using contrast-
limited adaptive histogram equalization.

The histogram plots are helpful for visualizing the intensity distribution of greyscale images.
Even though they have 256 bins by default, it is evident that the distribution is concentrated in
a small range, between 5 and 50 bins for the original greyscale image (Fig. 4.13 (a)). On the
other hand, the distribution of intensities spread out up to 150 bins for the enhanced image
(Fig. 4.13 (b)).
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Fig. 4.13: A plot of histogram for the original greyscale image (a) and contrast-limited
adaptive histogram equalization (b).
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Compared to the regular histogram equalisation function, which does the contrast adjustment
to the entire image, the CLAHE only performs the histogram equalization on smaller regions
of the image in a controlled manner. On applying the regular histogram equalization function
on the original image shown in Fig. 4.12, it is obvious in Fig. 4.14 that some parts of the image
are oversaturated, and noises are amplified.

Fig. 4.14: The effect of applying the regular histogram equalization on the original image
shown in Fig. 4.12.

This chapter outlined how to identify crystal types based on the features in their scattering
pattern and estimate their size. The method used to simulate scattering pattern of model
crystals was also discussed. In the next chapter, these are further explained using several
examples.
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5. MODELLING DIFFERENT TYPES OF CRYSTALS TO
APPROXIMATE AIITS SCATTERING PATTERNS

As mentioned in Sections 4.4 and 4.5, the model crystals are generated using program specific
to the crystal type, and the crystal orientation is represented in Euler angles (radians). The
simulated scattering patterns of these models are obtained by running the @deam Tracing
Modeldprogram. By comparing them with the AIITS scattering pattern images and subsequent
testing with different crystal sizes and orientations, crystal models are developed. The details
of different crystal habits are explained in this section using various examples.

5.1 Plates

Plates usually have eight facets in total and are found orientating with their basal facets
perpendicular to the laser beam. There are different types of plates, and some of them are
addressed in this section.

5.1.1 Pristine, smooth hexagonal plates

The striking feature of a plate is the presence of six prominent scattering arcs in its scattering
pattern. The six-fold symmetry arises from the hexagonal crystal symmetry. In the first
example (Fig. 5.1), particle number 2342 in the AIITS data is shown (also in Fig. 5.2(a)).

Fig. 5.1: Scattering pattern image of particle number 2342.

A model crystal and its scattering pattern, which resembles that of the AIITS pattern, are
shown in Fig. 5.2(b) and (d) respectively. The crystal size was estimated as radius 40-45um
(based on the scattering arc width) and thicknessGbum (based on patterns within the arcs).
Because scattering patterns computed for thick plates show additional features like bright
extra arcs, which are not visible in Fig. 5.2(a), presumably this pattern was generated by a
thin plate. In the scattering pattern of a 20 um thick plate with similar radius, but in a slightly
different orientation, two additional scattering arcs which arise from the prism facets can be
seen (Fig. 5.2(h)). Additionally, a higher number of minima can be seen within the six
scattering arcs.

I n general, al |l mo d e | ¢ 3=0 arientatios. ThasriseshognemFr52t ed i n
(c) using the model crystal in (b).
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orientation.

Fig. 5.2: A large, thin model plate (b) and its simulated scattering pattern (d) in comparison
with the AIITS pattern (a). The same model crystal in (b) are shown in different orientations in
(c-g). The scattering pattern of a thicker plate is shown in (h).

Through manual analysis of repeated runs of BTM by changing one Euler angle at a time, an

optimal set of Euler angles is found. The Euler angles are selected based on the position of

arcs, the direction of ar c 6s 9lethis daseghe apsimume | | as
Eul er angles wei#e6fobrd®. 59 beoU4 radians. When
the optimum values, the pattern changes. An example can be seen in Fig. 5.2 (g) where the

alpha angle is changed by 0.3 comparedto (d), t hat0.i3s, bE®.5, 02=0.4 radi
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Due to the 60° symmetry of a hexagonal prism, a particular scattering pattern can be
reproduced by more than one set of Euler angles. This is shown in Fig. 5.2 (e) and (f), where
the scattering pattern in (d) is replicated by rotating the crystal by 60° clockwise or anti-
clockwise during the last rotation (gamma angle).

5.1.2 Hexagonal plates with rounded edges

Like the regular hexagonal plate discussed in previous section, the scattering pattern (given
in Fig. 5.3) of particle number 2304 also displays six arcs. As the scattering pattern is dimmer
and the arcs are wider compared to the previous one (ANITS no.2342), the scatterer is
presumed to be a small hexagonal plate.

Fig. 5.3: Scattering pattern of particle number 2304 in the AIITS data.

After analysing a range of plates with different radii and thicknesses manually, crystal size was
estimated based on the width of the scattering arcs. Since plates tend to orientate on their
basal facets, it is almost impossible to estimate the thickness of the plate, which is out of view.
However, after rigorous testing, plate models with thickness greater than or equal to radius
were not used because of the increased probability of prominent additional features arising
from its prism facets (like circular arcs in Fig. 5.4 (f), (g) and (h)). For plates with thickness less
than the crystal radius, only six scattering arcs can be seen (Fig. 5.4 (c), (d), (e)). The edge
length plays a majorroleinap | ate crystalsd scattering pattern.
both radius and edge length are equal. On decreasing the crystal radius, the width of the six
prominent scattering arc increases (see for example, Fig. 5.4 (g) and (h)). Therefore, one can
estimate the plate radius to be in the 20-25um range with thickness<20um (for thickness>20,
prism facet features contribute like the example shown in Fig. 5.4 (g) (h)). This also rules out
any likelihood of scatterer being a long column as they are found usually orientated with their
long prism axis perpendicular to the laser beam. The Euler angles for the pristine hexagonal
plateweref ound to be U2®d. 2, b=0.2 and
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(a) AlITS 2304

(b) A model crystal with radius 22.5um and
thickness

30m in Eul
b =0. 2o=@radhns.
(c) Radius 23um, (d) Radius 20um, (e) _Radius 23um,
thickness 7um thickness 5um thickness 2pum
Circular arc
% Circular arc
nl.lW“‘“"’ -
(f) Radius 20pm, (g) Radius 19um, (h)_Radius 50um,
thickness 20um thickness 25um thickness 50um
Fig. 5.4: Simulated scattering patterns of pristine plate models in comparison with AIITS
pattern. Scattering patterns of thin plates (aspect ratio<0.5) and thick plates (aspect
rati oO0.5) can be seen in (c), (d), (e) ar

input:

Model crystals, with some rounding factors introduced to the above pristine plates, were also
tested using another algorithm [E. Hesse, private communication], which takes the following

i. Radius of the hexagonal plate.
ii. Thickness (length) of the hexagonal plate.
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iil. Rounding factor for cylinder radius (f) or semi-minor axis length, value ranges
between 0.867 (perfectly round) and 1 (no rounding or pristine hexagon).*

iv. Number of rectangular sub-sections (n) parallel to the cylindrical axis.®

V. Rounding factor for cylinder length (ff), value between 1.05(round) and
1.41(pristine), semi-major axis length or half the major axis length.®

Vi. Number of trapezoidal sections (s) which ranges between 1 and 10, (ellipsoid

section replacing a corner is divided into s trapezoidal subsections).!’

(The alpha angle of Euler orientation for rounded crystal is rotated by 90 degrees compared
t o pristine pl at eColumg_Plated mlgotitlend tharefore ntlys shiould be
subtracted, and the new set of Euler angle is U=0 . 6 2 9 , o=0bin-rAdiars). A range of
rounding factors were tested. Fig. 5.5 (a) shows an example of a rounded plate crystal with
radius 22.5um, thickness 4um and rounding factors f=0.95, n=1, ff=1.35, s=2 and its scattering
pattern (Fig. 5.5 (b)), which shows a much better agreement with the AIITS pattern (Fig. 5.5
(d)), than the patterns computed for pristine plate in (Fig. 5.5 (f). Therefore, it is assumed that
the scatterer is a plate crystal with slightly rounded edges. Even though the same rounding
factors are used for another model crystal, the scattering pattern shows fringes or ring-like
structure (see Fig. 5.5 (c)). This is because the thickness of model crystal is different and on
applying the rounding factors, the overall shape of the crystal is changed. The scattering
pattern of yet another model crystal with different rounding factors f=0.95, n=1, ff=1.35, s=4 is
shown in (Fig. 5.5 (e), in which a few ring-like structure can be seen. In comparison, the AIITS
pattern (Fig. 5.5 (d)) is less rounded than the scattering pattern of model crystals shown in
Fig. 5.5 (c) and (e).

