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Abstract

This thesis describes the development and field testing of two in situ cloud observation instru-
ments based on the principle of digital holography. These instruments have been designed
to be both low cost and light weight, as suited for observations over wide areas as part of a
network of sensors, and for vertical profiling of clouds from an untethered weather balloon.
These capabilities are believed, by this author, to be unique to the instruments presented
in this work and are intended to address the distinct lack of in situ cloud microphysical
observations that are required for improving the understanding of cloud processes, calibration
of climate and weather models, and validation of remote sensing observation methods.

A major challenge in the development of holographic instruments relates to their au-
tonomous operation under field conditions. Methods are presented to overcome these issues,
and aspects of the design process that allow significant reductions in cost and weight, as
compared with standard instruments, are described. Automated analysis methods are an es-
sential aspect of a holographic system, particularly for those presented in this work which are
intended to be deployed under conditions in which they may be lost. Two automated analysis
methods are presented in this work and are tested and optimised using field observations as
well as a numerical model of a holographic system that was developed in this work.

One of the developed holographic instruments was deployed in a multi-month field
campaign in the Australian Snowy Mountains alongside a range of standard instruments. An
in-depth analysis of observations from all instruments for a range of different atmospheric
events is undertaken, with a particular focus on assessing the performance of the developed
holographic instrument. The holographic observations were found to be consistent with those
of the other instruments within the overlapping resolution ranges that each were sensitive
to. The potential for this instrument to classify atmospheric events was demonstrated using
case studies, and holographic observations revealed biases in the microphysical outputs of a
reanalysis model.

A world-first untethered balloon launch of a holographic microscope into clouds is
described. Multiple bands of cloud were identified and the feasibility of this approach
was demonstrated. Insights are presented relating to the microphysical structure of a post-

drizzling warm stratus cloud, as well as cold clouds at higher altitudes. Microphysical
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retrievals from an imaging satellite are evaluated using the in situ observations from this
launch. The satellite retrievals were found to exhibit distinct biases, consistent with those
identified in prior evaluation campaigns.
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Chapter 1

Introduction

1.1 Overview and Motivation

Clouds have been a source of fascination throughout human history, as evidenced by their
prominence in art and literature over thousands of years [1]. Climatological review of satellite
observations reveals that clouds cover approximately 70 % of the Earth’s surface [2], and
upwards of 80 % in areas such as the Southern Ocean [3]. The importance of clouds is
difficult to overstate: they play a key role in the hydrological cycle, on which life on this
planet depends, are a major contributing factor in extreme weather events, have implications
for aviation safety and ground-based astronomy, and, perhaps of most direct relevance, a
lack of understanding of clouds and precipitation has been identified by the International
Panel on Climate Change (IPCC) as the leading source of uncertainty in climate and weather
modelling [4]. The importance of clouds is elaborated on in this section to provide motivation
for this work, and a more in-depth discussion of their role in climate modelling is provided
in the following chapter.

Human prosperity depends directly on clouds through their role in the hydrological cycle.
Accurate rainfall forecasting is a crucial aspect of agricultural planning, yet model perfor-
mance is significantly impaired by a lack of understanding of clouds and precipitation [35, 6].
Understanding of rainfall processes is expected to become increasingly important over the
coming years as increased drought frequency is suggested by climate models [7, 8]. Cloud
Seeding (the attempt to artificially generate precipitation) is one mitigation approach being
considered to address this issue that has been tested throughout the world for decades [9, 10].
Under certain conditions this approach has been found to be effective at enhancing precipita-
tion [11, 12], yet much remains poorly understood due to the complexity of the underlying
processes [13]. A stronger understanding of clouds is crucial in determining the environ-
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mental impacts of approaches such as this, as is required in determining viable strategies for
overcoming these climate challenges sustainably.

Clouds also play a very important role in extreme weather events and aviation haz-
ards [14], such as hurricanes, thunderstorms, hail events, floods, and aircraft icing. The
societal and economic impacts of these events are severe. The global economic loss from
weather-related disasters in the period from 2001 to 2010 has been estimated at around
USS$1.7 trillion [15]. The losses over the following decade have been estimated at around
US$2.5 trillion, and climate modelling suggests that the frequency and intensity of extreme
events may increase over the coming years [7]. Forecasting of extreme weather events is
currently impaired by a lack of understanding of cloud microphysical processes [16, 17], and
further observations are necessary to resolve these uncertainties.

Clouds have important implications for other fields of research, such as astronomy and
astrophysics. The clouds of Earth offer a convenient natural laboratory for the study of
clouds of other planetary atmospheres. The presence of clouds has been identified as a
key signature in the search for extra-terrestrial life [18], and a strong understanding of
the clouds of Earth can assist with such searches. Clouds are also a key component in
the observation process of ground-based astrophysical observatories [19]. Measurements
of the microphysical properties of clouds could allow for the correction of high-energy
astrophysical observations obscured by cloud that would otherwise be discarded [20, 21].
Such measurements are expected to be of particular importance to the detection of transient
phenomena, such as gamma-ray bursts [22], that may only be observable during times of
cloud cover.

Beyond the importance to applied problems, there are many open questions within the
field of cloud physics of a more fundamental nature. The physics of thunderstorms is
particularly poorly understood [23], as a result of the many complicated and interacting
processes observed to occur. The basic questions regarding lightning, for example, are only
beginning to be addressed [24], and there is no accepted overarching theory describing the
observed generation of gamma rays [25] and anti-matter [26] within these storm systems.
Other open problems relate to the generation of gravity waves within convective clouds [27],
the nature of small-scale turbulent processes within clouds [28], believed to be of particular
importance in climate modelling [29], and the role of cosmic rays in the formation of
clouds [30, 31].

Despite extensive research efforts, even theories regarding fundamental processes, such
as the growth and breakup of cloud droplets by collision and coalescence, and the growth and
splintering processes of ice crystals, have been found to be insufficient for accurate description

and modelling of clouds [6]. These processes occur at the microscopic scale of cloud particles.
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The low-cost in situ instruments presented in this work should be particularly useful in
resolving these issues due to their capability for dramatically increasing the availability of

cloud observations at these critical scales.

1.2 Challenges in the Understanding of Clouds

Given their importance, it is perhaps surprising that scientific progress towards the under-
standing of clouds is considered to have largely occurred over just the past few hundred
years [32, 33]. Significant progress has been made over this time, as outlined in Chapter 2,
yet much still remains unknown [6]. This is particularly so within the field of cloud micro-
physics [34], which is focussed on the physical processes involving individual cloud and
precipitation particles. The work presented in this thesis relates most directly to this area of
research.

Challenges in the understanding of clouds are primarily born from the vast complexity
and range of scales over which their underlying physical processes are found to occur [34, 35].
Cloud particles typically can grow from nanometre-sized aerosols into precipitation particles
with sizes of up to a few centimetres (about 7 orders of magnitude). Particle interactions
are determined over spatial scales of sub-millimetres, and global cloud extents can cover
thousands of kilometres (about 10 orders of magnitude). The electrification of clouds has
been found to be of importance to their evolution [36], and typical electric field values within
clouds range from around 10> V m~! to 10 V m~! (about 4 orders of magnitude). Similar
ranges of scales are found for other key parameters such as particle charges, number densities
of chemical constituents, and thermodynamic variables.

This underlying complexity necessitates a multi-scale approach to resolving this problem
of understanding. Whilst significant progress in modelling is being made as a result of
increasing computational resources, a fundamental lack of field observations of clouds
remains a limiting factor [6]. Remote sensing instruments, such as lidar and radar, allow for
widespread observations with high temporal resolution; however, the inversion algorithms
used to relate bulk observed properties to the underlying microphysical parameters require
calibration and validation from direct in situ observations [37].

A range of sampling methods are currently employed in a complementary fashion to
perform these in situ observations, each with their advantages and limitations. Aircraft flights
through clouds are useful as they allow targeted studies throughout the 3D cloud extent
in a controlled fashion. They are fundamentally limited by the large costs involved, and
consequently cannot provide global measurements throughout the year, as is required for

capturing the large variability of clouds. Tethered balloons are another effective sampling
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method with the key advantage of long-term observations at a fixed location, though their
deployment is limited to certain locations and atmospheric conditions. The status of current
observational methods is discussed in greater detail in the following chapter.

This thesis describes the development and field testing of two new in situ cloud-sampling
instruments. The instruments are based on the principle of digital holography [38] and
allow for 3D imaging of cloud particles at micron-scale resolution. Automated methods are
presented in this work to extract particle counts, sizes, and shapes. Such measurements have
been identified as being of particular importance for improving climate models.

The instruments were designed to be both low cost and light weight to address the issue
of limited in situ cloud observations. This allows for widespread observations via deployment
over a network of towers. One of the instruments is sufficiently light weight so as to be
deployed on an untethered balloon or Unmanned Aerial Vehicle (UAV). This offers the unique
capability of routine vertical profiles of cloud microphysics from most locations around the
world, at a fraction of the cost of aircraft observations. The results of an untethered balloon
launch of a holographic instrument are presented in this thesis.

The developed holographic microscope designed for deployment on the ground or on
tower structures is referred to hereafter as the Compact Cloud-particle HOlographic Micro-
scope — Surface (C’HOM-S). The lighter-weight instrument, suitable for deployment on an
untethered weather balloon, is referred to as the C2HOM - Balloon (C2CHOM-B).

1.3 Thesis Organisation

The first chapter of this thesis presents a brief overview of the motivations for this work, along
with a summary of the thesis structure. Chapter 2 provides a theoretical overview of the cloud
and precipitation microphysical processes relevant to this work, a summary of the role of
cloud microphysical observations in improving climate models, as well as an assessment of
current observational techniques. Chapter 3 describes the experimental methods and analysis
routines developed for the autonomous operation of holographic instruments under field
conditions. A description and results of a Monte Carlo model of a holographic instrument
is presented in chapter 4, with a focus on the application of this model for testing of an
automated holographic analysis method. A summary of the instruments deployed in the
field campaigns undertaken in this project is provided in Chapter 5. Chapter 6 presents the
results of the field deployment of a newly developed holographic instrument, alongside a
range of widely used instruments, in the Australian Snowy Mountains. Chapter 7 describes
an untethered balloon launch of a holographic microscope into clouds. In chapter 8, the key

conclusions are summarised along with a discussion of future work.



Chapter 2

Cloud Microphysics and Observation
Techniques

2.1 Introduction

This thesis primarily describes the development and field deployment of two new in situ cloud
observation instruments based on the principle of digital holography. These instruments
were developed to be low cost and light weight to significantly increase the availability of
observations of cloud microphysical processes. This chapter provides a summary of the
relevant cloud background theory and existing observation techniques to outline the context
and relevance of the work presented in this thesis.

The chapter begins with a summary of the current understanding regarding cloud mi-
crophysical processes. Much remains to be understood about these underlying processes,
particularly at the microscopic scales to which the presented instruments are sensitive to,
and specific gaps in the current knowledge are outlined here. A brief discussion of the
role of microphysical observations in improving the predictions of climate models is next
provided, as this is one of the primary motivations for this work. The chapter concludes with
an overview of the advantages and limitations of existing methods used for observing cloud
microphysical processes, with an emphasis on the manner in which the instruments presented

in this work can overcome existing observational challenges.

2.2 Cloud Microphysics

The field of cloud microphysics concerns the physical processes relating to the formation and
evolution of individual cloud and precipitation particles. These processes occur over scales of
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sub-micrometres to centimetres and the key processes are summarised in Figure 2.1. Cloud
processes occurring over larger scales are addressed by the field of cloud dynamics [39], but
this area is outside the scope of this discussion.

A standard convention in the field of cloud microphysics is to classify and separately
study clouds based on the thermodynamic phase of their constituent particles. In this work
the standard distinction will be made between warm clouds, consisting solely of liquid water
droplets, and cold clouds which contain ice, either solely or in mixture with liquid water
droplets. Clouds and processes of both types were observed in the field campaigns presented
in this thesis, and so a summary of both types is presented in this section for reference.
The following discussion is based on the textbooks of Pruppacher and Klett [34], Lohmann,
Liiond, and Mahrt [35], and Rogers and Yau [40]. The reader is encouraged to consult these
sources, along with the references contained therein, for additional detail if desired.

2.2.1 Warm Clouds

Warm clouds are formed from the conversion of atmospheric water vapour into liquid water
droplets. Formation of water droplets from pure water vapour requires the collision and
aggregation of water molecules. For a stable equilibrium mixture of water vapour over
a planar surface of water to exist, the rate of water molecules leaving the liquid phase
(evaporation) and the rate entering the liquid phase (condensation) must be equal. This state
is referred to as saturation and the pressure of the water vapour in this state is referred to as
the saturation vapour pressure (e). The ratio of the water vapour pressure (e) in an air mass
to the saturation vapour pressure is defined as the relative humidity (RH) or saturation ratio.
Values of this ratio that are larger than the saturation value are referred to as supersaturation.

The equilibrium vapour pressure with respect to a spherical water droplet as a function of

droplet radius is described by the Kohler equation [34]:
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where ¢/, is the equilibrium vapour pressure over the droplet surface, a is the droplet radius,
e, is the saturation vapour pressure relative to a planar surface of water, M,, is the molar
mass of water, o is the droplet surface tension, p,, is the density of water, R, is the water
vapour gas constant, 7" is temperature, V is the chemical dissassociativity, @y is the practical
osmotic coefficient, m, is the mass of constituent salt, M, is the molar mass of constituent
salt, and py is the density of salt. The first term in the exponent of this equation describes

the effects of surface tension, which tend to increase eg relative to e, and the second term
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describes the hygroscopic effects of salt solution within the droplet, which tend to decrease
el relative to that of a pure water droplet.

The formation and growth of cloud droplets via the diffusion of water vapour can be
understood directly from the Kohler theory [34]. If the supersaturation adjacent to a water
droplet is less than the supersaturation of the surrounding air mass, there will be a net
diffusion of water vapour towards the droplet. If the supersaturation of the surrounding air
mass is greater than the maximum supersaturation adjacent to the droplet, as predicted by
Equation 2.1, the droplet will freely grow in radius without the need for further increases in
the supersaturation and is referred to as an activated droplet. If at some droplet radius the
supersaturation around the droplet is greater than the supersaturation of the air mass, then
the droplet will remain at this fixed radius and is referred to as a haze particle. If the relative
humidity drops below 100 %, droplets will begin to evaporate and decrease in size.

Air masses are generally subsaturated but can attain the necessary supersaturation values
required for cloud formation through a number of mechanisms [39]. This includes adiabatic
lifting and cooling, addition of water vapour, and nonlinear mixing of subsaturated air masses.
Adiabatic lifting can occur from free and forced convection processes, such as via orographic
lifting in a mountainous region. Larger updraft velocities lead to larger supersaturation
values and hence larger numbers of activated cloud droplets. The adiabatic lifting theory
predicts that supersaturation values reach a maximum value at the base of clouds, and then
decrease monotonically with height [41]. Deviations from this simplified model are expected
with the inclusion of processes such as turbulence and strong convection that remain poorly
understood [42, 43].

A key prediction of the Kohler theory is that the formation of water droplets from pure
water vapour would require supersaturation values on the order of a few hundred percent [35].
Supersaturation values in the atmosphere rarely exceed more than a few percent [43], and so
this process of homogeneous nucleation does not produce clouds on Earth. Cloud formation
instead proceeds via the process of heterogeneous nucleation which requires an aerosol
particle to reduce the necessary supersaturation through a combination of increasing the
initial size of the droplet and increasing the hygroscopicity relative to pure water.

Aerosols are solid and liquid particles suspended in the atmosphere. They include
clusters of a few molecules through to giant aerosols with sizes on the order of a few hundred
microns [44]. There are many types of aerosols including black carbon, dust, pollen, volcanic
emissions, charged particles produced by cosmic rays, and sea spray. Aerosols can also be
produced directly within the atmosphere through the chemical interaction of constituents
such as sulphuric acid. The subset of aerosols that can become activated cloud droplets, for a

given supersaturation, are referred to as Cloud Condensation Nuclei (CCN).
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There are typically more sources of aerosols and greater observed number densities over
continental regions, as compared with ocean regions [45]. This leads to a distinct observed
difference in the properties of clouds formed from air masses of continental or oceanic origin,
and the resultant clouds are correspondingly classified as being either continental or marine.
Continental clouds are typically found to have a greater number density of CCN, and hence
activated water droplets, than marine clouds. The lower number density of marine cloud
droplets tend to have a larger size distribution than continental clouds, as the fixed available
water vapour mass can be distributed to the fewer available particles. The composition
and sources of aerosols, and the resultant cloud-aerosol interactions, remain particularly
poorly understand, especially in regions such as the Southern Ocean due to a lack of in situ
observations [46, 47].

The rate at which a cloud droplet grows via condensation is determined by factors such
as supersaturation, droplet curvature, solute inclusions, the diffusivity of water vapour in air,
conductivity and amount of heat flow by condensation and evaporation, gas-kinetic effects,
and the ventilation of the droplet as it moves through the air. This growth is described by
the droplet growth equation, the form of which can be found in standard textbooks [35].
This theory predicts that for typical cloud conditions, cloud droplets can grow rapidly via
condensation to a diameter of around 40 microns [48]. Subsequent growth takes considerably
longer and the process of condensation alone cannot explain the observed formation of rain,
nor even drizzle defined as precipitation droplets with sizes less than 500 microns, in warm
clouds over timescales of less than 20 minutes [49].

Growth of droplets to sizes larger than around 40 microns over such short timescales
requires the additional growth processes of collision and coalescence [35]. Droplets larger
than around 40 microns in diameter have appreciable fall velocities due to gravity. Droplets
of differing sizes have different fall velocities and hence collision and coalescence becomes
possible. Condensational growth leads to a narrowing of the droplet size, and hence velocity,
distributions. Therefore, additional processes are required to prepare the population of
droplets for collisional growth mechanisms.

Broadening of the droplet size distribution can occur through the presence of Giant
CCN (GCCN) [50]. Pollen particles have been identified as potential candidates for GCCN
with sizes of up to around 200 microns [51], and modelling studies suggest that GCCN
can be an important factor in the formation of rain in warm continental clouds [52]. The
role of GCCN is expected to be less important for marine clouds due to their lower number
densities of cloud droplets. Radiative effects can also play a role in broadening the droplet

size distribution [53], and are also important in the formation of fog.
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Micro-scale turbulence is believed to play an important role in initiating the collision
and coalescence growth mechanisms since turbulent fluctuations at millimetre to centimetre
scales can enhance the probability of droplet collisions [54]. There is much remaining to
be understood regarding the detail of these turbulent processes. Simulations including the
effects of turbulence in a homogeneous environment show relatively small broadening of
the droplet size distribution [55, 56]. Specification for inhomogeneous mixing of clouds at
centimetre scales significantly increases the broadening effect, as particles can cluster in
regions of low vorticity [28] and regions of enhanced supersaturation are produced.

Field observations of these processes are limited by the lack of instrumentation available
that can provide statistically significant measurements over such small scales [28, 42]. The
holographic instruments developed in this work are well suited to addressing this particular
problem, as 3D images of centimetre-scale sampling volumes are produced at micron-scale
resolution. Recent holographic observations of clouds from an aircraft campaign reveal
that inhomogeneous mixing does occur over these small scales [57], but significantly more
observations are required to better understand these processes. Details regarding the design
and limitations of the holographic instruments developed in this work are discussed further
in the following chapter.

The efficiency of droplet growth by collision and coalescence is a function of the proba-
bility of collision of droplets, as well as the probability of coalescence [34]. This depends
on factors such as the droplet sizes, turbulence, and electric field conditions. Holographic
observations of the 3D trajectories [58] of cloud particles during these processes would be
particularly useful in furthering understanding for the improvement of climate and weather
models.

Stochastic models of collision and coalescence processes suggest that for sufficiently
broad droplet size distributions, these processes can be effective at producing droplets large
enough to leave the cloud as precipitation [34]. Droplets large enough to reach the ground
due to the force of gravity are referred to as rain, and hydrometeors that evaporate before
reaching the ground are referred to as virga. Rain droplets become unstable as they grow
larger, leading to droplet breakup [59], and droplets are rarely seen with diameters greater
than around 10 mm for this reason [60].

The adiabatic theory of warm cloud formation described in this section leads to a number
of basic predictions that can be experimentally tested by the instruments developed in
this work. Aerosols will deliquesce and grow via condensation to an equilibrium size in
subsaturated air, as determined by Equation 2.1. Adiabatic cooling of this parcel of air as
it is lifted can then provide the necessary supersaturation to convert some fraction of the

aerosols, acting as CCN, to activated water droplets beginning at the base of the cloud. The
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number density of activated water droplets should then remain approximately constant with
height within a few hundred metres from cloud base. The median diameter of these particles
is expected to increase with height in this height range as they grow via the processes of
condensation.

Additional growth processes may become dominant above these heights, depending
on the supersaturation, aerosol, and turbulence conditions within the cloud. For clouds
that produce rain, or drizzle, the processes of collision and coalescence are expected to
contribute to the growth of particles beyond around 40 microns in diameter. The profiles of
number density and particle diameter above these heights are expected to strongly depend on
processes such as the entrainment and mixing of air masses [61], micro-scale turbulence [28],
and cloud electricity effects [62]. A detailed observational study of a warm cloud system, as

measured by a holographic microscope on an untethered balloon, is presented in Chapter 7.

2.2.2 Cold Clouds

The defining property of cold clouds is the presence of ice crystals, which can be formed via
the processes of homogeneous ice nucleation and heterogeneous ice nucleation at temper-
atures below 0 °C [34]. Homogeneous ice nucleation describes the process of pure water
droplets freezing into ice crystals. Unlike the analogous homogeneous nucleation of water
droplets from water vapour, the conditions required for this process to occur are frequently
observed in the troposphere in high-altitude clouds — the coldest of which have been observed
with temperatures of around -111 °C [63]. Liquid water droplets of micron-scale sizes can
exist in a supercooled state to temperatures as low as around -38 °C [64]. Below such
temperatures the spontaneous freezing of these droplets becomes energetically favoured. The
supercooled droplet state is highly unstable and the introduction of a nucleating surface,
such as an aeroplane flying through a cloud of supercooled water droplets, can lead to rapid
freezing of the water and significant aviation hazards as a result [14]. Low-cost methods
for routinely identifying the presence of supercooled water droplets in clouds, such as the
Polarsonde instrument [65] discussed in later chapters, are therefore of interest.
Heterogeneous nucleation of ice is believed to be the dominant ice formation process
for temperatures warmer than around -38 °C [35]. The theory of this process describes the
formation of ice crystals as nucleated by a subset of aerosols, referred to as Ice Nucleating
Particles (INP), which significantly reduce the energy barrier for ice crystal formation. One
of the most important types of INP are mineral dust particles, due to their effectiveness [66]
and abundance in the atmosphere [67], but many other types have been identified. Much
remains to be understood regarding what properties make for a suitable INP [68], though it is
believed that factors such as the crystalline structure and surface properties are important.
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The growth of ice crystals in a cloud proceeds via the same fundamental methods as
for water droplets: vapour deposition and collision-based methods [35]. Growth by vapour
deposition is significantly more complicated for ice crystals, and depends on a range of factors
such as the ambient temperature, supersaturation with respect to ice, atmospheric pressure,
ice crystal shape, and underlying crystal structure. This complexity is poorly understood,
and leads to a wide range of ice crystal shapes, or habits, that have been observed within
clouds [69, 70]. A review of many ice crystal observations from in situ field campaigns and
laboratory studies has highlighted the strong dependence of their growth on temperature and
supersaturation in particular [71], as summarised by the 2D ice crystal images in Figure 2.2a
and habit diagram in Figure 2.2b. The shape of ice crystals has a significant impact on the
radiative properties of clouds [72], and a lack of in situ ice crystal observations around the
world is a primary source of uncertainty in climate and weather modelling [6].