¥These limits of the rounding factor correspond to inner circle and circumcircle of the hexagonal facet,
respectively. The intersection lines of the prism with the circular cylinder of the corresponding radius are

determined.

15The new boundary of the prism between two such intersection lines is defined by n new rectangular facets of

equal size, with vertices positioned on the upper and lower edges of the circular cylinder.

16 These limits of the rounding factors correspond to inallipse and circurellipse of the largest rectangular
cross section through the prism containing the prism axis. The intersection points of this rectangular cross

section with the ellipse are determined.

17 The new boundary of the prism between two such intersection points is defined by s equidistant points, which

are positioned on the ellipse.
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(a) A model crystal of radius 22.5um, thickness
4um, rounding factors (f 0.95, n 1, ff 1.35, s 2)
with Eulerangles:U=0. 629, 6980 .
radians.

0

(c) Radius 23.5um, thickness 21.5um and
rounding factors (f 0.95, n 1, ff 1.35, s 2).

3
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(e) Radius 23.5um, thickness 6um and
rounding factors (f 0.95, n 1, ff 1.35, s 4).

IN)

4
|
3
' 2
1
0

(b) The scattering pattern of the
corresponding model crystal in (a). The
maxima and minima show good agreement
with those of AIITS in (d).

(d) AIITS 2304

1.5
i1
05
0
-0.5

(f) Radius 22.5um, thickness 4um
pristine hexagonal plate.

Fig. 5.5: Simulated scattering pattern of rounded plate models in comparison with AlITS

pattern.

The highlighted plate in Fig. 5.6 looks very similar to the model presented in this section. The
picture is taken from Tape (1994) and has been enhanced to provide a better view of the
crystals. The ice crystals, shown in the picture, were collected on 4™ January 1985 at the
South Pole during a halo display. Note that the halo crystals possess diameters close to or
exceeding 200um, considerably larger than those of the model crystals.
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Fig. 5.6: An enhanced picture of ice crystals collected during a halo display at the South pole
on 4 January 1985 taken from Tape (1994). A plate similar to the modelled crystal is
highlighted in red.

5.1.3 Scalene plates

Consider Fig. 5.7. Six arcs are evident but two are much less prominent than the others
(possibly) indicating a plate crystal with semi-regular hexagonal geometry. The process of
modelling such a crystal is detailed below.

Fig. 5.7: Scattering pattern of particle number 2308 in the AlITS data.

The original algorithm could only generate a regular hexagonal plate with equal sides. This
has been edited to incorporate sides with 2 shorter edges to make it scalene (semi-regular
hexagon). The modified program takes an additional input: edge_factor (EF) which is a
dimensionless factor. As ice crystals tend to retain their hexagonal structure, we wanted to
avoid disrupting its internal 120-degree angle between 2 adjacent sides. The idea was to
extend four sides (as depicted in Fig. 5.8).
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Fig. 5.8: Diagram of changing a hexagonal crystal to a rhomboidal one.

By making use of edge_factor (EF=factor times the edge length added to the original length),
the desired length was acquired. The factor ranges between 0 (no effect: regular hexagon)
and 1 (extreme point: creating a diamond or rhomboid shape). As EF increases, the crystal
becomes more elongated (up to four longer sides). In the algorithm, the six vertices A to F
were assigned eki (1) to eki (6) for top basal facet and eki (7) to eki (12) for bottom basal facet.
The eki are position vectors (a set of 3 co-ordinates namely ekl, ek2 and ek3) corresponding
to x, y and z values. The co-ordinates of the new points were calculated using vector algebra.
For example, point H (in a rhomboid crystal with EF=1 in Fig. 5.8) can be found by, H= ek (2)
+ Edge Factor x (ek (2) - ek (1)). This makes the vertices B and C to converge at H. Similarly,
this algorithm was further edited to create the more common scalene plates (with three short

and three long edges or three-fold symmetry) shown in Fig. 5.9. The existence of such crystals
is noted in Murray et.al (2015).
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Fig. 5.9: Models of plates with three-fold symmetry (left) and their corresponding simulated 3
scatteringpatterns (right). Al crystals are in Us=s
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The Fig. 5.10 shows a more detailed transformation from regular hexagonal (solid blue) to a
semi-regular hexagonal (red dot and line) and further to a rhomboidal crystal (green dash).
The equations used to find the edge lengths and long radius of the semi-regular hexagonal
prisms, based on Fig. 5.10 are given below:

Long Edge (LE): Thelong edge, 0 6 "OQ® @ "QEYLHARE0 O " D'OQ w 0 "QEY& RO i
Short Edge (SE): 6 6 "Y"Qz Twilo Osince 0 O @s a right-angled triangle.
00 60 06 gwhered Uisthe Hexagonal Radius.

The shortedge, 6 O ¢w 6 Gincedo O 0 9

Long Radius (LR): OO0 6 O —
50 00wk QiYEH®Eird- 00 o6 QEYEdsns -6 &

The long radius, 6 O MOO 0 O

\ !
\Fl'_ij_A'

Fig. 5.10: Three different crystal geometries are shown: the pristine regular hexagon (blue
solid line) with hexagonal radius (OB), semi-regular hexagon (red dot and line) and a
rhomboid (green dash).
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The model crystal (in Fig 5.11 (b)) has a hexagonal cross-section with 4 long and 2 short sides.
The four bright and the two faded arcs in the AIITS image (Fig 5.11 (a)) are linked to the 4
long edges and 2 short edges of the semi-regular hexagonal plate respectively (the hexagonal
shape can be considered as three sets of parallel edges, i.e., two sets of long edges and one
set of short edges).

The next step is to find the correct crystal orientation specified in terms of the Euler angles.
Fig 5.11 shows simulated scattering patterns using different sets of Euler angles and crystal
sizes. The patterns in Fig 5.11 (c¢), (d) and (e) look almost the same, but 3 different sets of
Euler angles are used (whose sum of alpha and gamma is equal to 1.45). However, on careful
inspection one can see that the arc running from top left to bottom right straightens up with
increasing gamma and decreasing alpha, while beta angle is kept constant. Therefore, the 4
major arcs find a0m2ddbegshoamd at U=

Short Edge (SE

{/Long Edge (LE

(a) AIITS 2308 _(b) A model crystal with Rad45, len2,
u=0. 2, b=2.65 EF0.7, SE:13.5,
LE:76.5

prism.2D.p11.-FW prism.2D.p11.-FW prism.2D.p11.-FW

(c) Rad400.48n5 (d) Rad50-0. 2ent (e) Rad50,
o= 1. 93=1.48,€F 0.6, 9= 1. 6 H31.48)EF 0.6, 0= 1. 4 H=1.45)BF 0.6,
LE:64, SE:16, LR:56 LE:80, SE:20, LR:70 LE:80, SE:20, LR:70

prism.2D.p11.-FW rad45len2EF0.7.p11.-FW

(f) Rad35-0.Renb(g) Rad450.2ent
9=1.65, EF 0.65, LE:58, SE:12, 9=1.65, EF 0.7, LE:76.5,
LR:50.38 SE:13.5, LR:66.59

Fig. 5.11: Forward scattering pattern of different crystal sizes in comparison with AIITS 2308.
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Lookingat t he scat t ethelangedge can besestimated between 55-80um and
short edge between 10-14um. In this case too, the thickness of the plate should be less than
half the regular hexagonal plate radius. Otherwise, additional features will become prominent
in the scattering pattern (Fig. 5.11 (f)). The scattering pattern of the model crystal (Fig. 5.11
(9)) shows a good agreement with the AIITS pattern. Existence of such (scalene) semi-regular
hexagonal plates are recorded in Tape (1994). One such sample of crystals collected during
a halo display at South Pole is given in Fig. 5.12, which includes plates ranging from rhomboid
to regular hexagonal symmetry.

Fig. 5.12: Ice crystals collected during a halo display at the South pole on 2 January 1990
(Tape 1994). Semi-regular and rhomboid crystals are shown in orange and yellow arrows
respectively.

From the scattering pattern of the modelled plate crystal, altogether, six scattering arcs were
seen and the width of the scattering arc was highly dependent on the edge length of the plate.
Increased edge length results in narrow scattering arcs. This agrees with far-field diffraction
in which the diameter of the slit (or object) is inversely proportional to the angle of diffraction.
Therefore, the larger the particle, the smaller will be the divergence of the diffracted beam. In
hexagonally symmetric crystals, the width of all the six scattering arcs were the same, whereas
in semi-regular hexagonal plates or scalene plates, there were manifestations of scattering
arcs of dissimilar width. Estimating the particle size in terms of edge length (both long and
short edges) is highly recommended for scalene plates (as edge length is not equal to radius).
While estimate can be made either by radius or edge length for regular hexagonal plates (as
edge length is equal to radius).
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5.1.4 Droxtals

Droxtals are a variant of plates with tapered upper and lower prism sections. Consequently,
droxtals have 20 facets while plates only have eight (Yang et al. 2003). A microscopic
photograph of a droxtal taken from Kikuchi et al. (2013) and a model droxtal with 20 faces are
shown in Fig. 5.14 (d) and (f). They are formed by direct freezing of supercooled liquid droplets
with little growth directly from the vapour (AMS Glossary of Meteorology, 2012). So far, the
scattering patterns of different varieties of plates were discussed. The scattering patterns of
droxtals show a similar appearance to that of plates; however, the former have bright spots or
halos in addition to the scattering arcs. The number and position of bright spots depends on
the crystal orientation. There were a few AIITS images which appeared to be the scattering
pattern of droxtals. One such example is shown in Fig. 5.13.

Fig. 5.13: Scattering pattern image of particle number 2315 in the AlITS data.

A droxtal with radius 20um and an aspect ratio nearly equal to unity (height or length:33.6um)

is shown in Fig. 5.14 (b). This model was found to be a good approximation for the scatterer

of the pattern (in Fig. -05.6145 p(=0)F)0,. 4i nr aadni aonrsi.e nTthae
pattern (Fig. 5.14 (c)) contains features like scattering arcs, concentric rings as well as bright

spots, all in the right places. The droxtal has an estimated radius of 15-20um and length 25-

34um. Though features like scattering arcs and bright spots are usual appearance for droxtals,

the concentric ring like feature may not be evident in some orientations like the one in Fig.

5.14 ().
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(a) AIITS 2315 (b) A droxtal with radius 20pm and
length 33.6um, -0= 6, b=0.0 .
radians
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(c) The simulated pattern of the model
crystal in (b)

(d) Microscopic photograph of a
droxtal taken from Kikuchi et al.

(2013)
drox.r20th33thth72a-1.3b-1.3g-0.7r10tir10.crystal.2D.p11 fwz e
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(e) The simulated pattern of the model (1) A droxtal with radius 20um and
: length 33.6um, -0.8 -0.3 0=-0.7
crystal in (f) .
radians

Fig. 5.14: Model of a droxtal and its simulated scattering pattern in comparison with the
AIITS pattern
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In addition to regular droxtals, those of scalene nature were tested. The simulated pattern of
a model crystal with radius 20um and height 40pum showed a greater resemblence to particle
number 2337 (Fig. 5.15).

Fig. 5.15: Scattering pattern of particle number 2337 in the AIITS data.

An enhanced image is shown in Fig. 5.16 (a) for a better view of its minor arcs. The striking
features that match the AIITS image with the simulated scattering pattern are the major and
minor arcs (wider and thinner arcs), and the three halo-like features on the central cross-like
arc. The vertical and horizontal arcs forming a cross-like structure was indicative that both the
diameter and height of the crystal might be roughly the same. The orientation of the droxtal
was found to be U = 1 . 31.3, 9607 radians after testing with several orientations.

drox.r20thSthth62.crystal.2D.p11.-FW
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(a) Enhanced image of (b) Simulated scattering (c) A droxtal model with radius

AlITS 2337 pattern of the droxtal model 20pm and height 40pm in
with radius 20um and height U=1. 313, 0607 radians
40um. orientation.

Fig. 5.16: (a) AlITS pattern, (c) a model crystal of droxtal and (b) its simulated pattern.

Several variations of scalene droxtals were tested like the examples in Fig. 5.17. Since the
model s shown are in the sl8m0e.7mdidang the pasitionsafarwo f U=1.
are also nearly in same places as in Fig 5.16 (a); however, the halos are in different places
which might be due to the difference in tilt angles of the facets. The simulated pattern shown
in Fig 5.16 (b), shows the closest resemblance to that of Fig 5.16 (a), and the scalene droxtal
has an estimated radius of 20-25um with height=2 x radius.
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(a) Simulated scattering pattern of the droxtal (b) A droxtal model with radius 25um and
model in (b). height 48um.

drox.r25th25thth80.crystal.2D.p11.-FW 2

0

(d) A droxtal model with radius 25um and

(c) Simulated scattering pattern of the droxtal
height 50um.

model in (d).

Fig. 5.17 (b) and (d): Model crystals of scalene droxtals; (a) and (c): their respective
simulated patterns.

5.2 Columns
Columns are hexagonal prisms like plates, but unlike plates, they orientate with their prism

axis perpendicular to the laser beam. There are different varieties of columns, like solid or
hollow columns, and they can be thick or thin with smooth or rough surfaces. Columns with
very high aspect ratio are referred to as needles (see Section 5.2.3).

5.2.1 Smooth solid columns
Smooth columns are those with a smooth surface texture. The scattering pattern of such

crystals display two scattering arcs (a major central arc) with or without accompanying parallel

lines. The AIITS image number 2351 (Fig. 5.18 (a)) appeared to be the scattering pattern from

a column crystal. Therefore, smooth columns of several sizes were tested and the scattering

pattern from a model crystal (Fig. 5.18 (b)) with radius 10um and length 25um was found to

be a match. On testing, the model crystal was foundtobei n U = 21.3&nd 9607 radiansd
orientation. It was understood that as the column becomes longer (increasing length or
growing on its prism axis), the width of the central arc decreases and as the column gets wider
(increasing diameter or growing on its basal axis), the number of minima within the arc
increases (as long as diameter<=length). Based on this, the crystal was found to have an
estimated basal radius of 2-10um and prism length of 20-30um.
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Fig. 5.18: (a) AIITS pattern number 2351, (c) the model crystal of a smooth solid column with
radius 10pm and length 25pum, and (b) its simulated pattern.

5.2.2 Rough solid columns

A rough column, as the name implies, has a rough texture on its surface. In the scattering
pattern of such a crystal, speckle-like feature will be evident as with any rough crystal. In
addition, solid columnoés f eat ur &nandlysingt¢ AITS
image number 1906 (Fig. 5.19 (a)), a combination of speckles as well as the major central arc
were seen, which indicates that the crystal is a rough solid column. The crystal size was
estimated to have a basal radius 10-15um and prism height of 30-40um after testing with
different column sizes with varied surface roughness. As with smooth solid column, the rough
columnds cent r alintescatteting pattem,aas theicaluenn length gets shorter,
and fewer number of minima will be seen inside the arc. As discussed in Section 4.5.1, the
speckle size is inversely proportional to the crystal size. The model crystal and its simulated
pattern are in ori e mnt02 tadiann(Fig. BEO()ahd (b)b=1. 2

rotated.pf.crystal.2D.p11.-FW

O

(@) (b) (©)

Fig. 5.19: AlITS pattern number 1906 (a), the model crystal of a rough solid column with radius
10pm and length 30um (c) and its simulated pattern (b).
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5.2.3 Needles

Needle crystals are column-like crystals that are extremely thin. Fig. 5.20 shows the scattering
pattern of such a crystal.

Fig. 5.20: The scattering pattern image of particle number 1122 in the AIITS data.

Fig. 5.21 (b) and (c) show a model crystal with radius 0.5um, length 13um, and its
corresponding scattering pattern respectively. This pattern is the best fit obtained. The process
to obtain it was as follows: Since the scattering pattern exhibits the properties of a long column
(orientating on its long prism axis), a column crystal was generated first. After a sequence of
testing with different crystal sizes and Euler angles, a model crystal was developed. It was
understood that the width of the scattering arc increases as the crystal length decreases, and
by increasing the radius of the crystal, a greater number of minima (dark bands) will be visible
in the pattern.

The crystal length was estimated based on the width of the scattering arcs, and its radius,

based on the presence/ absence of mi ni ma. For c
present within the central arc of the scattering pattern. One such example is shown in Fig.