Collisional growth mechanisms are also more complicated for ice crystals than for
water droplets since collisions with both water droplets and ice crystals are possible in
cold clouds [35]. The probability of colliding particles remaining attached to each other is
particularly difficult to model for ice particles. Ice crystals are found to have a layer of melted
liquid water on their surface that affects their ability to stick to other particles [73]. This layer
becomes thicker at warmer temperatures and observations suggest that temperatures of larger
than around -5 °C [74] are optimal for colliding ice crystals to stick together. This process is
referred to as aggregation and can result in the formation of large snowflakes. Collision of an
ice crystal with a supercooled water droplet is referred to as riming. Unlike aggregation, this
process is energetically favourable for all temperatures below 0 °C.

Mixed Phase Clouds (MPC), consisting of water vapour, supercooled water droplets,
and ice crystals, are found throughout the planet and play a key role in precipitation and
radiative transfer processes [75]. Such clouds are inherently unstable, since the saturation
vapour pressure for ice is lower than for liquid. Consequently, liquid droplets will evapo-
rate and ice crystals will grow via vapour deposition, unless there is sufficient cooling or
moistening of the cloud to preserve liquid saturation. This mechanism is referred to as the
Wegener—Bergeron—Findeisen (WBF) mechanism [76] and can convert all liquid to ice, re-
ferred to as glaciation, in a matter of hours. However, MPC have been observed to persist for
days to weeks [77], and much remains to be understood regarding their underlying processes.
It is believed that turbulence and updrafts are crucial in explaining this longevity [41, 78].
Holographic observations over these scales should prove particularly useful in improving
this understanding, as is required to overcome modelling challenges [79] for these processes.

Ice processes in clouds have been found to contribute to around 60 % of the Earth’s

precipitation [80], mostly from the melting of ice crystals as opposed to snow that reaches the
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Fig. 2.2 Summary of in situ field observations and laboratory studies of ice crystals. Depen-
dence of ice crystal shape on temeprature and ice supersaturation is shown in a) by grouping
of 2D cloud particle images and b) by the derived habit diagram. Figures are reproduced
from Bailey et al (2009) [71].
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surface. Snowflakes can become significantly larger than rain droplets due to their reduced
aerodynamic drag, and hence, greater time available for collisional growth mechanisms
within the cloud [35]. Growth by riming tends to produce particles with lower densities than
via the process of aggregation. Growth by riming tends to produce graupel, if sizes are below
2.5 mm, and if sufficient convective updrafts are present, hail stones of larger sizes can be
produced [81].

The discussion so far has introduced the concepts of primary ice production: homo-
geneous and heterogeneous ice nucleation. A major challenge in cloud physics is in the
understanding of Secondary Ice Production (SIP) processes, which involve the generation of
additional ice particles from those formed via primary processes [82]. In situ observations
within clouds reveal that the amount of ice crystals can exceed that of the Ice Nucleating
Particles (INP) by almost four orders of magnitude [83], suggesting that SIP processes must
occur within some clouds.

A recent review into laboratory studies of SIP processes [82], referred to hereafter as
K20, describes six distinct mechanisms by which the phenomenon may occur. One such
method involves the freezing of water droplets. Large internal pressures are observed during
this process that can cause cracking as the droplet freezes. Liquid water that fills these cracks
will then expand on freezing, and the droplet can shatter. This causes ice multiplication
through fragmentation, and also deformations to the droplet shape in the form of spikes,
bulges, and splits. Such deformations of particle shape, as well as the fragments themselves,
could potentially be observed directly and classified using in situ holographic measurements.

Another process believed to be important is termed rime splintering, otherwise known
as the Hallett—-Mossop process [84]. The proposed mechanism describes ice crystals that
are exposed to a flow of supercooled water droplets. It is suggested that this leads to the
formation of splinters and hence ice multiplication downstream of the ice crystal from the
fragments. This process is believed to be particularly efficient in the temperature range
from -3 °C to -8 °C. Other proposed processes include fragmentation due to ice collisions,
ice particle fragmentation due to the thermal shock of freezing droplets, fragmentation of
sublimating particles, and the activation of INP from regions of enhanced supersaturation
surrounding a freezing droplet [82].

The K20 review of SIP processes highlights the complexity in these processes. A wide
range in the efficiency of these processes is reported between experiments, and consistent
conclusions are difficult to draw. One area of broad agreement is in the importance of particle
properties in these processes, such as their size, shape, and number density. The processes

are also highly sensitive to atmospheric conditions, such as the temperature and pressure,
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requiring the need for further laboratory and in situ observational studies under a range of
conditions to draw general conclusions.

Due to the complexity of SIP processes and the challenges in their observation, un-
derstanding of these processes remains highly limited [82]. Climate and weather models
often do not parametrise these processes at all, and those that do tend to focus on only the
Hallet-Mossop mechanism. In situ observation campaigns dedicated towards understanding
of SIP processes are challenging due to issues in identifying which particles have been
produced via SIP processes. Methods have been proposed to classify particles based on their
size and environmental conditions, and recent field campaigns using these methods have
been undertaken [85, 86].

The holographic instruments proposed in this work are particularly well suited to over-
coming the challenges in the understanding of both primary and secondary ice production
processes. Holographic instruments have the capability for large volumetric sampling
rates [57], allowing statistically significant observations over the relevant small spatial scales.
The 3D images obtained from holography allow for observation of the key parameters of
particle size, shape, and number density. Holographic instruments also have the capability
for measuring the 3D trajectory of particles [58], which may be particularly useful in the
understanding of dynamic SIP processes.

Frequent deployment of low-cost holographic instruments, for example on an untethered
weather balloon or Unmanned Aerial Vehicle (UAV), has the potential to greatly increase the
available observations of these processes. Such observations are crucial in determining the
conditions under which SIP processes occur, and for development of physical theories that
can be incorporated into climate and weather models. The results of an untethered balloon
launch of a holographic instrument into warm and cold clouds are presented in Chapter 7.
Detailed observations of cold clouds and processes, as measured by a holographic microscope
deployed alongside standard cloud instrumentation in the Australian Snowy Mountains, are
presented in Chapter 6.

2.3 Parameterisation of Cloud and Precipitation Micro-

physics in Climate Modelling

One of the key motivations for the development of the instruments presented in this work is for
the improvement of climate and Numerical Weather Prediction (NWP) models. A full review
of climate and weather modelling is outside the scope of this work, but a basic description

is provided to put the outcomes of this thesis into context. This includes a discussion of



16 Cloud Microphysics and Observation Techniques

how in situ cloud observations are incorporated into these models, areas in which significant
uncertainties remain, and a brief discussion of the impacts of those uncertainties on bulk
predictions.

It is not computationally feasible to numerically simulate every cloud and aerosol particle
in the atmosphere. Climate and NWP models must, therefore, incorporate sub-grid-scale
parameterisation methods when modelling the effects of clouds and aerosols. Three main
approaches are used in current climate and NWP models for parameterising cloud micro-
physics [87]: bulk models, spectral bin models, and Lagrangian super-particle models. In
each case, models evolve by describing the flow of energy and mass between a set of hy-
drometeor classes such as liquid droplets, rain, ice particles, and snow. These models tend
to predict one or two moments of the particle size distribution for each hydrometeor class.
Double-moment schemes, predicting both particle mass mixing ratio and particle number
mixing ratio from which the mean particle sizes and bulk cloud radiative properties can be
derived, have been found to be more accurate than single-moment schemes [88] and are
becoming more common as computational resources improve. Direct Numerical Simulation
(DNS) models are an additional method of simulation that allows for resolution of individual
particles, as suited to studies of micro-scale turbulence [89], but computational burdens limit
these to only the smallest of scales [90].

Bulk models that predict one or two parameters for each hydrometeor class are the
simplest of the three approaches and are most commonly utilised in operational models
due to their low computational costs [91]. Spectral bin models describe the evolution of
the size distributions directly over a specified set of size bins. This is significantly more
computationally expensive, but is regarded as being more accurate and a useful tool for
assessing the performance of bulk models [92].

The accuracy of the Eulerian approaches is fundamentally limited by the discrete manner
in which hydrometeor classes are converted, as distinct from the continuous manner in
which clouds are observed to evolve [87]. Additionally, the rates of hydrometeor conversion
processes, such as aggregation and riming, are poorly understood and contribute additional
uncertainty [6]. Despite the expectation that spectral bin models should be generally more
reliable than bulk models, recent comparisons with observations indicate significant errors
and spread in model outputs of both kinds [6, 93]. Lagrangian super-particle modelling is a
more recent approach that follows the evolution of a subset of particles that act as a proxy for
a specified number of additional particles [94]. This approach is becoming more popular and
is expected to be useful in overcoming the fundamental limitations of Eulerian methods as it
is significantly less computationally expensive to model a range of particle properties, such

as aerosol composition and ice crystal shape, in this way.
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None of these model types directly resolve individual cloud particles, and so assumptions
must be made to define their basic parameters [6]. The choice of these parameters is guided by
in situ observations of cloud particles. Inputs that must be determined by in situ observations
include the shape of the particle size distribution [95, 96], the homogeneity of particle mixing
at small scales [57], and information regarding the shape properties of ice crystals [69]. The
holographic instruments developed in this work can directly measure each of these properties
and it is in this way that the work presented in this thesis is of direct importance to the
improvement of climate and NWP models.

The most common way in which in situ ice crystal shape information is incorporated
into these models is through power law relations between their mass and size [69]. This
allows for simple parameterisation of processes that depend on the terminal velocity of the
particles, such as growth by coalescence. Particle mass can be derived from the 2D projected
area that is measured by an imaging probe using standard methods [97, 98]. The fitting
coefficients of this power law relationship have been found to vary significantly [99] between
clouds formed from different processes, such as cirrus clouds vs orographic clouds, and also
between different field campaigns. The coefficients also depend strongly on the particle
habit, which is highly variable due to the complexity in the underlying physical processes.
Adequately capturing this variability is a major existing challenge in the parameterisation of
modelled ice clouds [100].

In situ observations are also crucial in modelling the bulk optical and radiative properties
of clouds, such as the optical depth, single scattering albedo, and asymmetry parameter [100].
These bulk properties are parameterised as a function of the outputs of the underlying micro-
physics scheme [101], such as the cloud temperature, and the ice and liquid water contents.
Cloud optical parameterisations of varying complexities have been developed [102], but
generally require the inclusion of modelled particle single-scattering properties and in situ
observations of clouds. Single-scattering properties are determined using electromagnetic
scattering models and reference tables have been produced [103] for a range of electromag-
netic wavelengths and particle parameters such as size, shape, and surface roughness. In situ
observations of relevance include the relative frequency of occurrence of ice crystal habits
and particle size distributions as a function of temperature [100].

It is ultimately the large variability and complexity in microphysical parameters that leads
to the wide spread in the predictions of climate models [4], as highlighted in the following
section. The instruments presented in this work have the potential to significantly increase
the availability of in situ microphysical observations, as required to better constrain the

variability in these parameters, and to better understand the underlying physical processes.
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2.3.1 Sensitivity of Climate Model Predictions to Microphysical Obser-

vations

One of the most fundamental questions to be answered through climate modelling is the
prediction of future temperatures at the surface of the Earth. A standard metric for assessing
temperature rise is referred to as the Equilibrium Climate Sensitivity (ECS) [104]. This
metric is defined as the change in the global mean surface temperature of a system that is
equilibrated to the radiative forcing arising from a doubling of CO2. The ECS is described
by the following relationship:

ATy = —AFyy, (2.2)

where AT is the ECS, A is referred to as the climate sensitivity parameter, and F»y is the
radiative forcing due to a doubling of CO2. The climate sensitivity parameter represents the
contributions of feedback mechanisms that affect the radiative balance such as water vapour,
ocean warming, and clouds. Clouds contribute the largest variability to this parameter [105],
and hence are the largest source of variability in global mean surface temperature predictions
since the variability due to Fpy is relatively small [4]. The spread of ECS predictions from
current climate models is between 1.8 °C and 5.6 °C, and this is attributed directly to a lack
of understanding of cloud processes [106].

The contribution to the climate sensitivity parameter due to clouds is directly related
to the Cloud Radiative Forcing (CF) [107]. The CF describes the net impact from clouds
on the top-of-atmosphere balance between incoming short-wave solar radiation and long-
wave thermal radiation from the Earth. The CF depends on the bulk radiative properties of
modelled clouds which are determined from the underlying microphysical parameterisations,
as described in the previous section.

The large variability in cloud microphysical properties and the lack of understanding of
the underlying processes results in large biases in modelled CF [108]. This is demonstrated in
Figure 2.3 which shows the global distribution of differences between modelled and observed
CF, using the Community Atmosphere Model 5 (CAMS) [109] climate model and satellite
observations [110]. Distinct biases are found, particularly in both the short-wave CF (SWCF)
and long-wave CF (LWCEF) in the equatorial regions and in the SWCEF over the Southern
Ocean.

Observations over the Southern Ocean reveal an abundance of supercooled liquid wa-
ter [46, 111] and discrepancies between modelled and observed supercooled liquid water
properties in clouds [112], likely because model parameters are biased by the significantly

greater number of observations from the northern hemisphere [46]. The optical and radiative
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Fig. 2.3 Global biases between modelling and satellite observations of cloud radiative forcing.

Note the large short-wave biases over the Southern Ocean. Figure adapted from Kay et al
(2012) [108].

properties of cloud particles differ considerably for liquid and ice [113] and the large radiative
biases over the Southern Ocean are commonly attributed to this [114], along with a poor
representation of low-level clouds [115]. A recent study [116] investigated the impacts
of reducing radiative biases by increasing the modelled supercooled liquid water fraction
in clouds. This led to a rise in the ECS from 4.1 °C to 5.6 °C, directly highlighting the
importance of cloud microphysical observations in the predictions of climate models.

Satellite-based observations of clouds are crucial for the evaluation of climate models
due to their large spatial and temporal coverage [117]. Satellites cannot resolve individual
cloud particles and so parameterisations of the bulk optical properties must be utilised,
with methodologies similar to those used for climate models [100], for remote sensing of
microphysical parameters. In situ observations are therefore of added importance for the
calibration and validation of satellite retrievals of cloud microphysics [101].

Predicted adverse effects of global mean surface temperature rise include mean sea
level rise [118], increased risks of agricultural drought [8], and reductions in the Earth’s
habitability [119]. Quantitative assessments of these impacts are challenging, but significant
efforts are being made [4, 120]. One such study [121] has predicted that an increase in
global mean surface temperature rise from 2 °C to 3 °C, which is a small fraction of the
range of predicted ECS values in current climate models, can increase the reduction in future

suitable climate area for flora and fauna from 35 % to 50 %. Better constraints on the range
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of ECS predictions, through the increase of understanding and parameterisation of cloud

microphysics, is essential for mitigating risks and predicting future outcomes.

2.4 Observations of Cloud and Precipitation Microphysics

Instruments to observe the microphysical properties of clouds and precipitation have been
developed for decades, with significant advances taking place from around the time of the
Second World War and onwards [6, 122]. Techniques broadly fall into the categories of
remote sensing instruments, which observe clouds from a distance, and in situ instruments
which make observations from inside of the clouds. This section provides a broad overview
of these methods, with a focus on the advantages and limitations of the approaches used in
this work. Particular attention is given towards the areas in which the instruments presented
in this thesis can overcome existing observational challenges.

It is outside the scope of this work to comprehensively review the performance of the
many individual instruments currently used in this field, but specific details regarding the
instruments used in the presented field campaigns are provided in Chapter 5. Standard
reviews on the current state of remote sensing [123] and in situ [124] instruments should be

consulted for a more detailed assessment of individual cloud instruments.

2.4.1 Remote Sensing Measurement Techniques

Remote sensing observations are the most effective means of determining cloud microphysical
properties over large temporal and spatial scales [125], and instruments have been deployed
around the world in ground-based installations, aircraft, ships, and satellites. Cloud-sensing
instruments deployed on satellites in polar orbits can obtain observations over large spatial
scales, though the temporal resolution is typically limited at a given location to at most two
over-passes per day [126]. Instruments deployed on satellites in geostationary orbit and in
ground-based installations allow observations with high temporal resolution, but are limited
to a fixed geographical extent. Remote sensing instruments are deployed in each of these
configurations and are used as the primary means of evaluating the performance of climate
and Numerical Weather Prediction (NWP) models.

Remote sensing instruments are not able to resolve individual cloud particles, and so
inversion methods based on models of the bulk optical properties of clouds are required
for retrievals of microphysical properties [102]. Such models are described in the previous

section, but notably require in situ observations of clouds to parameterise and constrain the
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underlying microphysical properties used in the inversion algorithms. In situ observations
are also crucial for the validation and evaluation of remote sensing observations [127].
Remote sensing instruments used for cloud microphysical observations largely fall into the
following categories: lidar, radar, and passive sensors [6]. Each approach utilises information
resulting from the interaction of electromagnetic energy with a cloud system. Lidar and radar
are active systems that transmit energy into the cloud and receive the signal returning from
the cloud, whereas passive systems do not directly transmit energy into the cloud system, but
instead derive information from interactions with external sources of energy such as sunlight.

The merits and challenges of each method are briefly summarised as follows.

2.4.1.1 Lidar

Lidar instruments are used to infer the vertical structure of clouds and aerosols. A pulsed
laser transmits electromagnetic energy into clouds and a receiver system detects the returning
scattered light within the field-of-view of the instrument. The arrival times of the light
returning to the receiver are used to infer the heights of scattering targets and the amplitudes
of the returning signals are used to infer properties such as the ice water content [128].

Elastic scattering lidars, those that record scattered light at the same wavelength as the
transmitted light, allow for vertical profiling of aerosol backscatter [129]. Determination of
aerosol extinction requires assumptions in the inversion algorithm that can lead to significant
uncertainties [130]. Raman lidar systems utilise inelastic scattering to overcome this limita-
tion [131], though their deployment is limited due to the added complexity and they can only
be operated at night due to the relatively weak inelastic signals [132]. Raman systems can
also be used to obtain vertical profiles of water vapour [133].

Lidar systems that can determine the change in polarisation of light scattering from cloud
particles can be used to obtain information about the underlying particle shapes [134]. Such
approaches are useful in differentiating spherical supercooled liquid water droplets from ice
crystals with more complicated shapes, though the inversion methods require assumptions
regarding the underlying ice crystal properties [135]. Quantitative interpretation of depolari-
sation measurements can be complicated due to issues such as instrument calibration and the
effects of multiple scattering in optically thick clouds [136].

A key limitation of the lidar technique is that the optical wavelengths used are strongly
attenuated by clouds, particularly by liquid water [137]. Such signals can be fully attenuated
after approximately 3 optical depths, limiting observations to a few tens of metres into typical
cumulus clouds [138]. Clouds with multiple layers of supercooled liquid water are ubiquitous

in regions such as the Southern Ocean [46], which limits the applicability of this technique.
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2.4.1.2 Radar

Radar instruments are conceptually similarly to lidar, though the transmitted energy is notably
at significantly larger wavelengths. This limits their application to cloud and precipitation
observations [139], rather than for smaller aerosol particles. The increased wavelength also
results in reduced signal attenuation, such that radar instruments can observe clouds with
larger optical thicknesses than is possible with lidar [140]. Large uncertainties still result
from particularly optically thick clouds [141], but dual-wavelength radar systems can be
effective in reducing these errors [142].

Radar observations are strongly sensitive to the particle diameter [143]. This means that
returns in a mixed phase cloud can be dominated by large ice crystals and can complicate the
identification of small water droplets [144]. Optically thin clouds consisting of small water
droplets can be particularly challenging to measure with this approach [145]. Furthermore,
the strong dependence on particle diameter results in a large sensitivity to the assumed
ice crystal properties used for retrieving microphysical parameters such as the ice water
content [141].

Radar observations from satellite-based instruments have been recorded for many years [139]
and such long-term datasets are particularly useful in validating climate models. These ob-
servations are less reliable below around 1.2 km [146] due to the impacts of surface clutter.
This is especially problematic since low-level clouds around this height range are poorly
represented in climate models [115]. Observations from radar instruments on aircraft, ship,
and ground-based installations, along with in situ observations, are therefore crucial in better

understanding the properties of low-level clouds.

2.4.1.3 Passive Sensors

Passive sensors derive information about clouds and aerosols through the detection of
electromagnetic energy originating from sources that are external to the instrument, such as
the sun. Most systems in use are either hyper-spectral imaging instruments or radiometric
instruments [123]. A key advantage of passive sensors is that they tend to have significantly
larger field-of-views as compared with active instruments, providing a greater global coverage
of observations

Observations within multiple electromagnetic wavelength bands are commonly used
by passive instruments to infer properties such as the cloud optical thickness and effective
particle size [100]. Inversion methods require an assumed ice cloud model to be used
based on in situ observations [147]. Significant variability in the outputs of these inversion
methods has been attributed to different assumptions in the underlying ice cloud models [125],
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highlighting the need for improved ice cloud models based on in situ observations under a
range of global conditions.

Passive instruments suffer from similar limitations as active systems, such as reduced
reliability for observations of optically thick clouds and low-level clouds [148]. Satellite-
based passive techniques also become less reliable for optically thin clouds [149] due to the
impact of reflections from the Earth’s surface. The quality of observations into optically thick
clouds can be improved using tomographic techniques [150], though additional assumptions
must be made in the retrieval of microphysical properties. Instruments that utilise sunlight

are also notably limited to day-time observations.

2.4.2 In Situ Measurement Techniques

In situ instruments provide the highest resolution observations of cloud microphysical pro-
cesses and are essential in the validation and calibration of climate models and remote sensing
techniques [6]. The majority of in situ instruments used for cloud particle observations fall
into the following categories: impaction, optical scattering, and imaging [124]. The advan-
tages and limitations of each method are outlined in this section, though it is noted that all
approaches should be considered useful and complementary in obtaining a comprehensive
understanding of cloud processes.

A key challenge in the development of in situ instruments is the harsh conditions encoun-
tered within the clouds in which they are deployed. Challenges include robust operation
under turbulent conditions, moisture ingress, and extreme temperatures. A discussion of the
designs of the instruments presented in this thesis is to be found in Chapter 3.

Additional challenges unique to in situ instruments arise due to the interaction of the
instrument with cloud particles. For example, significant shattering of ice crystals has
been identified for aircraft observations that do not utilise specially designed anti-shattering
probe tips [151]. This results in large overestimates in the total number concentration of
particles [152] and draws into question the validity of aircraft observations undertaken before
the adoption of anti-shattering probe tips. Biases in parameters derived from higher moments
of the particle size distribution, such as the ice water content, have been found to be less
affected by shattering, with assumptions regarding ice crystal habits having a significantly
greater impact on the overall biases [153]. Adjustment algorithms have been developed
to reduce the impacts of shattering [154, 155], though their implementation can lead to
additional biases [156].