5.21 (d). As column radius increases, greater number of minima will be visible. Likewise, when

the length of the column is increased, the width of the central arc decreases. As AIITS can

only detectcr yst al sizes with diameter 010m, the | ower
which displayed similarity was 0.5um. Therefore, the crystal type was identified as needle like

crystal with an estimated basal radius 0.5um and prism height of 10-20um.
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(b) Model crystal with radius 0.5um,
l engt h 113.Cem1.360=0.5
radians

(a) AlITS 1122
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(c) The scattering pattern of the (d) The scattering pattern of a crystal

corresponding model crystal in (b) vejlitblradi;s ?%mb’)l—egg;hrjc?igrr?s,

Fig. 5.21: Simulated scattering pattern (c) of thin solid column model (b) in comparison with
the AIITS pattern (a). The scattering pattern of a thicker column is shown in (d).

According to Lee and Magono (1966), microscopically needle-like crystals can be further
classified as:

1. Extremely thin solid columns.
2. Extremely thin hollow columns (called Sheaths).
3. Needle-like structure with a pointed or knife edged tip.

The model crystal belongs to the first category,
nomenclature in Lee and Magono (1966). Based on observations noted in Lee and Magono

(1966), these types of crystals are formed at temperature below -30°C; however, it was also

noted that these types of crystals can be experimentally obtained around -50°C. It is also

me nt i o n anihutd sblid toluinar crystals are frequently observed in the early stage of

mature columnar crystalso(Lee and Magono 1966). Examples of thin solid columns are shown

in Fig. 5.22.
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Fig. 5.22: Microscopic photographs of thin solid columns from Lee and Magono (1966).

5.3 Quasi-spheroids
Quasi-spheroidal crystals are crystals with significantly rounded edges and an aspect ratio
close to unity. The striking feature in the scattering pattern of this type of crystal is the presence

ofaring-l i ke structure. Based on the number of

estimate the crystal radius. A perfectly spherical crystal has a diffraction pattern with
concentric intensity peaks very similar to that of water droplets. Two types of quasi-spheroids
were observed in the AIITS images: smooth and rough. The smooth quasi-spheroids only
contained ring-like structure in its scattering pattern, while the rough quasi-spheroids
displayed the same with an additional speckle-like pattern.

In general, the models of Quasi-spheroid crystals are generated using the gsphere (Muinonen
et al. 1996) program with specific radiuses, and the scattering patterns are simulated using
Hesse et al. (2018) Beam Tracer method. Since there is a relationship between the number
of rings and the crystal size, the number of rings is counted from the 2D simulated patterns for
each crystal size. The larger the crystal, the more rings are visible in the scattering pattern. As
an example, a model of smooth sphere of radius 10 um along with its simulated 2D scattering
pattern is shown in Fig. 5.23. For this sized crystal, 8-12 rings are visible in the scattering
pattern plotted between 6°-25°. Likewise, different sized crystals are tested to find the number
of rings, and the results are given in the last column of Table 5.1.

Fig. 5.23: A model of smooth sphere with radius 10um (left) and its simulated 2D scattering
pattern (right).

For validation, the number of rings visible in the simulated 2D scattering pattern is compared
with the phase function generated using both the Mie and Beam Tracer program. This is given
in the second and third column of the Table 5.1. The phase function provides a plot of the
azimuthally integrated P11 element of the scattering matrix, which corresponds to intensity,
versus the scattering angle. As an example, the phase function of smooth sphere of radius 10
pm created using Mie program and Beam Tracer program are given in Fig. 5.24 for a side-to-

66



side comparison. 10 peaks can be seen in the phase function plot generated via Mie program
and 11 peaks can be counted from the Beam Tracer-generated phase function plot.

Radii Mie: Beam Tracer: Beam Tracer:

(um) Number of intensity Number of intensity Number of rings visible in the
peaks in P11 (6°-25°) peaksin P11 (6°-25°) 2D scattering pattern (6°-25°)

5 5 5 5-6

10 10 11 8-12

15 14 15 12-17

20 19 20 17-20

25 24 26 20-24

Table 5.1: The number of bright diffraction rings or intensity peaks in different sphere

radiuses.

20Ph:-xse function of smooth sphere of radius 10um using Mie code

18Phase function of smooth sphere of radius 10pm using BT code

181 /w\ 1 16 “
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>
P11

. I
5 10 15 20 25 5

10 15 20 25
Scattering Angle 625"

Scattering Angle 6°-25"

Fig. 5.24: The phase function of a smooth sphere with radius 10um generated using Mie
program (left) and BT program (right).

In general, the number of intensity peaks in the phase function or the rings in the 2D scattering
pattern increases with increasing crystal radius. On comparing the number of intensity peaks
in the phase function plot of Mie and Beam Tracer program, only £2 difference can be seen.
Note that, a maximum of 22 rings were spotted in the AIITS images of quasi-spheroids. Hence,
the Table 5.1 contains information of the radius up to 25um. With the help of this table, the
radius of crystals is estimated by counting the number of rings in the AlITS images. Also note
that the information provided here is for forward scattering pattern of 6°-25°. Obviously, the
number of rings increases if the forward scattering pattern covers more than this region.

So far, the process of estimating the radius of a quasi-spheroidal crystal from its scattering
pattern were discussed. Let us look at some of the AlITS example images next.

The AIITS scattering pattern of a smooth quasi-spheroid crystal is shown in Fig. 5.25 (a) and
about 5-8 prominent rings are visible. In comparison, the simulated scattering pattern of the
model crystal with radius 5 pm shown in Fig. 5.25 (c) has 4-5 rings and therefore smaller than
the one in AIITS pattern. The crystal size is therefore estimated as 5-10um in radius. It is
obvious that the model is too spherical compared to the AIITS pattern; nevertheless, for an
approximate size estimation, the model is deemed to be sufficient. The actual crystal is likely
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to have a slightly oval shape with rounded edges (and not perfectly spherical as in the model).
The model crystal in correct orientation and its side view are shown in Fig. 5.25 (b) and (d)
respectively.

(b) A model crystal with radius 5um,
length 10pum and rounding factors (f 0.87,
(@) AlITS 1999 ng, ff1.06,s8) U=2. 270.16 =
radians

r5110f0.87n81f1.06nn8a2.2b0.1g-0.1.crystal.2D.p11.-FW
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(c) The scattering pattern of the model (d) Side view of the model crystal
crystal in Fig. (b)

Fig. 5.25: (b) and (d): Quasi-spheroid model and simulated scattering pattern (c) in
comparison with the AIITS pattern (a).

To replicate the AIITS pattern, equiaxed (approximately equal in diameter and length) model
crystals are used.

In the next example, Fig. 5.26 (a), image number 2411 in the AlITS dataset is shown, in which

around 12-14 rings can be seen. This is also a quasi-spheroidal crystal as the previous one,

but a greater number of rings indicates that the crystal is bigger. Also, some speckle-like

feature can be seen indicating that this is a rough quasi-spheroid. The model crystal has a

radius and length of 15um and 25um respectively, with rounding factors of f=0.87, n=8,

ff=1.06, s=8. Rounding factors were explained in Section 5.1.2. In Fig. 5.26 ((c) top row) and

(b)), the original crystal orientation which was
its simulated scattering pattern are shown. The side view of the model crystal is given in the

bottom row of (c). Estimated size of this quasi-spheroid is 10-15um radius. The roughness of

the crystal was computed as 0.5073 based on the method described in Section 4.5.2.
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Fig. 5.26: (a) The AIITS image number 2411, (c) a model crystal with radius 15um and
length 25um rounding factors (f 0.87, n 8, ff 1.06, s 8) in correct orientation (top) and its side
view (bottom), and (b) the simulated pattern of the model crystal in correct orientation.

In general, for both smooth and rough quasi-spheroids, the crystal sizes were calculated
based on the number of rings visible in their scattering pattern. For rough quasi-spheroids,
additionally the roughness of the crystal was computed using the Combined Roughness
program.

5.4 Rough crystals

For some rough crystal morphologies, despite the scattering patterns being dominated by
speckle, shape information is still visible. For example, Fig 5.27 presents the scattering pattern
of a rough column with radius 20um and length 50um, where the distinct horizontal arc can be
clearly seen.

rotated.pf.crystal.2D.p11.-FW

-0.5

Fig. 5.27: A rough solid column model of radius 20um and length 50um (left) and its
simulated scattering pattern (right).

Another example is given in Fig. 5.28. Six prominent arcs can be seen distinctly in the
scattering pattern of a rough, thin plate of radius 50um and length 40um, along with the
speckles.
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Fig. 5.28: A rough, thin plate model of radius 50um and length 40um (left) and its simulated
scattering pattern (right).