A wide range of in situ instruments have been developed for cloud observations, as
summarised in Table 2.1 along with their respective measurement ranges. The measurement

ranges of the holographic instruments presented in this thesis are provided in Table 3.1
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Parameter Measurement Measurement Primary
measured technique Instrument range Manufacturer references
Particle size  Impaction Video ice particle 5-200 wm NCAR Heymsfield and
sampler (VIPS) McFarquhar (1996)
Light FSSP-100 2-50 um Formerly Particle Knollenberg (1976, 1981)
scattering and Measuring Systems,
interference Inc. (PMS), no longer
available
Fast FSSP-100 1-50 pm SPEC www.specinc.com
(FFSSP)
CDP 2-50 pm DMT Lance et al. (2010)
FCDP 1-50 um SPEC www.specinc.com
CAS 0.5-50 um DMT Baumgardner et al. (2001)
CAS-POL 0.5-50 um DMT Glen and Brooks (2013)
BCP 5.0-75 pm DMT Beswick et al. (2014)
CPSPD 0.5-50 um DMT Baumgardner et al. (2014)
SID-2/3 2-70 wm/2-140 wm University of Cotton et al. (2010),
Hertfordshire Ulanowski et al. (2014)
Phase Doppler 1-2000 wm Artium Bachalo (1980)
interferometer
(PDI)
HOLODEC 5-2000 wm NCAR Fugal and Shaw (2009)
Imaging probes 2D-C/2DG 25-800 um/25-1600 um  formerly PMS, no Knollenberg (1970, 1976,
longer available 1981)
2D-P 200-6400 um formerly PMS, no Knollenberg (1970, 1976,
longer available 1981)
260-X 10-620 um formerly PMS, no Knollenberg (1970, 1976,
longer available 1981)
CIP 25-1550 um DMT Baumgardner et al. (2001)
CIP-GS 15-900 wm DMT Baumgardner et al. (2001)
PIP 100-6400 pwm DMT Baumgardner et al. (2001)
CPI 2.3->2000 um SPEC Lawson et al. (2001)
2D-S 10-1280 pm SPEC Lawson et al. (2006)
HVPS-3 150-19200 um SPEC Lawson et al. (1998)
3V-CPI 4.6-1280 wm SPEC www.specinc.com
PHIPS-HALO 5-800 wm Karlsruhe Institute Abdelmonem et al.
of technology (KIT) (2011, 2016)
HSI 5-1250 um Artium http://www.artium.com
Optical Light scattering PN Laboratoire de Gayet et al. (1997)
properties Météorologie
Physique (LaMP)
CIN Gerber Scientific, Gerber (2000)
Inc. (GSI)
CEP Environment and Korolev et al. (2014)
Climate Change
Canada (ECCC)
PHIPS-HALO KIT Abdelmonem et al.
(2011, 2016)
Water Hot wires and King LWC probe 0.05-3.0gm™? Formerly PMS (no King et al. (1978)
content evaporators and LWC-100/300 @100ms ! longer available),

and DMT

Nevzorov 0.002->3.0gm™> SkyPhysTech, Inc. Korolev et al. (1998b)
LWC/TWC @100ms™"

TWP 0-20gkg ™! Met Office Nicholls et al. (1990)

HTW isokinetic 5-2500 ppmv Harvard University Weinstock et al. (2006)
evaporator

CLH 0.005-1gm ™3 University of Colorado  Davis et al. (2007)

FISH 0.5-1000 ppmv Forschungszentrum Schiller et al. (2008)

condensed + vapor Jiilich (FSJ)
CVI 0.003-2gm 3 NCAR, DMT Noone et al. (1988)
@100ms™'
IKP 0-10gm™3 Science Engineering Davison et al. (2009,
Associates (SEA) 2011)
Light scattering PVM-100A 0.002-3gm ™3 GSI Gerber et al. (1994)

Table 2.1 Summary of in situ instrument measurement ranges from a recent review of in
situ cloud instrumentation. This table is adapted from Baumgardner et al (2017) [124] and
definitions of the abbreviated instrument names are also to be found in this reference.



2.4 Observations of Cloud and Precipitation Microphysics 25

with a maximum range of 3.1 microns up to 3000 microns, as discussed in Chapter 3. This
relatively large particle measurement range is one of the key advantages of these instruments

as compared with other existing approaches.

2.4.2.1 Impaction Instruments

Impaction instruments directly capture and analyse cloud, aerosol, and precipitation particles
impacted onto an adhesive-coated surface. This method overcomes the challenges of mea-
suring airborne particles with large velocities in a 3D volume. This allows for particularly
high-resolution observations using 2D microscopy methods.

Impaction probes have been used to capture cloud particles both from the ground [157,
158] and in the air using aircraft [159] and balloons [160]. Impacted particles can be
cryogenically preserved and then studied in great detail under laboratory conditions [157].
Such studies have utilised Scanning Electron Microscopy (SEM) to provide unique insights
into the surface roughness properties of naturally formed hydrometeors [160].

Ice crystals larger than around 150 microns are prone to shattering on impact with
aircraft-based impaction instruments [161] and so this method is limited to relatively small
particles. Information about the 3D spatial distribution of particles is lost with this approach
and manual analysis methods tend to be necessary, though automated systems have been
developed [162], which limits the amount of available observations. Additional challenges
arise due to the coalescence of particles on the surface of microscope slides.

2.4.2.2 Optical Scattering Probes

Optical scattering probes have provided microphysical observations for decades [163] and
their performance has been studied extensively over this time [164]. Instruments operate
by scattering light from cloud particles and Mie scattering theory [165] is used to infer the
particle sizes from the intensity of scattered light within certain angular detection ranges.
The Mie scattering theory is suited for retrievals of spherical particle properties, but with
appropriate assumptions the technique has also been used for ice crystal measurements [156].
Ice crystal measurements by scattering instruments can be improved through the use of
polarisation information [166]. Testing of a low-cost polarimetric backscattering instrument
is presented in this thesis.

Determination of particle sizes using single-particle scattering instruments has been
found to be reasonably accurate for spherical particles with sizes of less than around 50
microns [164]. Ambiguities in defining the sizes of aspherical ice crystals is a major challenge

for this technique that can result in large uncertainties [167]. Issues such as detector saturation
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tend to limit the usage of these sensors to the observation of particles smaller than a few
hundred microns [168].

Another significant source of uncertainty in single-particle scattering probe measurements
is the issue of coincidence in which multiple particles are detected at once. This issue can
result in errors due to the misclassification of multiple water droplets as ice crystals [169],
as well as significant sizing uncertainties [170]. The probability of coincident detections
has been estimated to be around 12 % for a typical cloud particle number density of around
300 cm 3 [169].

2.4.2.3 Imaging Probes: 2D and Stereoscopic Imagers

Imaging probes require less assumptions than scattering probes for the retrieval of micro-
physical parameters through the direct imaging of cloud particles. Instruments utilising this
approach can be divided into Optical Array Probes (OAPs), that image particles by progres-
sively scanning the signals along a linear array of photodiodes [171], and higher-resolution
imagers utilising camera sensors [172]. Imaging probes have larger sampling volumes than
for scattering probes [164], though this comes with the downside of an increased sensitivity
to biases from ice crystal shattering in aircraft deployments.

OAPs are commonly used due to their relatively simple design and many processing
algorithms have been developed to improve their accuracy [156]. Imaging probes using
camera sensors provide higher-resolution observations, though processing algorithms tend
to be more specialised. Imaging probes typically utilise a binary threshold to define the
presence of cloud particles. Grayscale imaging probes have been developed with multiple
intensity thresholds, though methods for interpreting their observations are lacking [164].

The sampling volume of imaging probes is effectively limited by the particle-size de-
pendent depth of field, which is challenging to quantify for aspherical ice crystals due to
ambiguities in defining their sizes [173]. If the depth of field is smaller than the spacing
between probe arms, out-of-focus particle images can be recorded which are a large source
of uncertainty [174]. A correction algorithm has been developed to infer the true size of
out-of-focus spherical particles by relating the sizes of the particle shadow and Poisson
spot features in their recorded diffraction patterns to Fresnel diffraction simulations [175].
Aspherical particles have significantly more complicated diffraction patterns and there is
currently no accepted method for correcting the observations of these particles [156].

Stereoscopic imaging probes produce images of particles from multiple angles. As
compared with OAPs, this approach has a reduced ambiguity in the depth of field [176], and
hence sampling volume [173], and an improved capability for measuring particles smaller

than around 100 microns [177]. Stereoscopic imagers also have the potential to improve the
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determination of 3D cloud particle properties, though algorithms are yet to be developed to

perform this analysis routinely [176].

2.4.2.4 Imaging Probes: Holographic Imagers

Digital holography is a wavefront sensing technique that allows micron-scale measurements
of cloud particle number densities, sizes, and shapes within a well-defined sampling vol-
ume [178]. A distinct advantage of holographic imagers is their significantly larger sampling
volumes as compared with 2D and stereoscopic imagers [57]. Furthermore, this approach
has the potential for nanometre-scale particle measurements through the retrieval of optical
phase information [179], as discussed further in Chapter 4. This principle forms the basis for
the in situ instruments developed in this work and the details of this method are discussed in
Chapter 3.

Holographic imagers are effective at measuring particles with a wide range of sizes,
typically on the order of a few microns up to a few millimetres as outlined in Chapter 3.
These instruments are notably capable of measuring ice crystals with sizes smaller than
around 100 microns. This size range is poorly covered by the majority of in situ sensors
and a lack of these observations has been identified as a limiting factor in the understanding
of ice crystal processes [124]. Holographic instruments also have the useful capability to
identify ice crystal shattering by inspection of the spatial distribution of particles within the
3D sampling region [180].

Holographic instruments have a long history of deployment for cloud particle studies
including from aircraft [57, 178, 181, 182], ground-based [183—185], cable-car [186], and
tethered-balloon [187] platforms. Despite these efforts, few systems remain in operation
today. One potential reason for this is due to the challenges in analysing the large datasets
which can quickly grow to the order of terabytes. Sophisticated automated analysis methods
are, therefore, required to extract particle number density, size, and shape information from
3D images. The ongoing development of the HoloSuite [188, 189] software represents an
important step towards overcoming this limitation, though challenges remain in areas such
as the automated separation of small ice crystals from artefacts [190]. Two new automated
analysis methods are presented and tested in this thesis.

Another challenge towards the wide-spread deployment of holographic imagers is their
complexity of design which has tended towards systems that are expensive and heavy. Such
systems have been used to provide unique insights into cloud processes with unprecedented
detail [57]; however, their deployment has been limited to only a handful of field campaigns
over the years. Furthermore, the risk of instrument loss prohibits their deployment using

platforms such as untethered balloons. Overcoming these limitations is the core motivation
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for the development of the low-cost and light-weight holographic instruments presented in
this thesis.

2.4.3 Cloud Sampling Strategies

An important aspect of in situ instruments is the means by which they gain access to a cloud.
A range of methods are currently used including aircraft, Unmanned Aerial Vehicle (UAV),
dropsonde, high-altitude, tethered balloon, and untethered balloon platforms. Each approach
has advantages and limitations, and a combination of all methods is important in obtaining a
full understanding of clouds over a wide range of spatial and temporal scales.

Aircraft flights provide the greatest control over the sampling path through clouds as their
flight paths can be carefully controlled. This is an effective way of obtaining a large number
of vertical cloud profiles within a given field campaign. However, the cost of aircraft field
campaigns is large and this has significantly limited the availability of observations of this
kind.

The large relative velocities between cloud particles and aircraft result in significant
amounts of ice crystal shattering [151], as discussed previously in this section. This issue is
less problematic for other deployment methods where typical relative velocities between the
instruments and cloud particles are an order of magnitude smaller. Large aircraft velocities
also require additional assumptions to be made regarding the stationarity and ergodicity of
clouds in order to obtain statistically significant observations with commonly used instru-
ments that have relatively small sampling volumes [57].

Thunderstorm clouds and those with large amounts of supercooled liquid water are
generally too dangerous to fly into, which produces further sampling biases for these cloud
types [6]. These issues could potentially be overcome through the use of Unmanned Aerial
Vehicles (UAVs) and dropsondes, and the low-cost and light-weight instruments presented in
this work should be well suited to this approach.

Deployment of in situ sensors on high-altitude structures is an effective means for
obtaining long-term observations of microphysical processes. Cloud observations are limited
to mountainous regions where clouds can naturally pass through the instrument sampling
volumes and at lower altitudes the approach can be used for observations of low-lying fog and
precipitation. The spatial scale of such observations is limited, though low-cost instruments
have the potential to resolve this issue through deployment over a widespread network.

Tethered balloon systems are an extension to ground-based deployments that allow for
the routine vertical profiling of cloud microphysical properties [191]. Such systems can be
automated and deployed over relatively long durations to produce more frequent in situ cloud
profiles than is feasible with other methods. A notable limitation of tethered systems is that
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vertical profiles are typically limited to just a few kilometres in altitude. Their deployment
is also restricted to wind speeds of below around 10 m s~! [192], which is particularly
problematic for deployments over the ocean from ships. A tethered system using a kytoon
has recently been developed that relaxes these wind restrictions [187].

Untethered balloons have been used for the deployment of a range of in situ cloud instru-
ments, such as impaction instruments [160, 193, 194], scattering probes [65, 195], and 2D
particle imagers [196-201]. The primary advantage of untethered balloons is their capability
to retrieve vertical profiles of atmospheric observations throughout the troposphere. They can
also be used for long-term stratospheric measurements using super-pressure balloons [202].
The relative ease of deployment also allows for unique observations. For example, ob-
servations within clouds that would be too dangerous to fly an aircraft into, and balloon
launches from ships over the ocean where the logistics of tethering a balloon are particularly
challenging and in situ cloud observations are crucially lacking.

A major challenge for untethered balloon deployments is the significant risk of losing the
payloads. Large volumes of data recorded during flights can be received from the ground
using high-speed radio transmission methods [203], but the risk of loss of the instrument itself
can be cost prohibitive. The low-cost and light-weight holographic instruments presented in
this thesis have been designed to specifically overcome this challenge to significantly increase
the availability of cloud microphysical observations. The results of a world-first untethered

balloon launch of a holographic microscope into clouds are presented in Chapter 7.






Chapter 3

Holographic Microscope Design and
Automated Holographic Analysis

3.1 Introduction

The developed Compact Cloud-particle HOlographic Microscope — Surface (CCHOM-S)
and C’HOM - Balloon (C’HOM-B) instruments operate based on the principle of digital
holography. This is a wavefront-sensing technique allowing both the amplitude and phase
of a coherent electromagnetic wavefront to be measured using interferometric methods.
Scalar diffraction theory is used along with this information to reconstruct a 3D image of
scattering objects, in this case cloud particles, from which the particle counts, sizes, and
shape information can be extracted. The holographic theory relevant to the development
and operation of the instruments used in this work will be outlined further in the following
sections as well as in Appendix A.

The holographic instruments presented in this project were initially developed by this
author as part of a Master of Philosophy project [204, 205] and the published thesis is
hereafter referred to as C17. Much of the details of the initial design, electro-optical testing,
characterisation, and laboratory validation of the instruments are presented in that reference,
and so rather than duplicating those results, the reader is directed to that thesis for further
clarification. Laboratory calibration measurements and instrument specifications that are
of particular relevance to the research presented within this thesis will be presented in this
chapter, particularly work undertaken in this project subsequently to C17, and as required for
the interpretation of field results.

The C?’HOM-S instrument is suited to deployment on the ground on a tower structure
and was developed based on the findings of C17. The C'HOM-B instrument was designed
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to be suited to deployment on a weather balloon. The requirements for the instrument to be
light weight and cost effective, to mitigate the risk of potentially losing the instrument, were
therefore particularly strict. The design process and impacts on the sampling volume of the
new mounting design are discussed in this chapter.

A key development since the work presented in C17 is the improvement of the automated
analysis algorithms for processing field data and identifying cloud particles within the
reconstructed 3D images. Previous algorithms were found to work effectively in a laboratory
environment, but a host of challenges can arise under field conditions such as a varying
optical quality of the sampling windows, shaking instrument mounts under heavy winds, and
a variable saturation effect due to sunlight. These issues have largely been resolved with
the improved algorithms and methods presented in this chapter. The automated methods
developed for extracting particle properties such as size and shape are compared with
manually analysed data from the Snowy Mountains and balloon launch field campaigns,

discussed further in subsequent chapters.

3.2 Holography Background

Holography is fundamentally a technique for reconstructing a coherent wavefront through
direct measurement of the amplitude and phase via interferometric methods. The invention
of holography is attributed to Dennis Gabor [206-208] for which he was awarded the
Nobel Prize in Physics in 1971. This research was originally motivated by the work of
W. L. Bragg [209] as a means of reducing aberration in electron microscopy of atomic
structures, and remains an important technique within that field of research [210]. The
principle of holography can be applied to any wave phenomena and has subsequently found
applications throughout the electromagnetic spectrum [211-214], as well as in other areas
such as acoustics [215], atom optics [216], and helioseismology [217].

A key application of holography is optical 3D imaging of a field of objects. The technique
requires the formation and measurement of a stable interference pattern between light
scattered from the field of objects to be imaged and a known reference wavefront. This
interference pattern is hereafter referred to as a hologram. The invention of the laser [218]
significantly extended the applicability of this method through the introduction of light
sources with suitably large coherence lengths, as discussed further in Section 3.3. Significant
progress [219-221] in the decades following the initial invention of holography led to the
routine application of this technique by recording of the interference pattern on light-sensitive
emulsions, and reconstruction of the 3D image in free space by illumination of the recording

with the original reference wavefront. This approach is referred to as analogue holography.
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The next major development in this field was introduced by Schnars and Jiiptner [222]
with the recording of a holographic interference pattern on a Charge-Coupled Device (CCD).
This development marked the beginning of the technique referred to as digital holography
in which the hologram is recorded on an electronic sensor and the object wavefront is
reconstructed numerically using scalar diffraction theory. The wavefront, when reconstructed
at a range of longitudinal positions in this way, is hereafter referred to as a 3D image. The
transverse dimensions of this 3D image are defined by those of the camera sensor and
the notion of depth is defined as the distance along the longitudinal axis of this 3D image
relative to the camera sensor. This technique forms the basis for the holographic instruments
presented in this thesis and the theory of operation is outlined in greater detail in Appendix A
for reference.

3.3 Resolution and Sampling Constraints of a Holographic

Microscope

The resolution and sampling constraints of a holographic imaging instrument depend on
many factors, particularly when operated under field conditions as with the instruments used
in this work. The major fundamental constraints are discussed in this section, though in
practice the true resolution can only be determined through laboratory testing. A summary
of such laboratory results are presented in C17 but key results will also be presented in this
section.

3.3.1 Instrument Configuration

The basic configuration of the holographic instruments used in this work is illustrated in
Figure 3.1 and is referred to as an in-line geometry. This setup is defined by having the laser,
scattering objects, and camera collinear along the optical axis. The primary motivation for
using this setup is that it results in the shortest optical path differences between the scattered
object wavefronts and unscattered reference wavefront. This is essential due to the relatively
poor coherence length of the low-cost laser diodes used in this work. The coherence length is
defined as the path difference between wavefronts that results in a drop in interference fringe
visibility by a factor of 1/e and is defined by the relation

)L2

chm, (31)
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Fig. 3.1 Illustration of the in-line geometry employed in the holographic instruments used
in this work. An aspheric lens is used to collimate the diverging laser diode light and
interference patterns are recorded on a CMOS sensor.

where A is the peak laser wavelength and AA is the Full Width Half Maximum (FWHM) of
the laser spectrum. The coherence length for the lasers used in this work is on the order of
only 20 um, necessitating such a setup. A secondary advantage of the in-line setup is that
the hologram will have lower spatial frequencies than for an equivalent off-axis setup. This
is important in digital holography as the resolution of the coarse camera pixel array is orders
of magnitude worse than for the photographic films used in analogue holography.

A notable disadvantage of the in-line setup relative to off-axis configurations is that the
twin image wavefront, as defined in Appendix A, is overlaid with the object wavefront in
Fourier space and cannot be simply filtered out. However, this does not represent a significant
issue for the particular application of imaging cloud and precipitation particles as understood
by the following argument [223, 224]. Such particles are small relative to the distances
by which the wavefronts are propagated in the reconstruction process and the scattered
wavefronts diverge relatively quickly. When the wavefront emerging from the hologram is
propagated to the depth at which the image of the object comes into focus it can be shown
that due to diffraction the virtual image term becomes spread over a significantly larger extent
than the object extent. This slowly varying background variation is then relatively simple to
differentiate from the sharply focussed and localised particle image. Extracting the phase of
the wavefront under such a configuration remains challenging, but various phase retrieval

techniques have been developed [225-227]. Only amplitude reconstructions are considered
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in this work but such methods may prove useful in upgraded instruments that are currently

being considered.

3.3.2 Resolution

The lateral resolution of a holographic imager is determined by the fidelity to which the
interference fringes are measured on the recording sensor [228, 229]. By requiring that at
least the zeroth and first order maxima of the interference pattern are recorded the following
relationship can be derived [185, 223]:

Dyos > A
= 2(NA)

> 24477

~ )
Dsensor

(3.2)

where Dy is the smallest resolvable particle diameter, A is the peak laser wavelength, NA
is the numerical aperture of the camera sensor, 7 is the depth relative to the camera sensor,
and Dgepsor 1S the camera sensor size along a given dimension. A similar expression can be

derived for the longitudinal resolution

(3.3)

where Z. is the longitudinal resolution and the other terms are as defined in Equation 3.2.
These relations describe a theoretical depth dependence for the transverse resolution
that is linear whereas the depth dependence of the longitudinal resolution is quadratic. This
results in a longitudinal resolution that is significantly poorer than in the transverse dimension
and in practice it is only the 2D outlines of the scattering particles at their depth of best focus
that are measured. These theoretical resolution constraints are plotted as a function of depth
in Figure 3.2 for the holographic instruments used in this work. Horizontal and vertical cases
are plotted since the camera used in these instruments has a rectangular sensor. Magnification
is not intended in the chosen configuration and therefore the pixel size of the camera sensor
of 2.2 microns also imposes a fundamental resolution constraint that is plotted for reference.
The Compact Cloud-particle HOlographic Microscope — Surface (C?HOM-S) and
C?HOM- Balloon (CZHOM-B) holographic instruments used in this work have slightly
different spacings between the optical components that results in differing resolution capa-
bilities. The C’HOM-S instrument has a sampling volume that begins from approximately
26 mm from the camera sensor and extends to around 85 mm. This corresponds to a lateral

resolution that theoretically varies between approximately 2.3 microns and 7.4 microns. The
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Fig. 3.2 Theoretical diffraction-limited transverse and longitudinal resolution as a function
of depth relative to the camera sensor. The sampling depth range of each of the holographic
instruments used in this work is annotated. The pixel size resolution limit is also shown for
reference.

design of the C’CHOM-B instrument was significantly different, as discussed in Section 3.5,
and notably had the camera sensor further from the sampling window to reduce sunlight
saturation effects. This led to a sampling depth starting at around 50 mm from the sensor up
to 120 mm. The corresponding transverse resolution varies between roughly 4.4 microns and
10.3 microns. These sampling depth and resolution properties are indicated on Figure 3.2 for
reference.

The actual resolution of a holographic instrument is likely to deviate from the theoretical
limits outlined above due to issues such as chromatic aberration, laser power fluctuations,
sensor noise, and degradation of sampling window quality in the field. The resolutions of
the holographic instruments used in this work were determined by laboratory measurements
using calibration test spheres as well as a United States Air Force (USAF) resolution test
chart. This procedure is described further in C17 but a brief summary of the preferred
USAF-chart method is provided here for reference. This method is preferred as it allows

finer control over the object locations and is simpler to replicate in future.
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The USAF-chart was placed at a range of depths in the holographic sampling volumes
to characterise the varying resolutions. At each depth the hologram was reconstructed and
bounding boxes were manually drawn over each of the resolved chart elements, as shown in
Figure 3.3a for the C’HOM-B instrument. The mean of each group of three bars was then
taken and compared with the true bar width provided by the manufacturer of the chart.

The bias between the measured and true element widths is plotted as a function of element
width in Figure 3.3b for the C’HOM-B instrument. The bias was found to increase with the
size of the chart element, suggesting magnification. Measurements are shown for both the
horizontal and vertical dimensions since the resolution along each dimension is different due
to the rectangular camera sensor, as described by Equation 3.2.

A relationship for the magnification in a holographic system can be derived under the
paraxial regime, in which spherical waves are approximated with a quadratic phase term,
with the following form [230, 231]:

, (3.4)

where M; is the transverse magnification factor, z, is the object location, z, is the source
of the reference wavefront which is modelled as a spherical wavefront with a quadratic
phase function, A; is the laser wavelength, A, is the wavelength of the numerical reference
wavefront used in the reconstruction, and z,, is the focus depth of the reconstructed image. By
measuring each of these terms and iteratively refining the depth of the reference wavefront,
this relationship was used to correct for the magnification arising from the imperfectly
collimated reference wavefront. This resulted in the magnification-corrected measurements
shown in the bottom panel of Figure 3.3b. No such magnification corrections were required
for the CCHOM-S instrument, suggestive of a better collimated beam than for the C’HOM-B
instrument. These resolution tests and magnification corrections were repeated before and
after each of the field campaigns presented in this work.

The transverse resolution of the C’HOM-S instrument was measured to be 3.5 microns
at the camera side of the sampling volume and 7.8 microns at the laser side. This is relatively
close to the theoretical diffraction limited resolution for this system. The resolution of
the C’HOM-B instrument varied from 3.1 microns on the camera side up to 3.9 microns
on the laser side. This relatively constant resolution throughout the sampling volume was
unexpected but is likely due to the magnification introduced into this setup by the imperfectly
collimated reference wavefront. The upper resolvable particle diameter for both instruments

is limited to around 3 mm which is governed by the size of the camera sensor, which has
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Fig. 3.3 a) USAF resolution test chart used to measure the resolution of the holographic
instruments used in this work and to correct for magnification effects arising from an
imperfect beam collimation in the C’HOM-B instrument. b) Holographic sizing errors
without (top) and with (bottom) magnification corrections applied. Measurements are shown
for the case of placing the USAF test chart at the depth of the sampling window closest to
the camera (camera side) and at the depth of the window closest to the laser (laser side).
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C’HOM-S C’HOM-B
Sampling volume 0.9 cm? 1.2 cm’
Transverse resolution (Camera-side, Laser-side) (3.5 ym, 7.8 um) (3.1 um, 3.9 um)
3D reconstruction depth spacing 1.5 mm 1.8 mm

Table 3.1 Summary of key measured instrument parameters for the holographic instruments
used in this work.

dimensions of 5.7 mm by 4.3 mm, and the requirement of recording multiple interference

fringes.

3.3.3 Cloud Particle Sampling Constraints

There are a number of sampling constraints that must be considered in the design of a
holographic instrument intended for cloud particle detections. The aspects discussed in this
section are separate from the fundamental resolution limits described in the previous section
and must also be considered in the design of such an instrument. Only the major constraints
are summarised here, and the reader is again directed to C17 for a more detailed discussion
of this matter as relevant to the holographic instruments used in this work. Key resolution
and sampling parameters for the holographic instruments used in this work are summarised
in Table 3.1.

Cloud particles will have a velocity relative to the camera sensor that can lead to blurring
of the recorded hologram and a subsequent loss in resolution. This issue is mitigated by
choosing a suitably short laser pulse duration so as to reduce the detected particle movement
during the camera exposure time. An approximate relationship describing this condition is as
follows:

D
Ot ~ ﬁ’ (3.5)
where 6t is the required laser pulse duration, D is the particle diameter, f is the specified
particle displacement as a fraction of particle diameter, and v is the relative speed between
the camera sensor and the particle.

For sampling of cloud particles on a weather balloon, or with a fixed installation under
moderate wind conditions, a relative speed of 5 ms~! can be used as a representative value.
Using this relationship it is found that a pulse duration of less than 400 ns is required to
measure a typical cloud particle with a diameter of 20 microns [232] and an acceptable

particle displacement of 10 % of the diameter. The holographic instruments used in this work
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used a laser pulse duration of approximately 150 ns and laboratory testing with calibration
objects moving at such speeds did not reveal significant blurring artefacts.

The 3D image reconstruction is obtained by propagating a numerical reference wavefront
through the recorded hologram using scalar diffraction theory. The number of depths used in
this reconstruction imposes an additional sampling constraint that is more difficult to quantify
than the previous relationships. One means of estimating the impact of this sampling spacing
along the depth axis is to consider the holographic depth of focus. The depth of focus in
this context is interpreted as the approximate range of depths over which the reconstructed
wavefield resembles the scattering object, with the optimal focus depth being at the centre of
this range. An approximate expression for this property can be derived with the following
form [233, 234]:

(2a)°

8 ~ — (3.6)

where ¢; is the holographic depth of focus, a is the particle radius, and A is the laser
wavelength. For reliable sizing of the reconstructed particle it is argued that the reconstruction
depth spacing should not be significantly larger than this depth of focus metric. Such an
argument is only approximate but does provide some guidance for system design, particularly
regarding the impacts of wavelength choice.

For a 20 micron particle, Equation 3.6 leads to a depth of focus of approximately 1 mm.
The holographic datasets studied in this work were reconstructed over 40 depth slices with a
corresponding depth spacing of 1.5 mm for the C’HOM-S instrument and 1.8 mm for the
C?HOM-B instrument. These spacings are close to the approximate depth of focus required,
and visual inspection of reconstructed images of objects as small as 3 microns indicated
that they were suitably focussed. Laboratory measurements using calibration test spheres
and a USAF-chart suggest that the sizing uncertainty due to the chosen depth spacing is
approximately 4 microns. The larger source of sizing uncertainty was associated with the
automated analysis methods used to extract particle size, as discussed further in Section 3.6.

The choice of 40 sampling depths was motivated by a balance between maintaining
resolution and reducing the size of the reconstructed 3D images in computer Random Access
Memory (RAM). The automated methods developed to identify particles, discussed further in
Section 3.6, require two 3D images to be reconstructed and manipulated per hologram. With
the chosen number of sampling depths and a bit depth of 12 bits, this resulted in 6 gigabytes
(GB) of RAM usage which could reasonably be processed with the available computing
resources. The ability to directly reconstruct multiple 3D images at once is a distinct benefit
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of using the chosen camera sensor with a relatively low pixel count of 5 megapixels (MP).
This point is elaborated on in Section 3.6.

A large number density of cloud particles within the sampling volume can represent a
significant source of noise in the reconstructed image. This arises due to obscuration of
the reference wavefront as well as additional intensity variations from scattering between
particles. An approximate expression for the number density beyond which this issue starts
to become significant can be derived with the following form [57]:

. 0.04

~— i
nd?l’ S
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where 7. is the number density threshold, d is the mean particle diameter, and [ is the depth
of the sampling volume. For a mean particle diameter of 20 microns and the sampling depth
used in the C’HOM-B instrument, this number density threshold is approximately 450 cm 3.
The estimated threshold is relatively conservative and so for typical cloud droplet number
densities of around 100 cm 3 [232] it is not expected that this issue will significantly impact
the holographic instruments used in this work.

The number density of cloud or precipitation particles can be measured directly from a
single hologram since the sampling volume can be measured and the number of particles can
be counted directly. The sampling volume of the holographic instruments was determined
by measuring the overlapping area of the collimated beam on the camera sensor using a
polygon outline and multiplying this by the depth between the sampling windows. This gave
a maximum sampling volume of approximately 0.9 cm? for the C’HOM-S instrument and
1.2 cm? for the C’HOM-B instrument.

In practice the effective sampling volume was less than these values as some pixels
become saturated by sunlight when deployed in the field. It was identified that the saturated
pixels occurred at the bottom of the camera sensor and linearly rose to higher rows as a
function of the position of the sun. This allowed the saturated pixel rows to be automatically
removed from the analysis and the effective sampling volume can be recalculated on a
frame-by-frame basis.

For a typical cloud droplet number density of 100 cm™3 it is then expected that around
100 particles will be measured within a single hologram with the holographic instruments
used in this work. The counting uncertainties follow Poisson statistics which gives a relative
counting uncertainty of 10 %. This uncertainty is relatively large and so the size and shape
measurements are considered more reliable than the number density measurements. The
primary motivation for the developed holographic instruments was for them to be both cost

effective and light weight such that they can be deployed on a weather balloon or in a network
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over large areas. The larger counting uncertainty was a necessary trade-off in attaining these
goals, though an upgraded version of the instrument is in development that resolves this

limitation through use of a larger camera sensor and faster computer.

3.4 Data Processing

The discussion in previous sections has been centred around the theoretical constraints on
the capabilities of a holographic imager as well as laboratory testing and calibration results.
Such an analysis provides a baseline expected performance and is useful in the design phase
of a holographic instrument. In this section the methods used to process the data from such
an instrument for subsequent automated analysis will be presented. Particular attention will
be given towards the reduction of noise sources arising from the field deployment of such
an instrument. It should be noted that some of these issues are specifically due to long-term
deployment in the field and are, therefore, less relevant to the CZHOM-B instrument due to

the short duration of a typical balloon launch.

3.4.1 Sampling Window Quality

One of the major sources of noise in a hologram recorded in the field arises from the optical
quality of the sampling windows. This issue is manifested via two main mechanisms, the
first of which is through the direct impaction of cloud particles and dust on the sampling
windows. This issue is demonstrated in Figure 3.4a which shows a hologram recorded in the
laboratory without any objects placed in the sampling volume. A relatively smoothly varying
background intensity is noted which is the unscattered laser diode light which has an elliptical
beam shape that is characteristic of such devices [235]. Overlaid on this background are the
interference patterns formed from light scattered from particles on the sampling windows.
These window particles have the effect of partially blocking the reference wavefront and the
out of focus diffraction patterns of these particles represent a noise source against which
airborne particles within the sampling volume must be distinguished.

The other way in which the sampling window quality can be degraded is demonstrated in
Figure 3.4b and occurs over longer timescales. This shows a hologram recorded from the
C?HOM-S instrument after 3 months of field deployment in the Snowy Mountains during
the field campaign discussed in Chapter 6. This was over a period of time during which the
sampling windows were not regularly cleaned. Many water droplets impacted the windows
over this time and deposited a permanent layer of dirt as the droplets evaporated. This

build-up of small dirt particles effectively acts as a distorting screen through which the laser
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(a) (b)

(©)

Fig. 3.4 a) Raw hologram recorded in the laboratory before a field campaign. b) Raw holo-
gram recorded after 3 months of field deployment in the Snowy Mountains. c¢) Background-
subtracted hologram obtained during field deployment revealing the presence of three airborne
particles in the centre of the beam.
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beam must propagate and significant degradation of the wavefront quality is seen in this
hologram relative to the hologram recorded in the laboratory.

Various approaches to mitigating these issues were attempted in this work. It was found
that Fourier filtering methods were not suitable since the interference fringes of interest from
light scattered from airborne particles consisted of spatial frequencies that were too similar
to those arising from particles on the windows. Another method used in other holographic
instruments [178] is to divide the hologram of interest by the median of temporally adjacent
holograms. This approach proved more effective than Fourier filtering, particularly when
three holograms either side of the central frame were used in the average. Despite the
improvement, significant background noise was still present with this method due to particles
impacting and leaving the windows over the averaging time frame.

The most effective method found for mitigating the window quality issues was through
background subtraction. This method simply subtracts the previously measured hologram
from the hologram of interest and the results of this are shown in Figure 3.4c as applied to
the hologram in Figure 3.4b. A hologram is recorded every 10 seconds for the CZHOM-
S instrument and every 1-second for the CCHOM-B instrument for the field campaigns
discussed in this work. Over these timescales it is expected that for typical particle velocities
that airborne particles passing through the sampling volume will only be detected in a single
frame, whereas particles impacted on the windows will be present in both frames and hence
will be subtracted out. In this example it is seen that much of the noisy background is removed
in this way and three airborne particles in the centre of the hologram can be identified that
were previously hidden in the noise. The background subtraction method is also effective
in removing other sources of noise in the hologram that remain relatively constant between
frames. This includes irregularly spaced bad pixels, and non-uniformly distributed sunlight
on the sensor.

A limitation of the background subtraction method is that it requires the consecutive
frames to be recorded with the same relative alignment between the camera and laser. This
can be an issue for the C’HOM-S instrument since the metal plate on which the camera
and laser boxes are mounted can flex under significant wind or vibration conditions. Such
a limitation was due to a trade-off in optimising the design for cost effectiveness and
weight considerations. The C2CHOM-B instrument avoids this issue by mounting the optical
components on a rail system made from carbon fibre rods, as discussed further in Section 3.5.

To resolve the issue of variations in optical alighment due to strong winds, a computational
correction method was developed in this work. The pixelwise cross correlation is first
calculated between temporally adjacent holograms. The mean displacement between intensity

features is then computed which corresponds to the uniform shift in the positions of the
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particles impacted on the sampling windows due to the relative change in alignment between
the camera and laser. One of the holograms is then cropped and each pixel is shifted by the
mean displacement to match the adjacent hologram. The cropped hologram is then resampled
to the original size using linear interpolation which causes a slight reduction in the resolution
but with the advantage that it is then suitable for background subtraction with the adjacent
hologram.

The issue of varying optical alignment between temporally adjacent holograms was
identified during preliminary testing of the C’HOM-S instrument on the railings of the
Research Survey Vessel (RSV) Aurora Australis. The developed correction method was
found to perform well, though a reduction in system resolution on the order of around
10 microns was noted. Use of the algorithm also significantly increased the data processing
time. Such alignment issues were not identified in the Snowy Mountains field campaign,
despite relatively large wind speeds encountered at times, and so the correction method was
not used in the presented results. Due to this observation, it is interpreted that this alignment
issue was likely due to vibration of the ships railings rather than flexing induced by wind

motions.

3.4.2 Laser Fluctuations

The laser diode used in the holographic instruments in this work is not temperature stabilised
and hence variations in the output power are observed over time. The wavelength temperature
dependence of a similar laser diode was found in C17 to be around 0.1 nm °C~'. This
wavelength variation can lead to a reduction in output power as the wavelength shifts outside
of the pass band of the 10 nm bandpass filter used to reduce sunlight on the camera sensor.
This variation is significant enough to decrease the measured laser power by more than a factor
of two, as seen in the balloon launch campaign presented in this work where temperature
changes of nearly 60 °C were encountered. This causes a reduction in the signal to noise
ratio since the primary noise sources encountered in the field, such as sunlight, do not vary
with temperature.

Shorter-timescale intensity fluctuations also occur as energy shifts between different
spatial modes of the laser. These variations represent only a small fraction of the total beam
power and laboratory testing did not show a noticeable impact on reconstruction quality due
to this effect. A temperature stabilisation system would reduce the impact of both of these
issues, but would significantly add to the system complexity and remains the topic of future

research.
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3.5 C’HOM-B Instrument Design

The Compact Cloud-particle HOlographic Microscope — Balloon (C’HOM-B) featured a
significantly different design to the C2HOM — Surface (C’HOM-S) instrument. The latter
is based closely on the design of the instrument presented in C17, whereas the C’HOM-B
instrument was specifically designed to be deployed on a weather balloon. This design
choice imposed significantly more stringent demands on the requirements for the instrument
to be both light weight and cost effective, such that the risk of losing the instrument was
mitigated. The instrument design and assembly process is briefly discussed in this section,
and the results of an untethered balloon launch of this instrument into clouds are presented in
Chapter 7.

3.5.1 Instrument Assembly

The core assembly of the C’HOM-B instrument is shown in Figure 3.5a. The laser and pulse
amplifier electronics are housed within the smaller box that is aligned with the camera sensor
using carbon fibre rods. Control electronics are attached to the main aluminium plate using
3D-printed mounts. An aluminium plate with a thickness of 1 mm was chosen to provide a
balance between the weight of the instrument and in maintaining optical alignment.

The system is powered using 8 AA batteries which can provide power for approximately
an hour under standard sampling modes. A temperature-corrected real-time clock is used
along with the Raspberry Pi computer to provide accurate timing. The pulse width and
repetition frequency are controlled by an Arduino Uno microcontroller, and the system can
be remotely operated and reprogrammed using a Wi-Fi interface. Further details on the
electro-optical design of the instrument are described in C17.

The final version of the instrument is shown in Figure 3.5b. The larger instrument box was
constructed from polystyrene panels which were attached around the aluminium mounting
plate. The instrument was sealed to protect from the ingress of water and wrapped in multiple
layers of aluminium sheets to block sunlight from reaching the camera sensor. The physical
dimensions of the instrument are indicated on the figure, and the total weight of the instrument
was around 1.5 kg. The majority of the weight came from the aluminium mounting plate and
subsequent testing suggests that this could be significantly reduced in future with a smaller
plate whilst still maintaining sufficient optical alignment. The instrument is attached to the
payload train of a balloon using string and a fishing swivel.

The Computer Aided Design (CAD) model and assembly of the optical mounting setup is
shown in Figure 3.6a. The assembly allows for the alignment of the laser diode, collimating
aspheric lens, neutral density filter, bandpass filter, and camera. The optical mounts were
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(a) (b)

Fig. 3.5 a) Core assembly of the C’HOM-B instrument showing the aluminium mounting
plate, control electronics, carbon fiber spacing rods, and 3D printed laser mount. b) Finalised
C?HOM-B payload before launch with physical measurements overlaid in units of millime-
tres.

(a)

Fig. 3.6 a) CAD model and 3D printed optical mounts. b) Fill factor specification during 3D
printing.
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3D printed using polylactic acid (PLA) due to the balance between rigidity and weight. The
weight was further reduced by using a hollow lattice structure within the walls of the mounts,

as shown in Figure 3.6b.

3.5.2 Computational Fluid Dynamics Simulation

A key difference in the C’HOM-S and C2HOM-B instrument designs relates to the sampling
volumes. The former instrument has the laser and camera mounted on a metal plate with a
cut-out between them that allows air to pass freely into the sampling volume. The C’HOM-B
instrument separates these components using carbon fibre rods that can potentially interrupt
the natural flow of air into the sampling volume. It is important to minimise and characterise
such disturbances to the flow of air entering the sampling volume as they can result in
sampling biases when determining the number density of particles. Obstructions to the
air flow can also cause ice crystal shattering which is a particular problem for aircraft
instruments [154].

Computational Fluid Dynamics (CFD) modelling using Autodesk CFD [236] software
was carried out to address this problem for a range of instrument designs. The simulation
geometry for assessing the air-flow impact of the number of carbon fibre rods used to support
the optical components is summarised in Figure 3.7a. Designs with between zero and four
rods were compared, in each case with the rods placed so as to avoid direct blockage of the
sampling volume from the direction of travel of the balloon. A simulation with no rods was
performed to determine the impact on the flow due to the rest of the instrument structure.

The disturbance to the flow for each design is visualised in Figure 3.7b with streamlines
and a heatmap of the flow speed. A background flow speed of 5 ms~! was chosen to simulate
the typical ascent rate of a balloon. The bottom row of figures shows the variation in the flow
speed within the centre of the sampling volume along the direction of travel of the balloon.
Comparison between these visualisations indicates that the majority of the flow disruption
arises from the instrument boxes rather than the rods, and also that the mean flow is relatively
uniform under all rod configurations.

A comparison of the flow speed transects within the centre of the sampling volume along
the direction of travel of the balloon for each design is compared in Figure 3.8a. The average
profile for each of the rod configurations is relatively similar to the case of no rods, again
suggesting that the majority of the flow disturbance arises from the box structures. The use
of four rods shows significantly more perturbation to the flow speed than when using two
rods, with localised speed variations of up to around 2 m s~! within certain regions. The flow
speed when using two rods remains relatively uniform and does not exhibit such significant

variations.
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Fig. 3.7 a) Instrument configurations tested in the CFD simulation. The number of rods
connecting the instrument boxes varies from zero to four. b) Flow speed heatmap indicating
the flow disruption introduced by the boxes and rods.
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Fig. 3.8 a) Transect of the flow speed through the center of the sampling volume between the
camera and laser. b) Transect of the velocity component perpendicular to the direction of
travel of the balloon.
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Transects of the velocity component orthogonal to the direction of travel of the balloon
are plotted in Figure 3.8b. Similar localised perturbations are seen in this flow metric for the
case of four rods but not when using two rods. The relatively uniform flow distribution and
minimal disruptions observed in these simulations motivated the chosen design of using two
rods to support the optical components. Testing in the laboratory indicated that the chosen
geometry was sufficient to avoid flexing and potential misalignment of the optical system
when using the combination of 3D printed PLA and carbon fibre rods. Improvements to
future designs could be made by reducing the physical size of the instrument enclosures,
though it was considered that the relatively uniform flow obtained with the current design
was sufficient for the measurements undertaken in this work.

A larger source of potential flow disruption is expected from the balloon itself. For the
balloon launch of this instrument presented in Chapter 7 the instruments were positioned
approximately 9 m below the balloon in an attempt to minimise this source of disruption on
the air sampled by the instruments. Due to the significantly lower relative velocities involved
in a balloon launch as compared with an aircraft experiment it is assumed that this disruption
will not present a significant bias in the interpretations. This assumption should be tested in
future with laboratory experiments, perhaps within a wind tunnel or large cloud chamber.

3.6 Automated Holographic Analysis

Automated methods for processing holograms obtained under field conditions and extracting
properties of interest, such as the particle count, size, and shape metrics, are an essential part
of a functioning holographic instrument. Such methods have been developed specifically
for the instruments used in this work and are summarised in this section. A comparison and
optimisation of these methods is presented as compared with manually analysed data from
the field campaigns presented in this thesis. A brief comparison is also provided between
these methods and the widely used HoloSuite [188, 189] holographic software.

3.6.1 Algorithm Overview and Computational Requirements

The automated analysis methods developed can be separated into two main components:
(1) the identification of airborne particles, and (ii) the retrieval of particle geometric and
morphological parameters. These methods are computationally demanding and are currently
performed after a field campaign is completed using dedicated computing resources. This has
the limitation that many terabytes of raw holograms must be recorded, of which the actual

information relating to airborne particles may constitute only a few megabytes. Efforts have
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been made to optimise these methods through vectorisation, Graphics Processing Unit (GPU)
acceleration, and functional modularity. Future versions of these instruments will likely
perform these operations using optimised Field-Programmable Gate Array (FPGA) units
which should allow for real-time processing. This is of particular interest for the C’HOM-B
instrument as there is a risk that the instrument will be lost on an untethered balloon and so
real-time data transmission is appealing, but such developments remain the topic of future

research.

3.6.1.1 Identification of Airborne Particles

A conceptual diagram and flowchart describing the automated analysis methods are presented
in Figure 3.9. Two background-subtracted holograms are first produced between the hologram
of interest and the temporally adjacent holograms. This stage removes much of the fixed
noise in the holograms, as discussed in Section 3.4.1, as well as particles that are impacted
on the windows for each of the raw holograms. Information about airborne particles and
particles on the window for just two of the raw holograms is still retained at this stage.

Each hologram is then normalised between zero and one using the extreme pixel values of
each. Holograms can then be edge-padded at this stage to reduce edge effects due to the Fast
Fourier Transform (FFT) based reconstruction methods, as discussed further in Section 4.5.1.
The holograms are then reconstructed at 40 depths to produce two 3D amplitude images
using the Angular Spectrum method, as described in the previous sections.