However, this is not always the case. Sometimes, the speckle pattern eradicates other
features. One such example is a rough sphere®®. Usually, rings can be seen in the scattering
pattern of a smooth sphere. However, these are lost in the scattering pattern as the surface of
the sphere roughens. Fig. 5.29 demonstrates this phenomenon, comparing a slightly rough
sphere with a smooth sphere. These models have a radius of 15um, and their simulated
scattering patterns are shown in the bottom row.

Fig. 5.29: Models of rough sphere with standard deviation 0.15 and correlation angle 30°

(top left) and a smooth sphere (top right), both of radius 15um along with their simulated
scattering pattern (bottom row).

Thus, it is not always possible to retrieve shape information from a crystal with rough surfaces.
Ulanowski et al. (2012) states, dThe complexity of these particles and of the resulting patterns,
which exhibit speckle-like appearance, makes characterization difficult and in extreme cases
prevents particle shape retr i ekoaexamplg inBig. 5.30ct ¢ o mg

8 Rough surfaced sphere crystals are modelled using a program for generating crystalSwaitssian
random surfac€Muinonen et al. 1996
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taken from Ulanowski et al. (2012), the particle types and shapes are all different, yet their
scattering patterns look similar and do not provide much information other than speckles.

Fig. 5.30: (top) SEM images of a pollen, rough and slightly rough mineral dust grains, and a
rough ice analogue respectively (from left to right), with their corresponding scattering
patterns (bottom), taken from Ulanowski et al. (2012).

In general, the roughness of all types of crystals can be assessed by exploiting the textural
features in the images using Grey Level Co-occurrence Matrix (Ulanowski et al. 2014). Further
details on the method can be found in Section 4.5.2. When speckles occur alongside distinct
features indicative of the crystal shape, the patterns are classified in the specific crystal
category such as dough plates§ dough columnsoéetc. For rough plates and rough columns, the
size estimation is done based on the width of the scattering arc as mentioned in Sections 5.1
and 5.2. In cases where only speckles (but no shape structure) are visible, patterns are
grouped into the gécategona The size esingation of sucts dryatdls is
based on the Speckle Analysis method presented in Section 4.5.1.

5.4.1 Testing the Speckle Analysis code using AIITS images

Al 1l TS images requirelba(Hgobaerent 4dva)ueThos ©Os
dimensions differ from the simulated images used in Section 4.5.1. Native AlITS images have

a dimension of 640x512 pixels. For easier manipulation, a cropped version of 458x458 pixels

is used in which the outer ring (scattering angle 25°) just touches the border of the image.
Therefore, U=491 pixels are obtained from the equation below:

. T LG . s
U BAT (§ PPEPAI O
On substituting _=532nm and U=491pixels, Equation 4.1 becomes:
o
o 'OEX A (5.1)
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'O, which is the average speckle diameter (in pixels), is calculated from the image using the
Speckle Analysis code.

The investigation of the Speckle Analysis algorithm in Section 4.5.1.1 with simulated scattering
patterns demonstrated that the accuracy of the analysis was highly sensitive to the Marker
value. The same investigation was repeated with real (AlITS) scattering patterns to determine
the optimum Marker value.

There were 91 images in total and Marker values between 0.6 and 0.9 were used. Table 5.2
shows the result of how many crystal sizes were predicted correctly using different marker
values. Out of the other Marker values, 0.75 is still the best with a prediction accuracy of
around 55% within one standard deviation.

Marker values No. of correct Percentage

predictions
0.6 35 38.46%
0.7 48 52.75%
0.75 50 54.95%
0.8 48 52.75%
0.9 4 4.40%

Table 5.2: The percentage of correct crystal sizes predicted by the Speckle Analysis code
while using different Marker values.

These results clearly indicate that a Marker value between 0.7 and 0.8 is optimal. Though the
authors of Ulanowski et al. (2012), recommend using 0.6 as the constant Marker value, based
on testing both model | edandAllTSsstatering pattegniimageds,dtt ed p a't
was found that the Marker value should be 0.75 instead of 0.6 for this dataset. However, as
mentioned in Section 4.5.1.1, rather than relying on a constant Marker value, it is
recommended to find the optimum Marker value based on the dataset and image dimension.

The accuracy of the predicted rough crystal diameter obtained from the Speckle Analysis code
is tested by visual inspection, comparing the simulated scattering pattern of rough spheres of
different sizes of 5um radius apart. For example, the AIITS image is compared with the
simulated scattering pattern of a rough sphere of radius 10um. If the AIITS image shows
smaller speckle size, it will next be compared with the simulated scattering pattern of a rough
sphere of radius 15um. Otherwise, it will be compared with the simulated scattering pattern of
a rough sphere of radius 5um.

Fig. 5.31 shows the simulated pattern of rough spheres of radiuses 5, 10 and 15um
respectively. The speckle size of AlITS no.166 in Fig 5.32 is smaller than the simulated pattern
of rough spheres of radiuses 5um and larger than 10um and hence, radius 5-10um will be
estimated. Similarly, for AlITS no.83 in Fig 5.32, the speckle size lies between the speckles in
the simulated patterns of 10 and 15um radius ranges and thus, 10-15um will be estimated.
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Fig. 5.31: Simulated scattering patterns of rough spheres of radiuses 5, 10 and 15um (left to
right).

Fig. 5.32: AlITS no. 166 and no. 83 (left to right).

Until now, modelling and analysis of scattering patterns of different types of crystals as well
as their comparison with the AIITS scattering pattern images were discussed in detail using
several examples. The result of analysing the AIITS images taken on 5th March 2015 ATTREX

are discussed in the next chapter with statistics.
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6. RESULTS AND DISCUSSION

6.1 AIITS results from the 2015 ATTREX mission and their
interpretation

In this research, the AIITS patterns were classified based on visual inspection depending on
the overall size, shape, and surface texture of the crystals. Based on the analysis, out of 2426
patterns, only a subset of 876 images (36.10%) can be used; the others were either blank or
only the artefacts between 0° and 8° were visible, and hence discarded. The resulting
proportion of different crystal categories are given in Table 6.1, which is a summarized table.
For a more detailed information see Table 6.4.

Crystal Categories Number Percentage
Very small crystals 409 46.69%
Columns 27 3.08%
Plates 43 4.91%
Rough crystals 106 12.10%
Quasi-spheroids 291 33.22%
Total 876 100%

Table 6.1: Classification of AIITS images into different crystal types and textures.

Each category from the table is explained in detail below.

6.1.1 Very small crystals

From Table 6.1, the most common crystal type is &ery small crystals6(46.69%) comprising
crystals in the radius range 1-5um. Most of the crystals (237) in this group showed features
similar to the ones arising from quasi-spheroids, that is about 1-4 ring-like structure in their
scattering pattern. Small droxtals and any small crystal with rounded edges and/or slightly
rough surface texture are also likely to be in this group, as their scattering pattern show similar
features and it is often difficult to distinguish them from the actual quasi-spheroidal crystals.
For particles in this size range, the features in the scattering pattern will be quite spread out.
As a result, it is impractical to accurately classify them into finer categories such as quasi-
spheroids, droxtals, small crystals with rounded edges or rough surface texture. The rest of
the crystals (172) out of 409, exhibited an arc-like feature or elongated oval shape with parallel
lines in the scattering pattern which could indicate that they are columns. The former and latter
type are shown in Fig. 6.1 and Fig. 6.2 respectively.
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No.24 No.28
No.41 No0.216

Fig. 6.1: Very small crystals displaying quasi-spheroidal features (above).

No.39 No.153
No.158 No0.320

Fig. 6.2: Very small crystals displaying columnar features (above).

6.1.2 Columns

27 of the total data set (3.08%),we r e i de 1€o i @ mamdctidese sveréthe least common
type of crystal. The prism height ranged between 10-40pm. This category was further divided
into needles, rough solid columns and smooth solid columns comprising 1, 9 and 17 crystals
respectively in each group. While, the height of the rough solid columns spread across the 10-
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40 range, most of the smooth solid columns were found to be in the 10-20um range. Based
on the analysis, the aspect ratios of the columns were <1 (basal radius<half the prism length)
indicating that they are thin columns. The only exception was for a rough column with an
aspect ratio of 1, which implies a thick or equiaxed column. The details are given in Table 6.2.