The mean and standard deviation of pixel values for each 3D image is next calculated.
A histogram of pixel values for a typical 3D image is shown in Figure 3.10 and it is noted
that this distribution is tightly distributed around the mean background value. It is at this
stage that it is possible to discriminate between airborne particles and particles that have
been impacted on the windows but were not present in all three of the raw holograms. An
airborne particle present in the hologram of interest will appear dark when in focus in one
of the 3D images and bright in the other. A window particle present in only two of the raw
holograms will appear in only one of the 3D images. It is also noted that the intensity of the
reconstructed object wavefront tends to be most extreme within the bounds of the focussed
particle image [237, 238].

These properties motivate the next stage of the method which is to binarise each of the
3D images based on a specified number of standard deviations from the mean pixel value.
The number of standard deviations is a key free parameter of this method and optimisation
of this value using field observations is discussed in Section 3.6.3. Optimal values of this
parameter will lead to a clear separation between background pixels and those with extreme

values associated with focussed particles. At this stage there still may be pixels that attain
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automated analysis algorithm along with indicative memory requirements at each stage. Note
that both diagrams describe the same algorithm, but the flow direction is reversed in the

flowchart relative to the diagram in a).
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Fig. 3.10 Histogram of normalised pixel values for a typical 3D image reconstruction.

extreme values for other reasons, such as those particularly affected by sunlight. The final
stage of the automated particle detection technique is to take the product of the binarised 3D
images. Pixels associated with airborne particles that are present in both images are retained
in this way and those associated with noise are unlikely to be present in both, and are thus
rejected.

The method described above in which two 3D images are utilised will now be referred to
as the DoubleNSigma method, where the N denotes the number of standard deviations used
in the binarisation stage. This is in contrast to the simpler approach of just using a single
3D image, referred to as the SingleNSigma method. The performance of the two methods
was directly compared using field data from the Snowy Mountains campaign, discussed
further in Chapter 6. Figure 3.11a shows the number of detected particles from each method
during a time for which manual analysis revealed approximately six airborne particles per
minute. It is seen that the DoubleNSigma method reports counts that agree well with the
manual observations, whereas the SingleNSigma method reported counts that were orders
of magnitude greater than this. Inspection of the data revealed that this was due to many
spurious classifications due to noise sources in the holograms.

Figure 3.11b shows the derived particle diameter from each method with a binarisation

threshold of six standard deviations from the mean pixel value. Manual inspection again
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indicated that the DoubleNSigma method was performing more accurately with the majority
of detections from the SingleNSigma method corresponding to individual noisy pixels. A
more rigorous assessment of the DoubleNSigma method compared to manual analysis is
presented in Section 3.6.3.

The DoubleNSigma method was also briefly compared with the HoloSuite [188, 189]
holographic software that is commonly used in this field. Reconstructions of the same
holograms from both methods produced similar outputs, which is not surprising given that
they both fundamentally utilise exact scalar diffraction methods. This comparison was useful
as an additional sanity check that the developed software was working correctly.

A key difference between these methods is that the DoubleNSigma method presented in
this work performs an adaptive intensity threshold in the binarisation stage to locate airborne
particles using the product of two 3D images, whereas the HoloSuite software uses only a
single 3D reconstruction per hologram, as with the SingleNSigma method. Similarly to the
comparison between NSigma methods, it was found that the HoloSuite software tended to
produce orders of magnitude more particle outputs that were associated with noise. Attempts
were made to optimise the thresholding in these tests, though it is noted that this is only a
preliminary comparison and more rigorous testing should be undertaken to better compare
the algorithm performances.

It is not suggested in this preliminary comparison that this is a limitation of the HoloSuite
method since the particle classification methods used in this software have been demonstrated
to effectively remove much of these noise detections using neural network methods [190].
As an avenue of future research it would be interesting to incorporate the DoubleNSigma
method into the HoloSuite software to assess the potential benefits offered through improved
noise rejection. However, this would potentially come at the cost of rejecting real airborne
particles if the sigma parameter is not optimised appropriately.

An important limitation of the DoubleNSigma method to note is that it is computation-
ally demanding since it requires the reconstruction of two 3D images per hologram. For
reconstructing a 5 MP hologram at 40 reconstruction depths, as with the instruments used in
this work, this required only 6 GB of RAM per hologram. Camera sensors with significantly
more pixels would quickly exceed the RAM available in standard computers, limiting the
scope for applying this method. This limitation could potentially be overcome by distributing
the work over a number of computers in a cluster. The issue could also be overcome by
downsampling the hologram, but this would cause a corresponding decrease in resolution.
Such methods may still prove useful with larger camera sensors if the improvement in noise

rejection is considered to be more important than these limitations.
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3.6.1.2 Retrieval of Particle Parameters

The second key stage of the automated analysis methods is the retrieval of particle geometric
and morphological properties such as size, number density, and shape metrics. The airborne
particles identified in the previous stage first undergo some minor preprocessing. A threshold
number of pixels is defined below which particles are considered to be noise. Testing
suggests that reconstructions are reliable for particles consisting of at least two pixels, which
is consistent with the resolution constraints defined for the instruments in the previous
sections.

Since the longitudinal resolution is significantly poorer than the transverse resolution,
the 3D binarised image is then summed and rebinarised to produce a 2D projection. Internal
amplitude variations within the particles are lost in this way but this approach offers sig-
nificantly improved computational performance in defining particle extents. This method
cannot resolve particles that are overlapping in the transverse dimension at different depths,
but this is a standard issue in any holographic analysis. This issue is unlikely to occur for the
relatively low number densities of typical cloud and precipitation events.

In the next analysis stage a set of morphological operators are applied to the particle
images to better identify their spatial extents. A morphological dilation operation is first
performed using two linear structuring elements (strel) arranged in the shape of a cross. This
is used to better determine the outer boundary of the particle as there are often gaps in the
binarised images due to amplitude fluctuations and noise. The strel length is a key free
parameter of this method and an optimisation of this parameter is undertaken using field
campaign data in Section 3.6.3. A filling operation is then performed to remove internal holes
in the pixel structures within particles. The definition of strel here should not be confused
with the similarly named concept of Strehl ratio that relates to optical image quality.

Particles connected to the edges of the image are next removed. This reduces the effective
sampling volume of the system slightly, but presents the significant advantage that the
retrieved statistics relate only to entire particles. The final processing step is to apply two
consecutive erosion operations using a diamond shaped strel with a size of one pixel. This
final erosion smooths the particle boundary and removes any remaining isolated pixels near
to the particle.

The projected particle images are then counted and ellipses are fitted to parameterise
the particle geometric and morphological properties. The key parameters used in this work
are the eccentricity of the fitted ellipse and the equivalent diameter, which is defined as the
diameter of a circle with the same area as the pixel region. The morphological analysis
process is visualised in Figure 3.12 for a typical cloud particle measured in the field. The

same in-focus amplitude image of the particle is shown in gray in each frame for reference.
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Fig. 3.12 Effect of varying eccentricity (e) of a fitted ellipse for a typical detected cloud
particle. Each image shows the same in-focus particle measured in the field (gray), automati-
cally determined particle pixels (red), morphologically processed particle extents (green) and
fitted ellipses (blue). Aspect ratio (a) is also shown for reference.

The red pixels indicate those outputted from the automated airborne particle determination
stage, and the green pixels are the output of the morphological processing stage. A blue
ellipse is overlaid over each frame with a varying eccentricity. It is seen that the particle
detection analysis stage is effective in identifying pixels within the particle extent and that
the morphological processing stage is essential in identifying the particle bounds. Without
the latter stage the single particle here would instead be erroneously reported as multiple
smaller particles.

This example also demonstrates one of the limitations of using eccentricity as a shape
metric. Visual inspection of the image suggests that this particle is relatively circular in the
projected image, yet the ellipses appear to fit relatively well even with an eccentricity of
up to around 0.5. For the results presented in this work this shape metric is used only as a
relatively crude indication of changes in the mean shape properties rather than for specific
habit classification. In practice it was concluded that eccentricities greater than around 0.7
are indicative of irregularly-shaped particles, and values below 0.5 are consistent with a
spherical particle.

This metric is also overly simplistic for classifying complex ice crystal shapes which

may have significant crystal structure despite being relatively symmetric. For example, a
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hexagonal ice crystal may be best fit by a low eccentricity ellipse despite being clearly
aspherical. Attempts were made in this work to develop a more reliable shape metric. It was
found that a metric based on the average of various independent shape metrics was most
effective. Such properties included the eccentricity, mean edge sharpness, and geometric
metrics like the circularity which are based on the particle area and perimeter. Despite the
improvement in performance, it was decided that the eccentricity was preferable for the
analyses presented in this work due to the more straightforward interpretation of this metric.
Further development and testing of more sophisticated shape metrics is recommended as an

avenue of future research.

3.6.2 Manual Analysis Tools

Observations from each of the presented field campaigns have been analysed manually and
this quality-controlled dataset is one of the key contributions arising from this work. The
manual analysis process is slow, so it is desirable to develop automated methods that can be
relied on in future. The manual analysis methods are presented in this section and the manual
datasets are then compared with the automated methods to optimise the free parameters. This
dataset is also planned for use in the training of neural network-based approaches in future.

The first stage of the manual analysis software requires the user to inspect the background-
subtracted holograms for airborne particle candidates. This is determined by the condition
that airborne particles must not be present in temporally adjacent holograms, otherwise the
particles are tagged as window particles. Holograms with airborne particle candidates are
then reconstructed using 40 reconstruction depths between the sampling windows, as with
the automated methods.

Particles that are not in focus at the window depths are considered to be airborne and
undergo the next analysis stage. The user interface for this next stage is shown in Figure 3.13.
The user can scroll through each depth in the 3D reconstruction and is prompted to draw a
rectangular bounding box around each particle as shown in Figure 3.13a. The depth of focus
for each particle is specified using the interface shown in Figure 3.13b, and a polygon is hand
drawn around the particle extent to provide a binary particle image with use of the interface
shown in Figure 3.13c. Particle size and shape properties are then retrieved by fitting of an
ellipse. This process is repeated for each particle within the 3D image and each hologram
from the observation times of interest.

The manually analysed observations are primarily presented in the following chapters as
laboratory testing suggests that they are more reliable than the automated methods, despite
the relatively good agreement between methods. A potential limitation of the manual method
is that particularly small particles can be missed due to human error, and this may introduce
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Fig. 3.13 Summary of the manual analysis interface. The user is prompted to (a) identify the
locations of airborne particles using rectangular bounding boxes, as shown in blue, and then
(b) identify the depths of best focus and (c) draw a polygon around each particle to precisely
indicate particle extents.

a bias that tends to underestimate the true particle number densities. Significant effort went
towards carefully searching for particles in each frame, though due to the time-consuming
nature of this approach it is acknowledged that these potentially missed particles represent a

limitation of this method.

3.6.3 Comparison to Manually Analysed Data

The performance of the automated analysis methods used in retrieving particle count, size,
and shape properties represents a key limiting factor in the operation of a holographic
system. The automated methods presented in this work have two key parameters that must

be optimised: (i) the number of standard deviations used in binarisation of the 3D image
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Fig. 3.14 Comparison of particle counts obtained from automated analysis runs with varying
N-sigma parameter and manual analysis. Observations are from the balloon launch campaign,
as discussed further in Chapter 7, and are averaged on a 10-second basis.

(N-sigma), and (ii) the number of pixels used in the linear morphological dilation structuring
element (strel). These parameters are varied and the automated methods are compared with
manually analysed observations in an attempt to optimise their values. Similar results were
found with data from the Snowy Mountains and balloon launch field campaigns, and so only
the balloon launch analysis is presented in this section. A comprehensive summary of each
field campaign is presented in subsequent chapters.

Figure 3.14 provides a comparison between the manually determined particle counts
during the launch and those derived from the automated analysis software. The manual
counts are shown in green and the other traces indicate the effect of varying the N-sigma
parameter in the automated retrievals. Each trace has been averaged on a 10-second basis.
The automated counts have not yet had the morphological processing stage applied such that
the N-sigma parameter can be independently optimised.

An optimal N-sigma choice provides a balance between a large enough value such that
noise is not counted as a particle, yet still small enough that airborne particles are not missed.
A value of three is too low since counts are reported throughout the sampling duration,
whereas periods of no particle counts are seen in the manual analysis. Values of five and six
are effective at rejecting noise, but this comes at the cost of sensitivity to real particles. This
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is particularly noticeable for particles sampled after around 2:05Z at which time none of the
manually detected particles are identified. This drop in sensitivity at later times is likely due
to the decreasing signal to noise ratio as a result of increasing sunlight saturation during the
launch, as discussed further in Chapter 7. A value of four was determined to give the optimal
balance for this parameter. Good agreement is seen in the occurrence of particle detections;
however, the automated method significantly overestimates the number of particles before
the morphological stage is applied.

The impact of strel length on counting error, defined relative to the manual counts, is
shown in Figure 3.15a. With no morphological processing applied the 10-second averaged
particle counts are significantly higher than the manually obtained values, resulting in a large
counting error. A strel length of five was found to be optimal in reducing error by connecting
pixels throughout the extent of the focussed particles. Using values significantly larger than
five gave little improvement in counting of small particles, though a reduction in sizing
error for particles larger than around 50 microns was observed when using a strel length of
100. Such a large strel length comes with the downside of a significantly reduced resolution.
Multiple automated analyses with different strel lengths could be undertaken simultaneously
to target both small and large particles as a future improvement to this method.

The sizing error is shown in Figure 3.15b. This parameter was found to be significantly
more sensitive to strel length, though there was seemingly less size dependence. A strel
length of five was found to minimise the sizing error, as with the counting error, leading to
the optimised parameter choice of a strel length of five and an N-sigma value of four. This
optimised combination was used in the automated analysis results presented in Chapter 6 for
the Snowy Mountains campaign.

The performance of the optimised automated parameters is compared with the manual
analysis in Figure 3.16a for raw particle counts. With no morphological processing applied, a
relatively flat counting distribution is reported which extends significantly beyond the range
of the manually analysed data. The optimised automated counts agree well with the range
of manual particle counts, but the shape of the distribution is skewed towards low particle
counts. The reduction in larger particle count values may be an indication that the N-sigma
parameter is missing airborne particles. A more adaptive threshold that makes use of other
metrics, such as edge sharpness, is recommended in future.

A comparison of the automated and manually derived size distributions is presented
in Figure 3.16b. An anomalous number of particles are reported with a size of one pixel
when morphological processing is not used. This is due to the clusters of disconnected
pixels within a particle, as demonstrated previously in Figure 3.12. The optimised automated

processing gives a size distribution that matches well with the extent of the manually obtained
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Fig. 3.16 a) Distribution of manually determined particle counts (green) compared to auto-
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bin width in this case is three microns.
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distribution. As identified with the particle count distributions, the automated size distribution
underestimates the total number of particles and notably does not identify the manually-
observed particles with diameters larger than 80 microns.

These comparisons highlight some of the strengths of the automated methods in reporting
mean particle sizes and counts, and the limitations in accurately reporting the exact dis-
tributions of these parameters. The optimised automated methods were found to compare
well with manual analysis for observations from both of the field campaigns presented in
this thesis. Future analyses of this kind should be undertaken to test the performance of
these methods on datasets from other field campaigns without the need for significant human
intervention.

More sophisticated automated methods should also be pursued in future to overcome the
limitations of the current methods, for example those that make use of the phase information,
as discussed further in Chapter 4. Neural network-based methods should also be investigated
as an alternative approach. The manually labelled training datasets obtained from both of the
field campaigns presented in this work are expected to be a valuable resource for training

and evaluating such methods.

3.7 Summary

In this chapter the practical issues and fundamental constraints that guide the design and
performance of a holographic microscope are summarised. The theoretical resolution limits
were derived and experimentally determined for both of the holographic instruments used
in this work. Consideration of these performance constraints led to the conclusion that
the holographic instruments used in this work are well suited to measuring cloud and
precipitation particle size and shape properties. Particle number density measurements from
these instruments were determined to be less accurate, though still sufficient for the level of
analysis presented within this work. Use of a larger camera sensor to increase the sampling
volume in future designs is expected to overcome this limitation whilst still maintaining the
key design criteria of being light weight and cost effective.

A summary of the practical methods developed for autonomous operation of a holo-
graphic instrument under long-term field deployment was presented. A key issue with such
deployments is the varying optical quality of the sampling windows. Background subtraction
was determined to be the optimal solution to this problem. Methods of applying background
subtraction during conditions that cause a relative flexing between the camera and laser
were presented, as was required for automated analysis of observations obtained whilst the

instrument was mounted to the railings of the Aurora Australis research vessel.



66 Holographic Microscope Design and Automated Holographic Analysis

An overview of the design of the C’HOM-B instrument, suited for deployment on a
weather balloon, is provided in this chapter. This instrument represents the first of its kind for
cloud measurements from an untethered balloon. The key design decisions regarding weight
and cost are outlined. CFD simulations are summarised which suggest that the airflow within
the sampling volume is not significantly disrupted by the instrument structures.

The automated methods developed to identify airborne particles and extract their geo-
metric and morphological parameters of interest are presented. These methods are adaptive
and ideally do not require significant human interaction once the free parameters have been
optimised. Comparison of these methods with manual analysis of observations from both of
the field campaigns presented in this thesis suggested that the algorithms can be effective
in retrieving mean particle sizes and counts, but also that they tended to underestimate the
total number of particles. More sophisticated algorithms, perhaps incorporating the phase
information or neural network-based methods, should be pursued in future to overcome this
limitation. It is expected that the manually analysed dataset produced in this work will be a
valuable source of training and validation for such methods.

Preliminary comparisons with the HoloSuite holographic software suggest a potential
improvement in noise rejection when using the automated methods presented in this work.
Key limitations of the methods presented in this work include the previously mentioned
under-counting issue as well as the significant computational burdens of the approach. Future
comparisons between these methods should be undertaken in an attempt to combine the
strengths of each approach.



Chapter 4

Monte Carlo Modelling of a Holographic
Microscope

4.1 Introduction

The previous chapter presented some of the key limiting factors in the performance of
a holographic imaging system. It was identified that analytical constraints are useful in
designing such systems, but that the performance is most significantly constrained by the
ability for the automated analysis methods to operate under field conditions. Such conditions
vary significantly and include the optical quality of the sampling windows, fluctuations
in laser outputs, varying sunlight saturation on the camera sensor, and the morphological
properties of the particles being measured.

The most direct way in which the system performance can be assessed is by comparing
the outputs of the automated analysis methods with manually analysed field observations.
This style of comparison was presented in the previous chapter and arguably gives the most
relevant performance metrics since it is based on real field data. A key limitation of this
method is the accuracy of the manual analysis methods, which are susceptible to human error.
This evaluation method is also slow which further limits the applicability.

An alternative method for assessing the performance of a holographic system is through
numerical modelling techniques. The Monte-carlo Holographic Imager SimulaTion (MHIST)
software was developed in this project to provide this capability and is presented in this
chapter. This software allows full specification of holographic system parameters, as well as
particle morphological properties, from which synthetic holograms can be generated. Monte
Carlo methods are used to generate large datasets in this way to which automated analysis
methods can be applied and tested.
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The chapter begins with an assessment of the performance of various methods for
automatically determining the longitudinal position, referred to hereafter as the depth, of a
particle in a reconstructed 3D image using the MHIST software. An alternative method to that
presented in the previous chapter for automated particle analysis is then assessed with this
tool. It is also used to highlight some of the holographic microscope performance limitations
that are difficult to constrain analytically, such as the edge artefacts in the reconstruction
process. The chapter concludes with a brief discussion of the potential for this model to be
used in the in situ retrieval of high-resolution particle surface roughness and refractive index

information.

4.2 Holographic Monte Carlo Model Overview

The Monte-carlo Holographic Imager SimulaTion (MHIST) software consists of three main
model aspects that can be specified by the user: (i) the hardware parameters of the holographic
microscope, (ii) the cloud particle properties, and (iii) the internal model parameters, such as
the choice of wavefront propagation method used for the simulation of holograms. These key
aspects of the MHIST software are visualised in Figure 4.1 with the yellow planes indicating
the locations of the laser, sampling windows, scattering particles, and camera sensor. The
outputs of the software are synthetic holograms along with the simulated particle properties,
as required for the testing and validation of automated analysis methods.

The wavefront simulation and propagation is carried out using scalar diffraction theory,
as outlined in Appendix A. The laser wavelength, transverse noise profile, and complex
transverse wavefront profile are specified and the wavefront is propagated between interaction
planes using either the Angular Spectrum, Fresnel, or Rayleigh-Sommerfield diffraction
formulae. A combination of these methods can be used to ensure that the Nyquist sampling
limits are maintained, as discussed in Appendix A.2.

The surfaces of the instrument sampling windows are approximated as 2D apertures with a
complex transmittance mask. This allows for the parameterisation of the optical quality of the
windows to simulate effects such as the build-up of dirt during a long-term field deployment.
The refractive index and thickness of the windows can also be specified to investigate the
potential for aberration and magnification introduced by the optical components.

Scattering particles are also defined using complex 2D transmittance masks. Particle
properties can either be manually specified, or distributed randomly between a user-specified
range of particle size, shape, number, orientation, and position values. Particle shapes can be
manually specified using hand-drawn polygons, or simpler structures can be parametrically
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oo o

Fig. 4.1 Visualisation of the MHIST simulation geometry. Yellow planes indicate the
locations of the: (a) laser source, (b) sampling window surfaces, (c) scattering particles, and
(d) camera sensor.

defined which include circles, hexagons, and rectangles to approximate simple cloud droplets
and ice crystals.

The hologram is simulated by propagating the wavefront from the last interaction surface
to the depth of the simulated camera sensor. The intensity at this depth is then sampled using
a grid with the physical dimensions, bit depth, and pixel size of the camera sensor. Additional
noise sources can be specified at this stage. This includes saturated pixels to simulate dead
pixels and sunlight effects, and more generalised noise models such as Gaussian white noise.

The developed software has been tested against laboratory measurements using a range
of calibration objects. Targets were placed at known positions and a hologram was recorded.
A synthetic hologram of the same targets was then generated by hand-drawing polygons with
the same sizes, shapes, and positions as the calibration objects. Comparison of the holograms
and reconstructed 3D images indicated that the synthetic holograms were sufficiently accurate
such that the particle properties retrieved from the simulation agreed with the measured

values to within the experimental uncertainties outlined in Chapter 3.
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Fig. 4.2 Comparison of recorded and simulated holograms and focussed particle reconstructions.

The accuracy of the software is demonstrated in Figure 4.2 through a comparison with
field observations. A hologram recorded during the Snowy Mountains field campaign
is shown in Figure 4.2a and a reconstructed image of a column-like particle is seen in
Figure 4.2b. This reconstruction was used to determine the shapes of particles present which
then allowed a synthetic hologram to be generated based on hand-drawn polygons of the
outlines of some of the focussed particles. The resultant synthetic hologram is shown in
Figure 4.2¢ and the reconstructed column-like particle is seen in Figure 4.2d. Good agreement
was again seen between the recorded and synthetic holograms and in the retrieval of particle
properties, providing further confidence in the simulation outputs.

The MHIST software is still in a relatively early stage of development and so only limited
testing of the model accuracy has been undertaken so far. It is recommended that a more
comprehensive range of tests be carried out and for the model accuracy to be quantified as

a function of particle size, and shape, using a statistically significant number of calibration
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objects. One potential line of investigation would be to test the performance of each of the
diffraction methods to determine their exact range of applicability and to identify the specific
impacts of under-sampling of the propagation functions.

The software is modular and readily extendible such that more sophisticated simulations
can be undertaken in future. Efforts have been made to optimise the software through
approaches such as vectorisation and processing of images using a Graphics Processing Unit
(GPU) to reduce processing times. Recommended future enhancements include the use of
higher-resolution regions around particles to better capture internal structure, allowance for
specification of non-monochromatic light sources in considering beam coherence impacts,
and incorporation of the effects of motion blur by overlaying holograms from particles
moving at a specified velocity within the camera exposure duration.

Preliminary efforts have also been made towards a GPU-accelerated N-body simula-
tion of cloud particles interacting under electrostatic and turbulent forces. Coalescence is
parameterised crudely based on the particle proximity and a probabilistic interaction term.
It would be of particular interest to incorporate this model into the MHIST software for
generating more realistic spatial distributions of cloud particles that can evolve with time.
Such a model may allow direct retrieval of properties such as micro-scale turbulence through
comparison between modelled particle distributions and the spatial distributions measured
within a holographic 3D image. It is expected, for example, that cloud particles would
cluster around regions of lower vorticity [89] and such clustering can be directly measured
by holographic instruments [57].

4.3 Particle Focus Depth Metrics

One of the key applications of the MHIST software is in assessing the performance of
automated analysis methods. An important component of such methods is the approach
used to determine the depth within the reconstructed 3D image, as defined in Section 3.2, at
which particles are at their best focus. The focus determination methods tested in this section
depend on the property of reconstructed holographic images to attain extreme amplitude and
phase values at the depth of best focus for a given object [237, 238]. The rates of change of
these properties as a function of depth in the 3D reconstruction were also found during the
testing to be effective and independent focus determination metrics. Particles simulated in
the following tests are approximated as opaque 2D diffracting apertures.

An example of these focus depth determination metrics is shown in Figure 4.3 which
can be assessed based on their ability to separate particles from the background. Each

panel shows the pixelwise minima as a function of depth for a given metric which has been
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Fig. 4.3 Four different metrics for determining the depths of 6 circular particles, each with
a diameter of 20 microns, within a 3D reconstructed image. Counter-clockwise from the
top right panel shows 2D maps of the pixelwise minima with depth of the: Longitudinal
amplitude gradient, amplitude, and longitudinal phase gradient. The product of all listed
metrics is shown in the bottom right panel.

normalised between zero and one. Each metric is effective at distinguishing the six particles
from the background pixels, though there is significant variation in the number of pixels that
are associated with the particles. The longitudinal phase gradient minima is seen to give the
best separation from the background pixels, though only with relatively few pixels within the
centre of the particle extent. The amplitude minima covers more of the particle extent but has
relatively large values for the diffraction fringes surrounding the particle which complicates
the interpretation. The product of each of these metrics is seen to give good contrast between
particles and background values, though this is only for a small number of pixels in the
centre of the particles. The product method incorporates information from each of the three
independent metrics and was found to be the most robust depth metric throughout the testing.

A more detailed comparison of these metrics is shown in Figure 4.4a in which ten circular
particles, each with a diameter of 20 microns, are positioned randomly throughout the 3D
sampling volume of a holographic instrument with the same specifications as those used in
this work. The longitudinal profiles of each metric for the central pixel in each particle show

extreme values around the particle focus depths. The phase difference is seen to give the best
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Fig. 4.4 a) Comparison of particle depth metrics for ten circular particles, each with a
diameter of 20 microns. Each panel shows the longitudinal dependence of depth metrics for
the central pixel of each particle. 3D pixel indices of each particle are indicated on the top
of each panel and the particle depth is indicated by a purple dashed line. b) Longitudinal
dependence of the product of the normalised metrics shown in Figure a) for each particle.
Particle depth is indicated by the solid red line.
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Fig. 4.5 Longitudinal amplitude (top) and phase gradient (bottom) profiles centred on a
160 micron particle for a case with no noise (blue) and Gaussian white noise (red) applied in
the simulation.

contrast relative to the background values, though the minima of the amplitude traces tend to
be closer to the true particle depths. The product of these normalised metrics was again found
to be the most robust method for determining particle depth, as indicated in Figure 4.4b.

The performance of the product method is most limited by the inclusion of the longitudinal
phase difference. This metric is especially sensitive to noise in the hologram which leads to
significant variability in the phase gradient profile within the transverse extent of the particle.
Profiles of the amplitude and phase gradient metrics are plotted in Figure 4.5 for a case with
no noise and a case with Gaussian white noise applied that approximates values measured in
the laboratory for the holographic systems used in this work.

The inclusion of this amount of noise did not significantly impact the interpretation of the
amplitude profile in this case and the contrast in the phase gradient profile around the focus
depth remained reasonably large. This suggests that such an approach is potentially viable
in practice. Preliminary testing of this method on holograms recorded during the Snowy
Mountains field campaign also indicated that the technique can be effective under a range of
conditions, but it was found to be unreliable when applied to holograms taken with a large
build-up of dirt on the sampling windows and sunlight saturation. A rigorous evaluation of
this method using field observations remains the topic of future work.
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Whilst small particles are observed to have a singular extrema at the particle focus depth
in their longitudinal profiles of amplitude and phase metrics, this is not always the case for
larger particles. The secondary minima at a depth of around 2 cm in the amplitude profile
for the 160 micron particle shown in Figure 4.5 is an example of this complicating factor.
The variability in the phase gradient profile within the transverse extent of this particle is a
further complicating issue. For the instruments used in this work, such issues were found to
became significant for circular particles larger than around 100 microns in diameter.

Various methods have been proposed in the literature to overcome the challenges for
automated depth determination of larger particles [188, 239, 240]. The approach used in the
widely used HoloSuite [188, 189] software, for example, has been shown to be particularly
effective and is based on an edge sharpness metric that is resilient to noise. An evaluation
and comparison of these automated methods using the MHIST software is recommended as

an avenue for future research.

4.4 Automated Analysis Testing

The primary motivation for development of the MHIST software is for the testing of auto-
mated analysis algorithms using large synthetic datasets. An automated analysis method,
referred to as the DoubleNSigma method, was presented in Chapter 3 that was based on 3D
amplitude metrics. This approach was chosen as it was found to perform well under the noise
conditions encountered during the field deployments discussed in this work.

It was demonstrated in the previous section that inclusion of phase information can
improve automated identification of particles under certain noise conditions. A preliminary
evaluation of an automated analysis method that incorporates phase information, hereafter
referred to as the Complex LOngitudinal Gradient (CLOG) method, is presented in this
section using the MHIST software. These results are primarily included as a demonstration
of the utility of the MHIST software, though insights obtained from this approach regarding

the algorithm performance are also of relevance to this work.

4.4.1 Algorithm Overview

The first stage of the CLOG method is to automatically identify particles and determine
their longitudinal positions within the instrument sampling volume. A single 3D image is
reconstructed from a background-subtracted hologram and the pixelwise minima with depth
is calculated for the longitudinal profiles of amplitude, longitudinal amplitude gradient, and

longitudinal phase gradient. The 2D grids of these parameters are normalised between zero
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and one and the product of these grids is obtained. This product of three independent metrics
was found to give robust contrast between pixels associated with particles and those for
background or noise values. Otsu’s method [241] is applied to the grid of multiplied values
to automatically determine the threshold between background and particles and this threshold
is used to binarise the 2D grid.

A standard set of morphological processing operations are next performed on the binarised
2D grid to improve the identification of particles. This includes rejection of pixel clusters
below a threshold size, filling of gaps within structures, and removal of particles on the edges
of the hologram. Each remaining cluster of pixels in the binarised grid is considered to be a
particle and bounding boxes are recorded as an approximate indication of the particle extents.

Particles are individually processed to determine the focus depths using each of the
bounding boxes. When the pixelwise minima of the amplitude, longitudinal amplitude
gradient, and longitudinal phase gradient profiles are computed, corresponding maps of the
depths of these minima are also recorded. The most common minima depth value within
each particle extent is determined for each depth metric and the median of the three values is
taken to be the best estimate of the particle depth position.

A Canny edge detection filter [242] is applied to each of the particle amplitude recon-
structions at their corresponding depths of focus. This takes advantage of the sharp edge
between the focussed particles and the background pixels. A morphological filling operation
is applied to remove internal pixel gaps in the particles and ellipses are fitted to each particle
to extract their size and shape metrics.

4.4.2 Simulation Results

The performance of the CLOG method was assessed using MHIST simulations of holograms
from randomised distributions of particles and a holographic microscope with the same
parameters as those described in Chapter 3. This simulation process is summarised in
Figure 4.6 for a case consisting of randomly distributed particles with circular, hexagonal,
and rectangular shapes and a fixed size. Particle outlines are shown in Figure 4.6a and the
simulated hologram is seen in Figure 4.6b.

The automatically identified particle extents obtained from the CLOG method are shown
in Figure 4.6¢c. Comparison with Figure 4.6a indicates that none of the particles were missed
in this case, nor were there any incorrect classifications of noise as particles. The retrieved
particle sizes are also within the theoretical uncertainty bounds for the majority of particles,
regardless of shape or orientation.

Despite the generally good performance of the algorithm in this case, a number of
issues are still noted. The two overlapping rectangular particles at different depths that
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Fig. 4.6 Summary of the a) particle placement, b) hologram simulation, and c¢) automated
detection processes for testing of the CLOG algorithm.
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are seen on the right-hand side of Figure 4.6a were identified as a single large particle.
The outlines of these particles are also significantly more distorted than those of the single
rectangles. The current algorithm acts to group overlapping particles together and a focus
depth corresponding to the average of each of the particles is found, resulting in a particle
measurement from an out-of-focus reconstruction. This issue could be avoided in future by
checking for multiple peaks in the distribution of particle depths within a particle cluster.

The algorithm was found to underestimate the sizes of particles towards the edge of
the hologram, despite multiple interference fringes still being recorded. This motivates the
approach of excluding particles within a specified number of pixels from the edge of the
hologram. This comes at the cost of a reduced sampling volume and so a future optimisation
of this value would be useful. This could be based on the minimum number of interference
fringes required for a targeted particle size resolution and particle shape sensitivity, as
determined using the MHIST software. It may also be possible to use this software to
determine a numerical correction such that particles on the edge of the hologram can still be
retained under certain conditions.

A more quantitative assessment of the CLOG method is presented in Figure 4.7 which
shows the results of three sets of simulations with differing particle distributions. A compari-
son is made between the absolute and relative errors in retrieved particle counts and median
sizes for each case. Particle counts, positions, sizes, and shapes are varied randomly between
ranges that are defined for each simulation set and 1000 simulations runs are used in each
case.

Figure 4.7a shows the relative errors in retrieved particle count for distributions of
between 1 and 50 particles with a fixed equivalent size of 80 microns. The red trace shows
the results for a mixture of circular and hexagonal particles and the blue trace is for circular
particles only. The algorithm is found to perform reasonably well for these scenarios with a
mean relative counting error of around 3 %, regardless of whether hexagons are included
or not. A large relative error was seen in a few of the simulation runs and it was identified
that this was for cases with only a few particles in total that were either on the edge of the
hologram or spatially overlapping.

Similarly low average relative errors in retrieved median particle size are seen in Fig-
ure 4.7b for both cases. A slight systematic bias towards overestimating the size of hexagonal
particles is noted. No such bias is observed for circular particles. A comprehensive investiga-
tion into the performance of automated analysis algorithms as a function of particle shape is
recommended as future work.

Errors in retrieved median particle size for a more realistic simulation configuration are

shown in Figure 4.7c. Each simulation run consists of a distribution of between 1 and 50
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Fig. 4.7 CLOG automated analysis results from simulation runs with randomly varying dis-
tributions of particle number, size, and shape. Plotted are the relative errors for distributions
of between 1 and 50 particles with a) & b) a fixed particle size of 80 microns, and c) circular
and hexagonal particles with sizes varying between 1 and 200 microns.
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Fig. 4.8 An example of a typical input and output particle size distribution from one of the
1000 simulation runs used for automated analysis testing. Particle radius is quoted in pixels
which have a size of 2.2 microns.

circular and hexagonal particles with sizes randomly varying between 1 and 200 microns.
This simulation run is considered as a crude approximation of the spherical water droplets and
irregularly shaped ice crystals of varying sizes that are observed in real clouds. The algorithm
is again found to perform reasonably well, though a larger relative sizing uncertainty of
around 20 % is identified in this case along with greater variability between simulation runs.

The larger systematic bias in the relative error indicates that the algorithm performance
is more significantly impacted by the size of the particles than by their number, or whether
they are circular or hexagonal. This is consistent with the findings in Section 4.3 where an
automatically-determined focus depth was found to be challenging to obtain for particles
larger than around 100 microns. This effect tends to overestimate the size of particles, as is
seen in this testing, as the out-of-focus diffraction fringes will appear larger than the focussed
particle.

An example of a typical input and output particle size distribution for one of the simulation
runs used in the results presented in Figure 4.7¢ is shown in Figure 4.8. It is seen that whilst
the relative sizing error of approximately 10 % is relatively large, the range and approximate
shape of the distribution are still retrieved reliably by the automated method.

These tests suggest that the CLOG algorithm can perform reliably for the laboratory
conditions simulated in these cases. When applied to particles larger than around 100 mi-

crons, or when larger sources of noise are included, the algorithm performance is seen to
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degrade. Future investigations should be undertaken using the MHIST software to assess
the performance of more sophisticated algorithms suited to unattended analysis of field

observations.

4.5 Holographic Microscope Sampling Biases

Another application of the MHIST software is in the determination of biases in a holographic
system. Fundamental limitations were described in Chapter 3 that were simple enough to
model analytically. The advantage of the numerical MHIST software is that more complicated
processes can be modelled as well as the impact of coupled effects. In this section the impacts
of edge effects are investigated using the MHIST software.

4.5.1 Reconstruction Edge Effects

Discrete Fourier Transforms (DFTs) are utilised in the 3D holographic reconstruction process,
as described in Appendix A. The DFT algorithm assumes that the signal to which it is applied
is both of finite length and cyclic. This cyclic property of the DFT manifests as edge effects
in the reconstructed 3D image which can represent a significant disturbance against which
automated methods must attempt to identify particles.

An amplitude reconstruction for a particle on the edge of the frame is shown in Figure 4.9a
at a depth slightly beyond that of the simulated hologram. Diffraction fringes are noted
around the particle location at the bottom-left of the frame as expected. Edge effects are seen
at the opposite sides of the frame due to the cyclic nature of the DFT. As the amplitude is
reconstructed at further depths, these fringe artefacts are seen to progress further towards the
centre of the frame which can become a significant issue for automated analysis methods.

One method of mitigating these edge effects is to pad the edges of the hologram with a
matrix of zeros. This approach is demonstrated in Figure 4.9b. This method creates a sharp
discontinuity in the edges of the hologram which causes significant ringing artefacts in the
reconstruction. Whilst these artefacts are more substantial than the unpadded case, they are
more uniform in nature and potentially easier to mitigate via additional processing methods
such as filtering.

An alternative method for addressing this issue is shown in Figure 4.9¢c. The pixel values
in the edge regions are replicated and used as a padding matrix which has a less-sharp
discontinuity than that of the zero-padding method. This approach was found to be effective
at reducing artefacts on opposite edges of the hologram, though a slight corruption of the

reconstruction is noted around edge regions that are not uniform, such as around the particle
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Fig. 4.9 a) Edge effects when reconstructing without padding. b) Artefacts introduced by
zero padding. c) Replication padding gives best compromise between artefacts and edge
effects.
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location in this case. This issue is particularly problematic for retrieving particle properties
on the edges of the hologram when significant amplitude variations exist at the edges.

Various other methods have been proposed for mitigating edge effects in the recon-
struction process. Apodisation is an effective method [243], though this comes at the cost
of reduced intensity towards the edges of the reconstruction. Padding the hologram with
artificial values that minimise high spatial frequencies is also effective [244], but this suffers
from the same disadvantage of the replication method of introduction of artificial information
into the reconstruction.

Holographic reconstructions for the field observations presented in this thesis were
constrained to exclude particles on the edges of the hologram. This was primarily decided to
avoid the automated measurement of particles with incomplete outlines. It was found that by
excluding the edge regions in this way, the edge artefacts were significantly reduced and so
no edge-padding method is used for these results. This approach has the notable downside
of reducing the overall sampling volume of the instrument, but significantly decreases the
computation times as compared with padding. Selection of a given method will likely depend
on the application of interest but it is important to understand the impacts in each case using
simulations such as those presented here.

4.6 Retrieval of Particle Surface Roughness and Refractive

Index

The technique of digital holography allows for the reconstruction of both the amplitude and
the phase of light scattered from a field of objects. The discussions so far have focussed
on the retrieval of amplitude information and the subsequent reconstruction of a 3D image.
In this section a new method is proposed for the retrieval of particle surface roughness and
refractive index at nanometre-scale resolution using the holographic phase information.
Light propagating through a transparent object will experience a phase change of the

form

 2mAnAL

Ap =" (4.1)

where An is the difference in refractive index between the object and the surrounding medium,
AL is the geometric thickness, and A is the laser wavelength. Previous observations of ice
crystals within clouds suggest that these particles may be transparent enough to preserve
phase information [245], though this remains uncertain and should be directly tested in

future.
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(a) (b)

Fig. 4.10 A selection of observed snowflakes indicating the variability in a) particle surface
roughness and b) internal air bubbles. Figures reproduced from Rango (2003) [157] and Tape
(1994) [158].

This phase information is directly recorded in the digital holographic method; however,
phase measurements are ambiguous for phase changes greater than 27 which complicates
the interpretation of this parameter. An effective method for resolving the 27 ambiguity
issue is referred to as multi-wavelength digital holography [179, 246, 247]. The simultane-
ous recording of holograms at slightly different wavelengths allows the physical range of
depths for the 27 phase interval to be extended to beyond the size of micron-scale cloud
particles. Phase-unwrapping algorithms can also be effective for systems utilising only a
single wavelength [248, 249], though these approaches are typically less robust to noise.

An additional challenge in the interpretation of phase information is that the contribution
to a change in phase from either refractive index variations or geometric depth variations,
due to particle surface roughness, cannot be directly distinguished from Equation 4.1. This
issue is particularly problematic for the case of ice crystals within a cloud as these can
exhibit complicated refractive index variations, due to the inclusion of air bubbles for
example [158, 250], and the surface roughness variations are also highly variable between
particles [157]. Examples of the complex surface roughnesses of snowflakes, as recorded
using a scanning electron microscope, are shown in Figure 4.10a and optical images of ice
crystals with internal air bubbles are shown in Figure 4.10b.
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Fig. 4.11 Horizontal cross section of a simulated diffraction pattern from a 200 micron
circular particle. Note the intensity spike within the center of the particle shadow, referred to
as the Poisson spot.

An independent method of retrieving particle surface roughness would allow the phase
measurements to be directly inverted to obtain refractive index measurements. A method
for such measurements using a holographic microscope along with the MHIST software,
hereafter referred to as the Resolution Enhanced Digital HOlography using Poisson’s Spot
(REDHOPS) technique, is proposed as follows. A key aspect of the technique is the mea-
surement of a distinctive feature found in the diffraction patterns of particles in the Fresnel
diffraction regime that is referred to as Poisson’s spot [230]. This feature is due to the
constructive interference of light scattered from the edges of a particle and appears as a bright
spot within the particle shadow. This feature is simulated in Figure 4.11 for a 200 micron
circular particle.

The shape and intensity of Poisson’s spot depend directly on the particle shape and surface
roughness [251]. Holographic recordings with the instruments presented in this thesis allow
the reconstruction of the particle shape to micron-scale resolution, but the nanometre-scale
surface roughness is not directly resolved. The first stage of the REDHOPS technique requires
the simulation of a particle reconstructed from a recorded hologram, as was demonstrated in

Figure 4.2. The Poisson spot intensity from the reconstruction of the recorded hologram is
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then compared to that simulated using the MHIST software. The surface roughness of the
simulated particle is then iteratively varied to minimise the difference between the recorded
and simulated Poisson spot intensity. When this difference is minimised it is determined that
the modelled surface roughness provides a representative approximation of the true particle
surface roughness as all other free parameters are measured directly.

This independent method of measuring particle surface roughness could then be used
with Equation 4.1 to determine the refractive index changes within the particle. This may be
precise enough to test for the presence of air bubbles with differing refractive index within
the particle extent. Further comparison to MHIST simulations including air bubbles may
allow for more precise measurements such as the position and size of air bubbles within the
particle.

The validity of this proposed technique remains speculative and follow-up investigations
are recommended to implement and test the approach. The technique notably requires the
assumption that the surface roughness on the edges of the particle is representative of the
roughness on the back and front of the particle. This degree of symmetry may only be
found in a subset of ice crystals which limits the applicability. There are also questions
as to the fidelity with which surface roughness can be modelled and the uniqueness of the
relationship between surface roughness and Poisson spot intensity which may further limit
the applicability of the method.

Cloud particle surface roughness and refractive index variations have been found to
significantly change the predictions of climate models [252], as discussed in greater detail
in Chapter 2. These properties cannot currently be measured in situ within clouds and so
this technique would represent a significant contribution to climate studies. This technique
could be applied to historical observations from any holographic field campaign which would
greatly increase the availability of these parameters. The demonstration in this thesis of
holographic instruments that are suited to deployment on weather balloons or tower structures,
in combination with the REDHOPS technique, could allow routine observation of these

parameters in future.

4.7 Summary

This chapter presented the Monte-carlo Holographic Imager SimulaTion (MHIST) software
for use in simulating holographic microscope systems and in the testing of automated analysis
methods using synthetic holograms. The software allows specification of the hardware
parameters of a holographic microscope, cloud particle properties and distributions, and

internal model parameters such as the choice of wavefront propagation method. Preliminary
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efforts have also been made towards a GPU-accelerated N-body cloud particle simulation
for studying more realistic cloud conditions of particles interacting under electrostatic and
turbulent forces.

The MHIST software was first used to test the performance of various methods for
automatically determining the focus depth of particles within reconstructed 3D images.
Metrics based on the amplitude, longitudinal amplitude gradient, and longitudinal phase
gradient were found to be effective. The normalised product of each of these independent
metrics was identified as the most robust metric for determining particle depth. These
depth-determination metrics were found to perform reliably for typical amounts of Gaussian
noise that were based on that measured in the laboratory for the holographic instruments
used in this thesis. The methods were found to perform less reliably for particles larger than
around 100 microns in diameter, motivating the development of more sophisticated methods
in future.

An automated analysis method utilising the previously mentioned depth-determination
metrics, referred to as the Complex LOngitudinal Gradient (CLOG) method, was developed
and tested using the MHIST software. The algorithm was generally found to perform well
for the retrieval of particle counts and median sizes, though significant biases were found for
particles larger than around 100 microns. This is consistent with the limitations found for
the depth-determination metrics and tended towards an overestimation in particle size since
the out-of-focus diffraction fringes appear larger than the focussed particles. Significant
errors were also seen for overlapping particles and particles on the edges of the hologram.
Suggestions were made for overcoming these limitations in future, such as by testing for
multiple clusters of determined focus depths within the extent of a particle candidate.

For more complicated noise conditions, such as those arising from the variable optical
quality of the sampling windows in a field deployment of the instrument, it was determined
that the simpler amplitude-based automated analysis method, presented in Chapter 3, was
more robust and so this was used for the field campaigns discussed in this thesis. Development
and testing of more sophisticated automated analysis methods using the MHIST software is
recommended as an avenue for future research.