10-20 1 3 13 17
20-30 2 4 6
30-40 4 4
Grand Total 1 9 17 27

Table 6.2: Sub-categories of column crystals.

An example crystal from each sub-category is shown below (Fig. 6.3).

No.1122 No0.1597 No.2317

Fig. 6.3: Crystals representing the sub-categories of columns: Needles, rough solid
columns, and smooth solid columns respectively (left to right).

Fig. 6.4 shows the height of the rough columns in different size ranges along with the combined
roughness parameter using a box and whisker chart. (See Section 4.5.2 for combined
roughness parameter). This chart is one of the best graphical methods to display the summary
of variation in a dataset and it represents the following:

- The box represents the interquartile data range with lower and upper quartile values on the
lower and upper end of the box. (Lower and upper quartile implies the median of the lower
and upper half of the dataset respectively. The difference between these two is the
interquartile range).

-Within the box, 0 x Gatamet.r Ks t he mean of the
- The horizontal line inside the box is the median of the dataset.

- Lines extending from the either side of the box, called whiskers indicates the minimum and
maximum values in the dataset.

The three rough columns in the 10-20um size range have their combined roughness value
roughly between 0.3 and 0.6. The two mid-sized (20-30um) rough columns have roughness
values of 0.37 and 0.48. For the rest of the four rough columns in the 30-40um size range, the
roughness value varied from 0.40 to 0.68.
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Roughness scale of Rough columns in different size
ranges

10-20 20-30 30-40

0.8
0.7

0.6
0.5
0.4
0.3

0.2
0.1

Roughness Scale (0-1)

Height of the column (um)

Fig. 6.4: The roughness parameter and size ranges of rough columns.

6.1.3 Plates

The third category in Table 6.1, 0 P lae tcamgrided of 43 crystals contributing 4.91% of
the overall crystal population. It is the second least common type of crystal. The sub-
categories of plates are given in Table 6.3, along with their frequency of occurrence and size
estimation (the total number of crystals found in a particular size range is given in brackets in
the 3rd column). As plates orientate on their basal facet, it is difficult to estimate how thick they
are, since this dimension is out of view. However, based on the analysis of tilted plates, they
were thin, with their prism length less than or equal to basal radius. In terms of aspect ratio,
this will be QL (thickness/diameter). The droxtals were usually equiaxed, with an aspect ratio
closeto 1.

5 (2) rad:15-20
(1) rad:35-40
(1) rad:40-45
(1) rad:45-50
7 (4) rad:25-30
(1) rad:45-50
(1) rad:20-25
(1) rad:30-35

1 (1) rad:25-30; combined roughness:0.39
2 (1) rad:20-25, ef<0.4.

(1) rad:40-45, ef:0.7
10 (4) rad:20-25; ef:0.4-0.7

(2) rad:15-20; ef:0.4-0.5
(1) rad:10-15; ef:0.2
(3) rad:5-10; ef:0.7

4 (1) rad:10-15; ef0.7, combined
roughness:0.6499
(1) rad:20-25; ef0.7, combined
roughness:0.6933
(1) rad:20-25; ef:0.7, combined
roughness:0.689
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(1) rad:5-10; ef:0.7, combined
roughness:0.5423

(8) rad:15-20

(5) rad:20-25

(1) rad:25-30

Droxtals 14

Table 6.3: The sub-categories of plates, and their size estimation (rad: radius estimated in
microns; ef: Edge Factor, a dimensionless value (between 0 and 1) used to change the
regular hexagonal crystal to a rhomboid crystal, see Section:5.1.3; for combined roughness,
see Section 4.5.2).

Examples of sub-categories of plates are shown in Fig. 6.5. Based on the features in the
scattering pattern, these are regular hexagonal plates, scalene plates and droxtals in the top,

middle and bottom panels respectively.

{

No0.2342 No.2034

No0.2308 No0.2316

No0.2338 No.2019

Fig. 6.5: Different types of plates. Top panel: regular hexagonal plate, regular hexagonal
plate with rounded edges, regular hexagonal plate with rough surface (left to right). Middle
panel: Pristine smooth scalene plate, smooth scalene plate with rounded edges, scalene
plate with rough surface (left to right). Bottom panel: Regular droxtal (left), Scalene droxtal

(right).
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The Fig. 6.6 shows a doughnut chart representing the percentage contribution of different
types of plates.Overhal f of the OPl atesd (56%) were droxt a
edges, followed by smooth regular hexagonal plates without (12%) and with (16%) rounded
edges. The scalene plates and regular hexagonal plates with rough texture were the least
commont ypes among the OPlatesd, contributing 5% ar

Types of Plates

m Droxtals

m Smooth hexagonal Plates
Rough Plates
Rough Scalene Plates

® Rounded Plates

® Rounded Scalene Plates

H Pristine Scalene Plates

Fig. 6.6: The different types of plates based on their percentage contribution.

Using the stacked column chart, the subcategories of plates in various size ranges along with
the frequency in which they appeared are shown in Fig. 6.7. Most of the plates, in general,
were sized in 15-30um radius range. The pristine, smooth hexagonal plates have larger size
ranges of 35-50um. On the other hand, both scalene plates with rounded edges as well as
rough texture have smaller radius range of 5-25um. Interestingly, apart from a scalene plate
in the 40-45um range, there are no scalene plates beyond 25um radius. Nearly all varieties of
plates were found to be around the mid-range of 20-25um.

Types of Plates in different size ranges

5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50
Size Range in radius (um)

m Droxtals m Rough Plates Rough Scalene Plates = Rounded Plates
B Rounded Scalene Platesm Pristine Scalene Plates ® Smooth hexagonal Plates

Number of Occurence
= =
ol o ol

o

Fig. 6.7: The subcategories of plates in different size ranges.

6.1.4 Rough crystals
The ORoystahh c a t, egsistingof 106 crystals representing 12.10%, are crystals with
unknown shape, but with rough surface texture. The size of the crystals as well as their
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roughness are obtained using Speckle Analysis (Section 4.5.1) and Combined Roughness
(Section 4.5.2) code respectively.

Overall, the combined roughness parameter ranges between 0.2-0.9 and hence the category
is split into three groups based on roughness, namely, slightly rough, medium rough and very
rough crystals ranging from 0.2-0.4, 0.4-0.6 to 0.6-0.9 respectively. An example from each
category is shown in Fig. 6.8. They have a combined roughness of 0.63, 0.45 and 0.36
corresponding to very rough, moderate rough and slightly rough crystals respectively.

No.2027 No.2218 No0.1382

Fig. 6.8: Examples of very rough, moderate rough and slightly rough crystals.

The three groups are shown inFig.6.9usi ng t he O0box dhedesangtion®ok er 6 c h
chart is mentioned umSeatan6.1.2wath Figr6clurgeldotcace bullierym 6

or significantly different values in the dataset. The size of the slightly rough crystals was found

to be between 5-20um radius. However, for the very rough crystals it extended from 10 to

30um radius. The medium rough crystals covered both size ranges, that is, 5-30um radius.

Slightly Rough Crystals Medium Rough Crystals
0.7 0.7

0.6 0.6 —
S am =
0.4 0.4

0: " I -

Roughness
Scale (0-1)
Roughness
Scale (0-1)

0.3
0.2 0.2
0.1 0.1
0 0
5-10 10-15 15-20 5-10  10-15 15-20 20-25  25-30
Size Range in Radius (um) Size Range in Radius (um)

Very Rough Crystals

0.9
[ ]

0.8 ==
0.7 e

0.6

0.5

0.4

0.3

Roughness
Scale (0-1)

10-15 15-20 20-25 25-30

Size Range in Radius (um)

Fig. 6.9: The three varieties of rough crystals with varied sizes and roughness parameters.
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The Fig. 6.10 shows all the crystals in the rough category with different roughness parameter
and sizes. Apparently, the surface roughness increases with crystal sizes. Note that it has not
been investigated whether the increasing roughness with crystal sizes is an artefact or not.
This goes beyond the scope of the present study and hence further studies would be
beneficial.

'Rough' crystal sizes versus roughness

0.9 o
. 0.8
-
& 07
L 0.6
(1]
& 05 °
o 0.4
£ 03
EY
k] 0.2
0.1

5-10 10-15 15-20 20-25 25-30

Size Range in Radius (um)

Fig. 6.10: The roughness parameter of different sized rough crystals.

There were 22 slightly rough crystals, 42 medium rough and 42 very rough crystals, making a
total of 106. In Fig. 6.11, it is clear that very rough crystals are indeed larger in terms of size
which implies that larger crystals have overall rougher surface texture. None of the slightly
rough crystals were found above 20um radius. The majority of the crystals were found to be
in 5-10um radius range with slight or medium roughness.

Rough crystals in different size ranges

II m ml m -
5-10

10-15 15-20 20-25 25-30
Size Range in Radius (um)

w
o

N
o

Number of crystals
o ©

m Slightly Rough ® Medium Rough = Very Rough

Fig. 6.11: The frequency of rough crystals in different size ranges.

6.1.5 Quasi-spheroids

The 6Qpheiroi ddb category is the second common
representing 33.22% of the overall crystal population. These crystals are further divided into

two groups, smooth and rough quasi-spheroids, based on their surface texture. The smooth
guasi-spheroids are crystals with smooth surface as well as significantly rounded edges, and

they feature ring-like structure in the scattering patterns. The rough quasi-spheroids are rough

surfaced crystals with significantly rounded edges. Therefore, a combination of both ring-like

and speckle-like structures are noticeable in their scattering patterns.
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(a) Smooth quasi-spheroids:

Overall, 178 smooth quasi-spheroid crystals were found in the radius range 5-25um. Among
them, over half of the crystals, that is 55% (98 crystals), were in the small radius range of 5-
10um. 42%, represented by 74 crystals, were found to be in the 10-15um bin. The smaller
portion of 3%, correspond to 5 crystals in 15-20um and just 1 crystal in 20-25um bin. The
distribution of different sized quasi-spheroid crystals represented using a bar chart is illustrated
in Fig. 6.12.

Smooth Quasspheroids

%)

2 120

9 100

S 80

S 60

§ 40

o 20

>

g 0 — o
L 5-10 10-15 15-20 20-25

Size Ranges in Radiusn

Fig.6.122 The frequenguas-sphenesimbd@tdrystal s in

The size of these crystals was estimated by manually counting the rings in the scattering
pattern as well as using the speckle Analysis code. Fig. 6.13 shows some examples of Smooth
Quasi-spheroids of various sizes. The N0.1981 and N0.2024 has 5-6 and 9-12 rings and they
fall into the 5-10um and 10-15um sizes respectively. In the bottom panel of Fig. 6.13, there
are 14-18 rings in N0.2324 and 18-24 rings in N0.2410. The former and latter belongs to size
ranges of 15-20um and 20-25um radius ranges respectively.

No.1981 No.2024

No.2324 No.2410

Fig. 6.13: Examples of quasi-spheroid crystals in different radius ranges.
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(b) Rough Quasi-spheroids:

There were 113 crystals which showed both features like rounded edges as well as rough
surface texture based on the image analysis. These are included in the dough quasi-
spheroidsdcategory which contributes 12.9% to the total crystal population. Examples are
shown in Fig. 6.14. While No.2072 has 16-18 rings implying a crystal radius of 15-20um, the
N0.2357 has 10-14 rings inferring a crystal radius of 10-15um. The former and the latter have
a roughness of 0.69 and 0.38 respectively.

No. 2072 No0.2357

Fig. 6.14: Examples of rough quasi-spheroid crystals.

The bar chart in Fig. 6.15 shows the number of Gough quasi-s p h e rcrystals$ i different size
ranges. There are 49 crystals (43%) in the 10-15 um radius range making it the most populated
size range. On its either side, 5-10 um and 15-20 um represented 19% with 21 crystals and
22% with 25 crystals respectively. The lowest number, with 18 crystals (16%) were found in
the 20-25 um size range.

Rough quasspheroid crystals

60
50

40 I
5-10

10-15 15-20 20-25
Size Ranges in Radius

N
o

Number of crystals
= w
o (@]

o

Fig. 6.15: The frequency of dough quasi-s p h e r anyistdlsirddifferent size ranges.

Just like smooth quasi-spheroids, the size estimation of this type of crystals were also done
by counting the number of rings as it is more robust and easier compared to Speckle Analysis.
The Speckle Analysis code was also applied on unsaturated images (93 out of 113 images of
rough quasi-spheroids). The 10 saturated images are excluded from the comparison of these
two methods.
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The Fig. 6.16 shows the comparison of crystal size estimation by testing 93 rough quasi-
spheroidal crystals based on manual ring counting and automated speckle analysis (using
marker value 0.75). The two methods agree reasonably well for small crystal sizes. As crystal
size increases (diameter>40um), speckles merge to form larger speckles and hence the sizes
were underpredicted by the Speckle Analysis code. For instance, in Fig. 6.16, the Speckle
Analysis code predicted between 18 and 37 um for crystal sizes between 40 and 50 pum. As
an example, a cropped version of original image of AIITS No.2048 is shown in Fig. 6.17 (left),
along with reconstructed image used in Speckle Analysis code, Fig. 6.17 (right). It can be seen
that some of the highlighted speckles (or rings) are merged and while predicting the crystal
diameter from the median of these speckles, there will be inaccuracies. A particle size of
33.17um was predicted by the Speckle Analysis code. However, based on manual ring
counting, 18-22 rings can be seen and has an estimated diameter of 40-50 um (see Table
5.1).

Size prediction of rough quaspheroids using
counting of rings vs Speckle analysis

N
(&)

Speckle Analysis
w b
[6) @]
L@
)

BNN W
o1 O o1 O
[
[ )
e o

=
o

Predicted crystal diameter based on
(6)]

o

0 10 20 30 40 50
Estimated crystal diameter based on counting rings (um)

Fig. 6.16: Comparison of crystal size (diameter) prediction based on manual ring counting
and automated speckle analysis code (using 0.75 marker value). The trendline is shown in
red dotted line.

Fig. 6.17: (left) cropped and masked image of AIITS number 2048; (right) highlighted
speckles in reconstructed image used in Speckle Analysis code.
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The combined roughness values of these crystals were also determined to find out how rough
these crystals were. This is given in Fig. 6.18. Even though there are a few outliers represented
by the dots, overall, the data shows an increasing trend of roughness with crystal size as
expected. The mean roughness rises from 0.4 to 0.7 as the size ranges between 5-25um.

Rough quasi-spheroid crystals
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Fig. 6.18: The combined roughness value of dough quasi-s p h e rcrystats.o

A more detailed table (compared to Table 6.1) with sub-categories of crystals is given below
(Table 6.4). The same-coloured rows belong to the same crystal type.

: Number of
Crystal Types Sub-categories of Crystals crystals
Very small crystals (rounded) (Rad:1-5um) 237
very small crystals Very small crystals (column-like) (Rad:1-5um) 172
Smooth columns (length:10-30pum) 17
Columns Rough columns (length:10-40um) 9
Needles (length 10-15um) 1
Pristine, smooth plates (Rad:15-50um) 5
Plate with rounded edges (Rad:20-50um) 7
Scalene plates (Rad:20-45um) 2
Plates Scalene plates with rounded edges (Rad:5-25um) 10
Rough plates (Rad:25-30um) 1
Rough scalene plates (Rad:5-25um) 4
Droxtals (Rad:15-30um) 14

Quasi-spheroids Smooth quasi-spheroids (Rad:5-25um) 178
P Rough quasi-spheroids (Rad:5-25um) 113
Total 876

Table 6.4: A detailed table with the size and number of sub-categories of ice crystals.

In Fig. 6.19 (a), the proportions of different types of crystals in different size ranges are shown.
The radius range 1-5um are classified as very small crystals. The four radius ranges between
30-50pm on the extreme right are solely contributed by plates; even though there are only 6
plates in the specified size ranges. A wide variety of crystal types; including plates, columns,

85



rough crystals, smooth as well as rough quasi-spheroids, can be seen in the lower to mid
radius ranges (5-30um). All the crystals are shown in terms of radius; for columns, half the
prism length is used as dadius6to incorporate it into the Fig. 6.19 (a). No aggregates were
found in this scattering dataset. (The scattering patterns of aggregates are similar to columns,
but additionally contain multiple scattering arcs running through the centre.) The Particle Size
Distribution (PSD) is given in Fig. 6.19 (b). Note that the crystal diameter in microns is shown
in the horizontal axis.