A brief investigation into the impact of reconstruction edge effects was presented using
the MHIST software. A replication method of edge padding was found to give reduced
artefacts in the holographic reconstruction as compared with zero-padding methods, though
this approach was found to be less reliable for significant amplitude variations on the edge of
the hologram. Simulations of this kind are helpful in motivating a given edge-effect mitigation

approach, and may also be useful in future for interpretation of particle observations at the
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edges of holograms that are currently discarded by the automated analysis methods used in
this work.

A new method was proposed for retrieving nanometre-scale in situ measurements of
ice crystal surface roughness and refractive index variations using the holographic phase
information and the MHIST software. The approach, referred to as the Resolution Enhanced
Digital HOlography using Poisson’s Spot (REDHOPS) technique, could theoretically be
applied to any holographic dataset which would greatly improve the understanding of these
parameters, as required for climate modelling. Further investigation into this method is

considered a particularly interesting avenue for future research.



Chapter 5

Field Instrumentation and Model
Summary

5.1 Introduction

The design, development, and testing of two holographic imaging instruments, the Compact
Cloud-particle HOlographic Microscope — Surface (C2HOM-S) and C2HOM - Balloon
(C?’HOM-B) instruments, is presented in the previous chapters of this thesis. Development
and testing of automated analysis methods intended for application to field observations
is also presented. The remainder of this thesis is devoted to the field deployment of these
instruments in two major field campaigns: (i) a high-altitude deployment of the CCHOM-S
instrument in the Australian Snowy Mountains and (ii) an untethered balloon deployment of
the CZHOM-B instrument near Adelaide, South Australia.

A primary goal of the Snowy Mountains field campaign was to assess the performance
of the CZHOM-S instrument alongside standard cloud and precipitation measurement in-
struments. These instruments included a Polarsonde, Particle Size Velocity 2 (Parsivel)
disdrometer, Precipitation Imaging Probe (PIP), Bistatic Radar System for Atmospheric
Studies (BASTA) radar, Micro Rain Radar Pro (MRR) radar, RMAN 510 (RMAN) lidar, and
HIMAWARI-8 imaging satellite. Comparisons were also made with the The Bureau of Mete-
orology Atmospheric high-resolution Regional Reanalysis for Australia (BARRA) reanalysis.
The instruments deployed in the untethered balloon campaign were limited by weight require-
ments and consisted of the CCHOM-B instrument, Polarsonde, an outwards-facing camera,
and a set of standard meteorological sensors.

A brief summary of the instruments used in these field campaigns is presented in this
chapter. Aspects relating to the specific deployment of these instruments in the field are
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discussed in the relevant subsequent chapters. For a more general discussion of the advantages
and limitations of both in situ and remote sensing techniques, Chapter 2 of this thesis should

be consulted along with the references contained within.

5.2 In Situ Instruments

A summary of the in situ instruments used in the field campaigns presented in this thesis is

provided in this section. Images of each instrument are shown in Figure 5.1.

52.1 C?HOM-S and C?’HOM-B Instruments

The development, testing, and field deployment of the C’HOM-S and C’HOM-B Instru-
ments forms the core focus of this thesis. The main aspects of the design, laboratory testing,
and fundamental limitations of these instruments are described in the Master of Philoso-
phy thesis in which the CCHOM-S instrument was originally presented [204, 205]. The
subsequent development and testing of these instruments undertaken during this project is
described in Chapter 3. A summary of the measured resolution and sampling parameters for
each instrument is provided in Table 3.1.

5.2.2 Polarsonde

The Polarsonde [65, 253] is a polarimetric backscatter sonde, suitable for deployment on a
weather balloon or tower structure, developed as a cost-effective method for discriminating
spherical water droplets from aspherical ice crystals in a cloud or fog. The instrument
consists of two polarised LEDs, each of which is mounted collinearly with two photodiodes.
Each photodiode in a pair is overlaid with parallel and perpendicularly oriented polaroids,
respectively, such that the depolarisation of the signal backscattered from cloud particles
can be measured for each transmitted polarisation channel. In this case, the depolarisation is
simply defined as the ratio of the perpendicular and parallel backscatter components for a
given channel. The two transmitted polarisations are oriented at 90 degrees and 45 degrees,
respectively, with regard to the scattering plane and will be referred to as Lin90 and Lin45 in
accordance with previous publications involving this instrument [65, 253].

The use of two polarisation channels was motivated by Monte Carlo modelling of the
Polarsonde, using an ice scattering matrix database [103], as a function of cloud particle size,
shape, surface roughness, mean free scattering path, and detector geometry [253]. The model
also takes into account effects such as multiple scattering and the fact that the instrument

does not measure exact backscatter. It was found that the Lin90 channel is expected to give
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Fig. 5.1 Images of the in situ instruments used in the field campaigns presented in this thesis:
a) C2HOM-S instrument, b) Polarsonde, c¢) Parsivel disdrometer, and d) PIP 2D imager.
Images of the C’HOM-B instrument are shown in Figure 3.5.

a high depolarisation value for aspherical ice crystals and a low value for spherical water
droplets. A low value was also found for large hexagonal plates due to specular reflection
from aligned facets. The Lin45 channel nominally reports large depolarisation values for
spherical water droplets and low values for ice crystals, and so by analysis of both channels,
the instrument should ideally allow discrimination between water droplets and aspherical ice
crystals.

The Polarsonde is in an early stage of development and so the testing of this instrument
was a secondary motivation for the field campaigns presented in this work. Previous balloon
measurements at Macquarie Island suggest that the instrument is sensitive to both aerosols
and cloud particles [65]. Attempts can be made at separating the contributions from each

particle population by comparison with other observations and modelling, though this is
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a non-trivial procedure and further study is required into this matter. It is also shown in
Chapter 6 that long-term observations from this instrument in the field can be challenging
to interpret due to the accumulation of dirt and varying amounts of water on the sampling
window. By comparison with collocated instruments, and with new metrics presented in this
thesis, it is shown that these issues can be mitigated and that this instrument may be used
for classifying different atmospheric events. A quantitative evaluation of the performance
of this instrument in a balloon launch, as compared with holographic and meteorological
observations, is presented in Section 7.5.

A standard calibration procedure [65] was carried out for each of the Polarsondes used
in this project. This included measurement of the relative sensitivity of the parallel and
perpendicular backscatter receivers using an unpolarised light source, as required for depo-
larisation measurements. The temperature dependence of the electrical background noise
and the scattered signal was measured in a temperature controlled chamber operated between
-30 °C and 5 °C . No dependence was observed in this range, though previous launches have
indicated a slight drift at temperatures significantly colder than -30 °C, as encountered at
high altitudes.

5.2.3 Parsivel Disdrometer

The Particle Size Velocity 2 (Parsivel) [254] is a laser disdrometer — shown in Figure 5.1c —
that measures precipitation particle size and velocity, from which various parameters can be
inferred such as the precipitation intensity and classification. A 180 x 30 x 1 mm laser sheet
is emitted from one arm of the instrument and then focussed onto a single photodiode in the
opposite arm. As a particle passes through the laser sheet, the attenuation of the beam and
duration of blocking is recorded to infer size and velocity. This instrument has undergone
extensive field testing [255-261] alongside other instruments considered reliable such as the
2 Dimensional Video Disdrometer (2DVD) [262] and standard rain gauges. Comparisons
with the C’CHOM-S was therefore a primary motivation for this field campaign.

The Parsivel nominally measures liquid particles in a size range from 0.2 to 8 mm and
solid particles from 0.2 to 25 mm with the size resolution varying from 125 to 3000 microns
over this observation range. It is also quoted as operating in rain rates from 0.001 to
1200 mmh~". In practice it has been found that a lower limit for reliable size measurements
is closer to 300 microns [257] and it tends to overestimate the number of small drops
(<0.8 mm) [258]. In the size range from 0.6 to 4 mm the instrument was found to agree well
with a 2DVD disdrometer and at rain rates >20 mm/h it was found to overestimate large drops
(>4 mm) [259]. It should be noted that the 2DVD instrument used for comparison also has
large uncertainties for drops <0.8 mm [263]. The majority of rain drops are considered small
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(<3 mm) [264] and so care should be taken in interpreting these observations, particularly
under light precipitation conditions.

The reason for the observed sampling biases are likely due to the assumptions and
limitations of the laser sheet technique. The method assumes particles to have an oblate
spheroid shape and uses only a single dimension to classify the size. This can result in
large errors for aspherical snow particles and for small droplets for which the size is difficult
to measure [256]. Border effects are present due to particles measured at the edge of the
relatively small sampling area of the laser sheet and coincidence effects have also been
reported whereby multiple particles passing through the beam simultaneously can be treated
as a single large particle [255].

5.2.4 Precipitation Imaging Probe (PIP)

The Precipitation Imaging Probe (PIP) [265], shown in Figure 5.1d, is an optical array
probe [266] consisting of a linear array of 62 sizing photodiodes and a collimated laser
beam. The shadow of a particle intersecting the beam is recorded on the array from which
an image can be reconstructed by combining observations from consecutive timesteps. The
instrument is reported to operate under particle number densities of up to 100 cm™— with a
size range between 100 microns and 6.2 mm. This instrument has been used extensively in
the field [267-273], predominantly in aircraft campaigns.

Despite extensive usage, a number of unconstrained biases and limitations remain and
must be considered when retrieving quantitative parameters such as particle size and shape
distributions [274]. Since the particle image is not recorded simultaneously, the instrument
has a variable sampling volume that depends on particle size and velocity [275]; this fur-
ther results in velocity-dependent sampling biases for particles smaller than approximately
75 microns [274]. Shattering of ice crystals on the sampling inlet produces significant
over-counting of small particles and adjustment algorithms should be applied [154, 155].
Retrieval of parameters for spherical particles on the edge of the detector is possible but
independent verification of particle shape must be introduced to avoid further significant un-
certainties [275]. The issue of measuring aspherical particle sizes is particularly challenging
as the extent of the measured diffraction pattern does not depend simply on the particle size.
Sizes of spherical particles can be inferred by assuming Fresnel diffraction but methods for

aspherical particles remain elusive [156] .
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5.3 Remote Sensing Instruments

A summary of the remote sensing instruments used in the Snowy Mountains field campaign

is provided in this section. Images of each instrument are shown in Figure 5.2.

5.3.1 BASTA

The Bistatic Radar System for Atmospheric Studies (BASTA) is a vertically-pointing W-band
95 GHz FMCW Doppler radar intended for measurements of cloud and fog [140]. This
instrument has been tested in the field alongside other remote sensing and in situ techniques
and found to be reliable under a range of atmospheric conditions [126, 138, 276]. The
BASTA has a maximum vertical resolution available of 12.5 m, with a minimum usable
range of 40 m and a Nyquist limit of 10 m s~ for the Doppler velocity. A known limitation
of W-band radar is in distinguishing light precipitation from cloud [138] and so comparison
with in situ instruments is useful in calibrating such observations.

The instrument is particularly sensitive to small scattering particles, due to the high radio
frequency transmitted; however, this also results in significantly more attenuation, which
complicates interpretations during heavy rain [277]. Attenuation by atmospheric gases in
the tropics can reach values of 0.35 dB km~! at 35 GHz and 2.0 dB km~! at 94 GHz [278].
Attenuation by a 1 g m~3 distribution of rain droplets can reach values of 0.8 dB km~! at
35 GHz and 4.0 dB km~! at 94 GHz. Attenuation by ice is significantly lower, at around
0.03 dB km~! at 94 GHz, and so W-band radar is an effective method for measuring mixed
phase clouds consisting of ice and water droplets.

In situ observations are necessary for calibrating microphysical retrievals of parameters
such as the Liquid Water Content (LWC) from the measured reflectivity (Z). This relationship
is particularly sensitive to the shape of the Droplet Size Distribution (DSD) as, in the Rayleigh
approximation that applies to small droplets, Z is proportional to the sixth moment of the
DSD and LWC to the third moment. Previous collocated in situ and BASTA observations
have been made to this end [279] but further observations are required to generalise such
results due to the complexity of cloud and fog microphysics [280]. Such corrections are
particularly important [281] as calibration errors on the order of just 1 dB can introduce
uncertainties on the order of 20% in retrievals of LWC [282].

5.3.2 Micro Rain Radar

A Micro Rain Radar Pro (MRR) [283], a vertically pointing K-band FMCW Doppler radar
operating at 24 GHz, was also deployed in this study. The system has been used extensively
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Fig. 5.2 Images of the remote sensing instruments used in the Snowy Mountains field
campaign: a) 95 GHz BASTA radar, b) 24 GHz MRR radar, and c) 355nm RMAN lidar.

for studies of both precipitation [284, 285] and wind-blown snow [286]. The instrument was
operated in this work with 128 equally-sized range gates of 35 m in length. The resulting
height coverage was between 30 m and 4480 m.

Radars operating at 95 GHz and 24 GHz were deployed in this study to obtain targeted
measurements of both cloud and precipitation respectively. For radar scattering in the
Rayleigh regime, when particles are significantly smaller than the radar wavelength, the radar
reflectivity is independent of wavelength and the radar backscattering cross section goes as
A—4 1277, 278]. For a cloud of small spheres (<100 microns) a change from the BASTA’s
frequency of 95 GHz to the MRR’s 24 GHz results in a reduction in radar reflectivity of
approximately 24 dB. The reduced frequency also means less attenuation, though heavy rain
is still challenging to measure. Due to this significant loss in sensitivity for small particles
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and reduced attenuation, the MRR is better suited to studies of larger precipitation particles
such as rain and snow, rather than cloud or fog for which the BASTA is more appropriate.

! are not

The manufacturer reports that particles with a fall velocity of less than 0.75 m s~
included in the standard analysed products which limits observations in still air to particles
larger than around 250 microns in diameter at ground level.

Retrievals of properties, such as the precipitation rate, from reflectivity depends on look-
up tables determined from field campaigns alongside in situ instruments. For microphysical
conditions that are significantly different from the calibration studies, significant errors can
arise [287]. This is especially problematic for the complicated geometries of snow and ice
particles. Due to differences in the dielectric constant for ice and liquid water, attenuation
by ice is negligible at K-band but significant for liquid. The reflectivity approximately goes
as the sixth power of diameter for liquid droplets and the fourth power of diameter for
snow [143]. Reflectivity is linear with number density for both phases and so returns are
especially sensitive to the particle size. Despite these factors, reliable snow measurements
have been made with a MRR for reflectivities as low as -14 dBZ [288]. MRR observations

1

for moderate vertical wind velocities greater than around 1 ms™ " can also be corrupted by

aliasing effects which further complicates interpretations [289].

5.3.3 RMAN Lidar

An RMAN 510 (RMAN) [290] Raman UV polarisation lidar, transmitting at a wavelength of
355 nm, was deployed in this campaign. The system detects elastic Rayleigh backscatter at
355 nm as well as inelastic Raman backscatter at 387 nm, with a height resolution of 15 m.
Two wavelengths are required to retrieve both aerosol backscatter and aerosol extinction
without introducing significant uncertainties due to an assumed lidar ratio [131]; however,
such retrievals must be carefully calibrated [130] and can only be performed at night since the
Raman backscatter is orders of magnitude weaker than the elastic backscatter and sunlight
backgrounds [132].

The instrument has proven effective at discriminating supercooled liquid water from
ice within clouds [291-293] based on depolarisation and this is the primary motivation for
using the instrument in this work. Previous field campaigns with this instrument suggest a
depolarisation threshold of around 0.3 can be effective in discriminating ice from liquid [293],
consistent with values for the satellite-based CALIPSO depolarisation lidar [294]. Care must
be taken in quantitative studies of depolarisation due to instrumental calibration factors and
the effects of multiple scattering in optically thick clouds [136] and so these observations

are considered alongside those from other instruments in this study. The lidar is tilted at 4
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degrees off zenith to avoid specular reflection from aligned plate ice crystals and to help rain
to run off the sampling window.

To summarise the previous discussion, radar is effective at measuring large particles, such
as ice crystals, but struggles with measuring small particles such as water droplets, even in
relatively large number densities, due to the strong sensitivity to particle size. Depolarisation
lidar is more effective at measuring liquid cloud layers; however, the signal can attenuate
fully after as few as around three optical depths and so cannot penetrate more than in the
order of tens of meters into a typical cumulus cloud [138]. For these reasons, a merged
RMAN lidar and BASTA radar product is analysed here at a height resolution of 15 m, where
observations from either the lidar or the radar are retained to maximise data availability. Both
instruments are utilised by the cloud classification algorithm used in this thesis, as described

in previous works [117].

5.3.4 HIMAWARI-8

HIMAWARI-8 is a geostationary atmospheric monitoring satellite that allows high-resolution
observations of the Asia-Oceania region [295]. The primary observation instrument is the
Advanced Himawari Imager (AHI) which is a 16-channel hyperspectral imager targeting the
visible and infrared wavebands. Observations are made with a spatial resolution of 0.5 to 2
km at a temporal resolution of 10 minutes. Cloud microphysical properties used in this study,
such as Cloud Optical Thickness (COT), Cloud particle Effective Radius (CER) and Cloud
Type (CT), are derived from a combination of look-up tables of cloud properties and the raw
spectral observations — as obtained directly from the Japanese Meteorological Agency (JMA)
using a standard retrieval algorithm [296].

Geostationary microphysical observations provide high temporal and spatial coverage,
beyond what is feasible with other methods, yet suffer from some key limitations. Derived
products depend on assumptions regarding the vertical profile of thermodynamic variables
and therefore have difficulty under disturbed atmospheric conditions [126]. Reflectance
measurements are also overly sensitive to the tops of clouds and so measurements of multi-
layered and patchy clouds can be especially challenging [297]. Previous comparisons with
in situ microphysics observations over the Southern Ocean suggest that discrepancies in
CER and droplet number density can be on the order of 30% [298]. In situ observations are
therefore necessary in both the calibration and validation of these satellite products and such

comparisons were one of the motivations for this research.
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5.4 BARRA Reanalysis

The Bureau of Meteorology Atmospheric high-resolution Regional Reanalysis for Aus-
tralia (BARRA) [299] is a data-constrained reanalysis utilising the UK Met Office Unified
Model (UM) [300] and Australian Community Climate and Earth-System Simulator (AC-
CESS) [301] models. BARRA-R is a regional-scale model at 12 km spatial resolution and is
used to produce the down-scaled BARRA-SY [302] reanalysis that was used in this study.
BARRA-SY includes the Snowy Mountains region with a spatial resolution of 1.5 km, 70
vertical height levels spaced non-linearly up to 40 km, and a temporal resolution of 10
minutes.

A key point of difference between BARRA-R and BARRA-SY is in how each reanalysis
handles precipitation, though rainfall observations are notably not assimilated into either
method. BARRA-R uses a microphysics scheme [303] and a subgrid-scale parametrisa-
tion of cumulus clouds to simulate the atmospheric processes by which water changes
thermodynamic phase. Convection is modelled independently between grid points and an
area-averaged rainfall is produced that is expected to perform worse for subgrid-scale pre-
cipitation than at larger scales. BARRA-SY does not use such a convection parametrisation
scheme and instead utilises model dynamics to generate convective motions directly due to
the finer spatial resolution.

Both the BARRA-R and BARRA-SY reanalyses are relatively new and therefore have
not been extensively validated with targeted observation campaigns of clouds and precipita-
tion. Comparisons with the ERA-Interim [304] global reanalysis and the Australian Water
Availability Project (AWAP) [305] interpolated precipitation product suggest that BARRA-R
performs reasonably well for daily precipitation estimates [306]. Early comparisons between
the BARRA models for intra-daily performance suggest that BARRA-SY performs better
than BARRA-R for extreme rainfall events and in coastal and mountainous regions [302].
Despite general improvements, BARRA-SY tends to initiate precipitation too early and
rapidly whilst also overestimating heavy rain and underestimating light rain. Such biases are
expected to be even larger in high-altitude regions such as the Snowy Mountains where unre-
solved orographic processes can significantly influence precipitation. Targeted microphysical
observations, such as those undertaken in this work, should prove useful in resolving these

issues through better parametrisation of cloud and precipitation processes within the models.
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Snowy Mountains Field Campaign

6.1 Introduction

The Compact Cloud-particle HOlographic Microscope — Surface (C’HOM-S) and Polarsonde
were deployed in the Australian Snowy Mountains as part of a multi-instrument study of
wintertime precipitation from June to August 2018. The instruments were deployed on
a dedicated observation tower at an altitude of approximately 1480 m above sea level,
allowing measurements of precipitation, low-level cloud, and fog. The observations were
part of a broader ARC-funded campaign to investigate the impacts of cloud seeding in an
orographically influenced environment [307].

A primary motivation for including the CCHOM-S instrument in this campaign was to
assess the performance of the instrument in the field alongside other instruments that have
been more extensively field tested and validated. The deployment of holographic instruments
in general is still uncommon in cloud studies, yet they offer unique insights into microphysical
processes, as discussed in Chapter 2. The observations are, therefore, of intrinsic interest
from a cloud physics perspective. The campaign also provided an opportunity to assess
the performance of the developed automated analysis methods as compared with manually
analysed data under field conditions.

The chapter begins with an overview of the field site and instrumentation. A summary of
observations from the full campaign is then presented along with a more detailed analysis of
case events encompassing a range of atmospheric conditions. The chapter concludes with an
assessment of the capability of the CCHOM-S and Polarsonde instruments to automatically
classify types of cloud and precipitation events, and to validate and calibrate remote sensing

observations and climate models.
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Fig. 6.1 Topography of the field site within the Australian Snowy Mountains and surrounding
regions. Instrument tower location indicated by the red circle.

6.2 Field Campaign Overview

The field site is located within the Australian Snowy Mountains near the town of Cabramurra
at 35.94°S, 148.38°E, as indicated on Figure 6.1. Precipitation processes within the Snowy
Mountains contribute significantly to the supply of national water resources via natural flow
into the Murray and Murrumbidgee rivers and are of further economic interest due to the
Snowy Hydro power project. Climatological forecasts of precipitation within this region are,
therefore, of significant interest, yet accurate modelling remains challenging [308].

A key modelling challenge for this region is in understanding the role of orographic
effects on clouds [309], due to the extended mountain range, with peaks on the order of 2 km
in altitude. An observed prevalence of Supercooled Liquid Water (SLW) in this region is
noted, as compared with other mountainous regions of the world [310]. Past surface-based
radiometer observations indicate SLW occurrence frequencies as high as 53% from April to

September [311]. A significant fraction of precipitation events over this region are driven by



6.2 Field Campaign Overview 101

(a) (b)

Fig. 6.2 a) Platform on which field instruments were mounted. The Polarsonde is highlighted
by the red circle on the southern railing. b) C’'HOM-S mounted on the western railing as
indicated by the red circle.

air masses coming from the Southern Ocean [312], a region which is also poorly represented
in models [114]. Much remains to be understood about the interplay between these processes
and further observations are required to better constrain model outputs.

The C?HOM-S and Polarsonde instruments were mounted on the railings of an observa-
tion tower, as shown in Figure 6.2, at approximately 4 m above ground level. The prevailing
winter wind at Cabramurra is eastward and hence the CHOM-S was mounted on the western
handrail to minimise obstruction of particles passing through the sampling volume. The
Polarsonde was mounted on the southern railing, to reduce the accumulation of particles on
the sampling window. The tower itself was at a height of approximately 1480 m above sea
level.

The C?’HOM-S and Polarsonde instruments were deployed from the 27th of June to the
16th of August 2018, and an intensive observation period with all instruments operating
occurred between the 24th of July and the 11th of August. During this time the instruments
were monitored by on-site researchers and daily cleaning of the sampling windows was
carried out. The instruments operated essentially continuously through the campaign, with

only occasional drop outs due to power supply issues and hard drive swaps.
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It should be noted that cloud seeding operations were undertaken by Snowy Hydro around
the field site area at intermittent times throughout this observation campaign. Assessment of
the impacts of these operations was one of the motivations for this campaign, but is outside
of the scope of this research project.