Overall proportion of crystals in different
size ranges
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Fig. 6.19: (a) The overall proportion of various crystal types in different sizes. (b) Also plotted
as a Particle Size Distribution (PSD).
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Out of the 409 very small crystals, 237 are rounded crystals. Along with 291 (smooth and
rough) quasi-spheroids, altogether there are 528 crystals with rounded edges, the most
common crystal type (60%). They appear to be in the 1-25 radius range. This excludes plates
with rounded edges and rough crystals which are of unknown type. The percentage further
increases if these are counted in the rounded or quasi-spheroid group. In general, smaller
crystals are predominantly quasi-spheroidal and as the size of the crystal increases, they
become more and more complex.

A simplified representation of proportions of crystals in different size ranges is depicted in Fig.
6.20 using a 3D pie chart. The crystal sizes, indicated by different colours, are presented in
percentages.

Proportion of crystals in each size ranges
2%1%

m1-5 m5-10 m10-15 = 15-20 m20-25 m25-30 m30-50

Fig. 6.20: The proportion of crystals in different size ranges. The sizes are in ym radius.

The most populous radius range is 1-5um with 409 crystals (47%). The numbers decrease
with increasing size range. The second most populated radius range is 5-10um with 179
crystals (20%). The number of crystals decreases further to 143, 74, 50 and 15 in the radius
ranges 10-15, 15-20, 20-25 and 25-30 um respectively. The least populated bins extend from
30-50um. Two plates, one smooth with rounded edges and the other, regular smooth, pristine,
were found in the 30-35 and 35-40 um bins respectively. The same two crystal types were
found again in the 45-50um range. A smooth, pristine and a scalene plate were found in the
40-45um range.

6.2 Imaging parameters which might have affected the particle

classification results
This section includes some of the parameters which were noted during the image analysis
procedure. The parameters like camera settings and combined intensity of the image are
discussed below.

The camera parameters O6exposure timed and

and were not changed during the flight. However, some of the scattering patterns were weak
(dim) and others were bright. One of the reasons for this difference in brightness level for
images could be the following: Since the small crystals have small surface area there will be
less scattering, and therefore, result in a weaker scattering pattern image; while the large
crystals scatter strongly, and as a result, their scattering pattern image will be brighter. Even
though this is not always the case, the general trend is that larger crystals have bright
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scattering patterns compared to the smaller crystals. One of the disadvantages of the dim
image is that the features, which helps to identify the crystal type, may be vague and hence
less information can be processed. However, there are various functions that can be used in
MATLAB to improve the image sharpness or brightness, and these are applied on weak
images to get as much information as possible. One such method is described in Section 4.6.

In terms of size estimation of crystals, it is a common practice to find the combined intensity
of a scattering image. The combined intensity is the total intensity or brightness in an image
and is used as the usual sizing method for scattering probes that do not record scattering
patterns. In general, the larger the crystal, the brighter the image will be and hence, greater
the combined intensity value. For a dim image, the combined intensity value will be small
corresponding to a smaller crystal. Therefore, by just sorting the combined intensity values,
presumably the crystal sizes can be sorted. However, this is nhot a completely reliable method,
and the reason is illustrated using examples. Two plots of combined intensity versus
illuminated area are shown in Fig. 6.21 and Fig. 6.22 corresponding to regular hexagonal
plates and smooth rounded crystals respectively.

Combined Intensity versus llluminated Area of
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Fig. 6.21: Combined Intensity plotted against illuminated area of plates.

Combined Intensity versus llluminated Area of
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Fig. 6.22: Combined Intensity plotted against illuminated area of smooth quasi-spheroids.
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The illuminated area refers to the area of the crystal that is illuminated by the beam. Hence,

the illuminated area of plates implies the hexagonal area, which is A5 , Where i is the radius

of the hexagonal plate, and the illuminated area of rounded crystals are approximated to the
area of a circle, i , where i is the radius of the rounded crystals (circle).

In Fig. 6.21, five plates with radiuses between 15 and 50um were analysed. Based on the
figure, the combined intensity increases with the illuminated area implying that the larger
crystal scatter light more. The Fig. 6.22 is plotted using 178 smooth Quasi-spheroid crystals
with four radius ranges of 5-10, 10-15, 15-20 and 20-25um. In this case as well, there is a
general trend of combined intensity being proportional to the surface area of the crystal.
Nevertheless, there are exceptions like the largest crystal with 22.5um (taken as the average
of 20-25um) seems to have a lower combined intensity value despite of its size (illuminated
area around 1600um?). This is due to the lower overall brightness value of the image.

Any change in the overall brightness will affect the crystal size prediction. As an example, two
images representing crystals with similar size and/or roughness but with different brightness
values are shown in Fig. 6.23.

Fig. 6.23: (left) AlITS image no. 2399 and (right) 2391.

Both the scattering pattern image no.2399 and 2391 are classified as rough crystals in the
size range of radius 20-25um. The speckles in the image look similar in size indicating that
they have similar size. The right image in Fig. 6.23 has a combined intensity of only 6,850,645
while the left one has over twice the amount of brightness (14,892,656). Determining the
crystal sizes by sorting the combined intensity alone might lead to an inaccurate result of
crystal size.

Therefore, as mentioned earlier, there were inconsistencies in terms of brightness and size of
the crystals and cannot be relied on this process alone. Hence, individual visual inspection of
scattering pattern images (by eye) is advisable.

6.3 Results from NASA probes

This section describes the results obtained from the NASA probes, taken during the CAST-
ATTREX Global Hawk flight on 5th March 2015.

There were 3 data files in total with similar information format: the PSD (particle size
distribution) number, Time stamp (in seconds), Latitude (°North), Longitude (°East), Altitude
(m), Temperature (K), Mean maximum dimension of bin (um), Number concentration (m=/um)
and Bin width (um). The first set was solely from the 2D-S probe consisting of 282 PSDs, the
second set contains the recordings from both FCDP and 2D-S consisting of 382 PSDs and
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the third set, with 344 PSDs, was similar to the second set except that the first 2 bin sizes (10
and 20) of the 2D-S data were replaced by the FCDP data (as FCDP provides a more accurate
measurement for smaller crystals).

PSDs represent the distribution of sizes of different particles. The timestamps recorded by the
NASA instruments are in seconds (more specifically, Coordinated Universal Time (UTC) since
1*Jan 1970 00:00:00). (For example: A ti me
04:11: 4406) the MIoSvrecords real time for its the scattering pattern images.
Therefore, AINITS times were converted to these time stamps first. An algorithm, which
automates the process of extracting the date and time from images (individual images or a
folder of images) and converts them to UTC is given in Appendix 11.3. These UTC times are
then directly searched in any of the above 3 datasets to check whether the ice crystals of
similar size have been recorded by other probes at the same time. However, only few crystals
were found at the exact same timestamp recorded by AIITS and NASA probes. Hence their
average PSDs over the entire flight were investigated which is described below.

63.1Particle size comparison between

measurements
The analysis is limited to the UTC time between 04:07 and 15:55 on 5" March 2015. During
this time range, both the AIITS and the NASA probes recorded the presence of some particles.
Also, this study is limited to crystals with a mean maximum dimension of 100um as that is the
Al 1l TS6 maxi mum measur ement range. Theref
dimensions above 100um are excluded from the analysis. The patrticles are binned according
to their size and the bin sizes are different for different NASA probes: for the third dataset,
they range from 10 to 3105um and have a bin width of 10um for a mean maximum dimension
up to 200um. The mean maximum dimension of the bin refers to the maximum dimension
(length or diameter) of the particle across its projected area. The number concentration
specifies the count frequency of a specific bin size for each second. More specifically, the
(particle) number concentration, given in Equation 6.1, depends on the count frequency or
number of counts (f), the air speed (v), the sampling area of the triggering zone (A) and the
time interval (t) (Thornton 2016).
. Q
" Foo el

Fig. 6.24 shows the PSDs (in logarithmic scale) measured by the NASA probes in comparison
to the AIITS instrument. The size distribution of different types of crystals are shown in different
colours for the AIITS and the primary y-axis is given in number of particles in size bin/width of
the bin. The PSD measured by the NASA probes are shown in triangles and the secondary y-
axis is given in number concentration. Regarding the crystal size, there are higher
concentrations of crystals in smaller bins and negligible amounts in higher bins based on AlITS
data. This agrees with the NASA probe measurements.
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Fig. 6.24: PSDs measured by the NASA probes (triangles) and the AIITS (coloured based on

crystal types) for the entire flight. No t e

A collection of ice crystal images taken by the CPI instrument during the 5" of March 2015

flight are given below (Fig. 6.25):
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