6.2.1 Instrumentation Summary

A summary of the instrument deployments and sampling characteristics specific to this field
campaign, with an emphasis on the newly developed C’HOM-S and Polarsonde instruments,
is provided in this section. A more detailed summary of the operating principles and
limitations for each of the instruments used in this campaign is presented in Chapter 5. The
operational parameters for the in situ instruments most relevant for comparison with the
C2HOM-S are presented in Table 6.1.

6.2.1.1 CZHOM-S

The CZHOM-S is described in detail in Chapter 3 of this thesis and deployment of this
instrument was the primary motivation for this observation campaign. A sampling rate
of 0.1 Hz was chosen for this campaign as a compromise between sampling statistically
significant numbers of particles whilst not requiring the 4 TB hard drive to be replaced too
frequently for the multi-month campaign. A pulse width of around 150 ns was chosen as
a compromise between laser beam intensity, and blurring due to particle motion during an
exposure. The volume is defined by the transverse extent of the collimated laser beam and
the spacing between the sampling windows on the boxes containing the camera and laser,
respectively. For this campaign a spacing of 6 cm was chosen which resulted in a maximum
sampling volume of 0.9 cm?.

The instrument can resolve particles with diameters ranging from approximately 3.5 mi-
crons at the depth of the sampling window closest to the camera, to 7.8 microns at the
depth of the further sampling window. An upper resolvable particle diameter of around
3 millimetres is imposed by the size of the camera sensor, making it suitable for detection of
cloud particles as well as small precipitation particles.

On deployment at the field site it was discovered that the existing measures to avoid
sunlight saturation of the CMOS sensor were insufficient during times of intense sunlight.
Prior testing did not indicate such an issue and the problem was likely due to reflections off
the white enclosures of nearby instruments and metal structures. To mitigate this problem, an
aluminium shield was constructed and placed on top of the sampling volume at the start of
the campaign, as visible in Figure 5.1a. The presence of clouds and precipitation further acts
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6.2 Field Campaign Overview

Instrument Name Diameter Resolution Sizing Uncertainty Sampling Rate Sampling Volume Velocity Range
um um Hz cm’ ms~!
C’HOM-S 3.5-3000 2 0.1 0.9 0-15
Parsivel Disdrometer 200 - 25000 125 - 3000 0.03 - 0.2-20
Precipitation Imaging Probe (PIP) 100 - 6200 100 1 - 10 - 200

Table 6.1 Summary of key in situ instrument measurement parameters.
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to block sunlight incident on the sensor and so observations of actual interest are significantly
less impacted by this problem.

Manual inspection of the data revealed that saturation mostly occurred between the times
of 00Z and 05Z when the sun was directly above the instrument. This issue was fixed
during the latter half of the campaign but in the interests of consistency, all holographic
observations between these times have been discarded in the subsequent analysis. Future
analyses could benefit from the inclusion of these observations, perhaps by using adaptive
correction methods similar to those described in Section 7.1.2.1 for the untethered balloon
campaign.

The sunlight shield presents an unquantified potential sampling bias. The path for particles
entering the sampling volume from directly above is blocked and it would be expected that
precipitation observations would be limited to particles that are being sufficiently wind blown
so as to pass through the sampling volume from the sides. It is expected that this would
effectively reduce the maximum detectable particle size since larger particles should be
advected less for a given wind magnitude.

The instrument was mounted such that low-lying cloud particles would pass through the
sampling volume due to the prevailing winds without obstruction from the instrument boxes
and so these observations should be less impacted. No clear sampling bias into the sampling
volume from the sides was identified with wind direction or magnitude, suggesting that the
obstructions to the air flow did not significantly impede the detection of cloud particles,
despite the limitations noted above.

The instrument was heated with approximately 30 W of resistive power in an attempt
to avoid condensation and icing of the sampling windows without significantly impacting
the electronics housed in the compact instrument boxes. This was usually sufficient to avoid
condensation, but icing was still occasionally noted by observers on site. Icing was continu-
ously monitored during the intensive observation campaign and ice was removed before it
could grow large enough to block the sampling volume. Future unmonitored deployments
will require significantly more heating to resolve this issue. The sampling windows were
cleaned daily during the intensive observation period and the window quality throughout the
campaign was sufficient for reliable holographic reconstruction and subsequent automated
analysis.

The instrument was sampling reliably for the majority of the observation campaign and
outages were mainly due to rare power supply issues at the site. A 10 MB image was recorded
every 10 seconds and so the 4 TB hard drive was swapped out once every approximately
1.5 months, but this procedure only resulted in a few minutes of overall dead time. The

data were moved to the external hard drive from the SD card every 3 hours, which was a
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significant burden on the processor of the low-cost Raspberry Pi used. This resulted in a

~4-minute down time at the start of each 3-hour sampling period.

6.2.1.2 Polarsonde

The Polarsonde was operated at a sampling rate of 1 Hz and averaged to 1-minute resolution
to reduce the impact of noise. The standard calibration routine for this instrument was applied
including channel sensitivity correction and initial offset of backgrounds due to electrical
pickup.

A significantly greater challenge for long-term field deployment arises from the variable
optical quality of the glass window through which the light enters and exits the weather-
protected instrument box. Icing, condensation, and deposited dirt from evaporating water
droplets on the sampling window contribute a time-varying mean backscatter component
with a variable depolarisation. A weather shield was placed upwind of the instrument to
somewhat mitigate this effect, as shown in Figure 5.1b, and window quality monitoring and
cleaning was carried out daily by the on-site observers.

Despite these efforts, a varying background contribution is evident in all detectors. Local
background subtraction using a running mean can be helpful in correcting these offsets but
without more knowledge of the window quality, quantitative conclusions are challenging.
This thesis presents new methods based on the covariance between channel signals and signal
variance that are less sensitive to the mean window optical quality. It is shown in Section 6.6

that these metrics are useful for classification of different atmospheric events.

6.2.1.3 Other In Situ Instruments

C?HOM-S and Polarsonde observations were analysed alongside those from a suite of in situ
instruments that have been more extensively tested in the field. This included standard
meteorological sensors for ground and infrared sky temperature, relative humidity, and a
sonic anemometer for wind measurements. A Parsivel disdrometer was mounted next to the
C?HOM-S instrument just above the railing on which that instrument was mounted. This
allowed for direct comparisons with holographic observations of particle number density
and diameter, though differences in the sampling constraints of each instrument must be
accounted for, as discussed in Section 6.3.2. The Parsivel instrument reports a rain mask
based on measurements of particle size and velocity which was used for assessing the
capability for classification of atmospheric events using the C’HOM-S instrument.

A PIP 2D particle imager was deployed for direct comparison with the holographic

particle images. The majority of validation campaigns and developed corrections for this



106 Snowy Mountains Field Campaign

instrument have been based on observations from aircraft campaigns, rather than surface
deployment. The instrument was mounted on a short mast reaching 2 m above the plat-
form floor and experienced significantly different conditions than in an aircraft campaign,
including snow accumulation, significantly slower particle velocities, and an abundance
of large irregularly shaped snow particles. For this reason the PIP data were not analysed
quantitatively and instead images were used to provide a qualitative indication of the shapes

and sizes of particles observed through the key case study events.

6.2.1.4 Remote Sensing Instruments

Remote sensing instruments were deployed to aid in the classification of atmospheric events
and were used to evaluate the capability of the C’HOM-S instrument to calibrate and validate
remote sensing observations. A 355 nm RMAN depolarisation lidar was operated at 15 m
vertical resolution to identify and classify cloud layers. The observations were sampled at
approximately 0.1 Hz and depolarisation is calculated by taking the ratio of the perpendicular
and parallel backscatter channels. A merged lidar and BASTA cloud classification product
was supplied by the Australian Bureau of Meteorology (BoM) and Australian Antarctic
Division (AAD) collaborators, as described in previous works [117].

A 95 GHz BASTA cloud radar and a 24 GHz MRR Pro precipitation radar were deployed
for reflectivity and Doppler velocity observations. The BASTA was operated at its maximum
vertical resolution of 12.5 m with a sampling rate of approximately 0.1 Hz. The MRR was
operated at a vertical resolution of 35 m at a rate of about 1/60 Hz.

It is expected that BASTA observations below approximately 240 m are less reliable
as they are within the near-field regime [140], but such observations appeared realistic by
manual inspection and were necessary in this study for directly comparing with the in situ
instruments. MRR observations near the ground are similarly affected by this issue, though
again, no noticeable artefacts were identified. Regardless, this is a notable limitation of this
method. Post-processing was applied by the BoM and Monash University collaborators to
the radar observations to remove clutter and calibrate the returns.

6.3 Full Campaign Observations

In this section the observations from the CCHOM-S instrument are summarised and compared
with observations from the Parsivel disdrometer, since both instruments are capable of
measuring particle diameter, number density, and precipitation type. Observations during the

times when both instruments were operational are compared, and a number of representative
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Fig. 6.3 Summary of 30 minutes of holographic observations showing particle 3D positions,
size distribution, and eccentricity along with averaged meteorological parameters and Polar-
sonde backscatter signals. The z-axis on the 3D plot indicates the depth within the sampling
volume relative to the camera sensor, and the transverse dimensions are in the plane of the
camera sensor.

case events are identified within the full dataset that cover a range of atmospheric conditions

that are studied in greater detail in the following section.

6.3.1 Representative Holographic Observations

A representative snapshot of automated holographic observations is presented in Figure 6.3
for a 30-minute observation period during what is subsequently argued in this section to
be a mixed phase cloud event. A visualisation of the particle locations within the sampling
volume is shown in the left half of the figure which demonstrates that the spatial sampling of
particles was uniform. The particles are colour coded by their eccentricity and both high and
low values are seen, suggestive of a mixture of both spherical and irregularly shaped small
particles. The mean meteorological values are listed in the top left of the figure and the large
relative humidity is consistent with this being a cloud detection.

The size distribution is shown in the top right of the figure and Log-Normal and Gamma
fits are overlaid to highlight that the distribution follows the typical form for a cloud [34].

Holographic Eccentricity
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The Log-Normal distribution is defined with the standard form of:

1 —(log(x)—p)*
e 27 | 6.1)

f (X ’,LL, G) =
XoV2rm
where x is the particle diameter, u is the mean of logarithmic values, and o is the standard
deviation of logarithmic values. The Gamma distribution is defined with the standard form
of:
f(x|a,b) = L a7 (6.2)
bT (a)
where X is the particle diameter, a is the shape parameter, b is the scale parameter, and I is
the Gamma function. The fit parameters for each of these distributions are included in the
top right legend.

The sharp cut off in the particle size distribution at approximately 7 microns indicates
the resolution limit of the automated analysis method which is described in Chapter 3.
The narrow distribution and mean particle diameter of approximately 8 microns is further
consistent with this being a detection of cloud, as opposed to precipitation which would have
significantly larger particle sizes.

The bottom right of the figure shows the Lin90 parallel and perpendicularly polarised
Polarsonde backscatter signals as the blue and green traces and overlaid are the holographic
eccentricity values in red. The mean backscatter does not vary significantly over this event
and small-scale fluctuations are seen in both channels, supporting the interpretation of a
mixture of both ice and water droplets. As discussed earlier, the eccentricity values are not
expected to go to zero with this method as would intuitively be expected but it will be seen
later that values of up to approximately 0.5 are consistent with spherical particles and those
greater than approximately 0.7 are more likely to be irregularly shaped. This metric can be
used for crude particle classification but a more sophisticated method should be pursued in
future, perhaps based on machine learning methods.

6.3.2 Holographic Microscope and Parsivel Comparison

Comparing the C’HOM-S observations to those from the Parsivel disdrometer was one of
the key goals of this field campaign, as the Parsivel has undergone extensive field testing in
other campaigns and produces comparable measurements of particle size, number density,
and precipitation classification. Despite the similar outputs, it is important to note that the
operating principles of the instruments are fundamentally quite different, with the holographic

microscope sensitive to particles as small as micron-scale cloud particles and the Parsivel



6.3 Full Campaign Observations 109

better suited to larger precipitation particles with low number density due to its significantly
higher volumetric sampling rate. Strong agreement between these methods is therefore only
expected for precipitating clouds that pass through the instrument sampling volumes, but
the aim of this study is to investigate how these complementary techniques perform under a

range of atmospheric conditions as classified using data from all of the deployed instruments.

6.3.2.1 Particle Diameter

Particle diameter observations from both instruments over a number of case events are
presented in Figure 6.4. The blue and green crosses indicate the individual automatically
extracted holographic particle diameters for small (<100 microns) and large (>100 microns)
particles, respectively, and the hourly running mean values are overlaid as indicated by
the solid lines and triangle markers. This delineation between small and large particles,
which will be maintained throughout this chapter, is made to emphasise the presence of two
distinct populations of particles in certain events; cloud particles (<100 microns) and larger
aspherical ice crystals & small rain droplets (>100 microns). Manually analysed holographic
measurements are shown as purple crosses and these agree well with those reported by the
automated method, as discussed in further detail in Section 3.6.3.

Over this observation period the Parsivel recorded a large number of particles with
sizes ranging between approximately 300 microns and 10 mm. This is in contrast to the
holographic size distribution which is between roughly 7 microns and 1 mm. To better
visualise the trends in these measurements, as relevant to the discussion in the following
sections, the 1-minute and 1-hour mean particle diameters are also plotted.

The majority of the holographic observations are smaller than around 400 microns, which
is close to the reliable sampling size limit of the Parsivel that is reported to be approximately
300 microns [257]. The Parsivel size resolution in this range is 125 microns, in contrast
to the maximum holographic diameter resolution of approximately 7 microns and so the
holographic observations are expected to be more reliable in this range.

During the shown times the Parsivel reported a mean number density of approximately
5 x 1073 em™3 for particles larger than 300 microns. This is argued to be the primary reason
for the holographic microscope not seeing the larger particles as the volumetric sampling

rate of ~0.1 cm3s~!

would lead to only a few tens of particle detections of these sizes per
day, as confirmed by manual analysis. The sampling rate can be significantly increased in
future campaigns as it is largely constrained by the small CMOS sensor and relatively slow
mini-computer used, but was considered an acceptable trade off in reducing the cost and
weight since the primary focus was on cloud observations for which number densities of

hundreds per cubic centimetre can be observed.
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Fig. 6.4 Comparison of particle diameter observations between the holographic microscope
and Parsivel disdrometer. Individual particle measurements are indicated by cross markers,
and the 1-minute and 1-hour running mean data are indicated by star markers and triangle
markers, respectively. Manually analysed holographic observations are included for vali-
dation and automated holographic observations are grouped into large (>100 microns) and
small (<100 microns) categories to emphasise the significantly different statistics of these
populations. Raw Parsivel observations have been decimated for ease of viewing.

In the size range between 300 and 400 microns, where both instruments can produce
reliable observations, there is reasonable agreement in the reported raw particle sizes through-
out the field campaign. A case of poor agreement in this time range is seen around 00Z on
August 7th on Figure 6.4. This was during a time of significant sunlight saturation during
which the automated holographic analysis software was unable to reliably extract particle
properties.

6.3.2.2 Particle Number Density

Despite the relatively narrow overlapping observation range of the CHOM-S and Parsivel
instruments, as established in the previous section, it is still of interest to compare the particle
number densities reported by these instruments. Absolute agreement is not expected, but their

relative agreement was investigated to determine whether there may be a link between the
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Fig. 6.5 Holographic counts, Parsivel intensity, and 30-minute windowed correlation coeffi-
cient during the intensive observation period. Relative humidity measurements between 0
and 1 are included to indicate the times for which the instruments are likely within cloud.

small particles observed by the CCHOM-S and the larger particles measured by the Parsivel.
Such correlations may prove useful in understanding the dynamics of a microphysical event
as it evolves. For atmospheric conditions that have a mixture of both small and large particles,
such comparisons provide validation that the holographic microscope can reliably operate
under field conditions.

The 1-minute averaged mean holographic number density and Parsivel intensity measure-
ments during the time period when both instruments were operational is shown in Figure 6.5.
In this case precipitation intensity is used instead of number density for the Parsivel as it was
found to correlate slightly better with the holographic number densities in general and, as
discussed, the absolute count values were not expected to agree. A 30-minute moving win-
dow was applied to these observations within which the Pearson correlation coefficient [313]
was calculated and is plotted in green.

The instruments agree on the onset time and duration of the majority of events observed.
Despite this general agreement it is clear that there are numerous events where only the
holographic microscope observes particles as well as, less commonly, cases where only
the Parsivel does. Manual inspection of the raw holographic data reveals that the latter
scenario occurs during times when the holographic microscope was experiencing significant

sunlight saturation on the sensor, impairing the performance of the automated methods.
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The instruments are expected to agree best for precipitating clouds that pass through the
instrument sampling volumes and so the relative humidity is also plotted to indicate cases for
which the instruments are likely to be within cloud.

The observed agreement for most events suggests that there is a link between the pop-
ulations of small and large particles for the measured precipitation events and hence that
the holographic microscope is able to provide useful information despite not measuring the
larger particles. The cases where only the holographic microscope measures something were
found to be cases with only a population of small particles that the Parsivel was unable to
resolve, suggestive of a low-level cloud or fog event, as discussed further in Section 6.4.1.3.

Despite the broad agreement between these instruments, the 30-minute windowed corre-
lation coefficient is not overly strong with an average value of around 0.2 that rarely exceeds
0.6. There are even times when the correlation coefficient goes negative, suggesting an
inverse relationship. This lack of correlation may be a sign of spatial inhomogeneities in
the cloud over the scale of the few meters that physically separated the instruments. This
particular field site is high enough that cloud frequently intersects the observation tower;
however, it is also common for the tower to only just be intersecting the cloud base height
causing clouds to intermittently pass in and out of the instrument sampling volumes (A.
Peace, private communication). Such behaviour is identified and discussed in Section 6.4.1.2,
and is consistent with the relatively small holographic number densities and low correlations
between the small and large particle populations that each instrument is better sensitive to.

To test whether the relatively weak correlation may be due solely to sampling inho-
mogeneities, this analysis was carried out for a range of window lengths and averaging.
Figure 6.6 shows the result of using a 6-hourly moving average by plotting the time series
of observations along with their scatter. Despite again broadly agreeing reasonably well,
and even with the longer averaging window, there is still relatively poor correlation between
these values. This further demonstrates the complementary nature of these observations and

their relative strengths and limitations for the measurement of small and large particles.

6.4 Case Studies Overview

A representative selection of case study events was identified during the intensive obser-
vation period that encompassed a range of atmospheric conditions. This allowed a full
comparison between all deployed instruments to be carried out in the interests of validating
the C2HOM-S instrument alongside reliable instruments and to study the microphysics
measurements obtained from the complementary sensors. A key question to be asked is

whether the holographic microscope is able to classify atmospheric events based solely on
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Fig. 6.6 Time series (left) and scatter plot (right) of mean holographic counts and Parsivel
intensity with a 6-hourly moving window.

measurements of the number density, size, and shape information. By comparison with the
other instruments this will be investigated with a potential application in calibration of remote
sensing instruments and for climate model validation.

The case study period extends between August 3rd and August 8th and observations from
the key instruments are plotted in Figure 6.7. The in situ observations from the C’HOM-S
and Parsivel are displayed along with those from the BASTA and MRR radars. A metric
for comparing the remote and in situ observations was found by taking the mean radar
reflectivities from the ground up to 100 m altitude, as shown by the green and orange traces.
Observations in these lowest height bins are considered less reliable as they are within the
near-field regime, yet visual inspection suggests reasonably good agreement with the in situ
observations regardless. There will also be cases where significant backscatter is returned in
this height range without any particles reaching the ground for the in situ sensors to measure,
so complete agreement between these parameters is not expected and the metric is to be used
as yet another complementary observation in understanding the events. The Parsivel outputs
a rain mask based on the measured size and velocity information which is indicated by the
magenta shading.

The four case events of interest are indicated and labelled by letter on this plot. The four
instruments agree as to the onset and duration of event A. The rain mask suggests a transition
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Fig. 6.7 Summary of key observations for the case study period with individual events
labelled by letter. Plotted is the holographic microscope number density, Parsivel intensity &
rain mask, and ground-to-100 m averages of BASTA and MRR reflectivities.

from liquid to solid precipitation during the event which coincides with a distinct drop in
reflectivity from the BASTA but not the MRR. It was noted by observers during this time
that the BASTA was experiencing significant icing so it is expected that this is the cause of
the sudden discrepancy between radars.

Cases B and D have similarly good agreement between instruments regarding the onset
and duration of events. The key difference from case A is that the Parsivel does not report
rain during this observation time and the radars tend to agree better throughout the events.
Case C is an example of the C’HOM-S detecting particles when the Parsivel does not. The
BASTA reports a reflectivity of just -30 dBZ which, whilst low, is above the background
noise level, in contrast to times of no atmospheric scatterers such as around August 5th 00Z.
The MRR does not measure returns during this event. The BASTA, with a frequency of
95 GHz, has greater sensitivity to small scattering particles than the MRR with a frequency
of 24 GHz. This greater sensitivity comes with greater attenuation and so is less suited to the
measurement of heavy precipitation events, so observations from both instruments are useful
in classifying these events.

A more comprehensive overview of these events is presented in Figure 6.8 which will be
studied in more detail over the following sections. The top three panels show the RMAN lidar
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Fig. 6.8 Summary of RMAN lidar and in situ observations for the full case study period: a) parallel backscatter, b) perpendicular
backscatter, c) depolarisation, and d) raw holographic microscope number density, Parsivel precipitation intensity, and Parsivel rain
mask. Overlaid on the lidar plots from top to bottom are the temperature difference between that reported from the IR thermometer
and ground temperature, ground temperature, and relative humidity.
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parallel and perpendicularly polarised backscatter and depolarisation with height, and the
bottom panel summarises the in situ observations. Overlaid on the top panel is the difference
between the ground temperature and the temperature reported by the infrared thermometer.
This metric is used as an indicator of when clouds are intersecting the in situ tower for which
it is expected to report a temperature difference of zero. This condition is seen for cases B,
C, and D which is in contrast to case A for which the difference remains large for a greater
fraction of the event duration before going to zero. The ground temperature and relative
humidity (RH) traces in the second and third panels indicate that cases B, C, and D were
below 0 °C with high RH, whereas case A again had more variation in these parameters. The
lidar is heavily attenuated by liquid cloud and precipitation and this is a further indicator of
when particles are likely at ground level.

Holographic number density values are seen to fluctuate significantly between holograms,
as seen in Figure 6.8 in the bottom panel. Statistically significant number densities can be
reported from a single hologram, provided a sufficient number of particles are sampled to
give reasonable Poisson counting uncertainties. Number densities reported in the following
case analysis sections are 1-minute averaged to provide a more stable metric to compare
against the other instruments which are also 1-minute averaged. This matter is discussed in
greater detail in Section 6.5.

The holographic particle size distributions, accumulated over the whole period of each
case, for the case A, case B, and case C events are shown in Figure 6.9. From these
distributions there appear to be clear differences in each of the case events. Case B has
the widest distribution which has been cropped in this figure to a value of 300 microns for
ease of viewing but extends significantly out to particles of around 800 microns in diameter.
This is in contrast to case C which has the narrowest distribution centred on approximately
14 microns. The width of the case A distribution sits between these extreme cases. In all
cases the abrupt cutoff at 7 microns is a limitation of the automated analysis method used for
particle detection and sizing. Improvements to this algorithm should allow higher resolution
observations in future but is outside the scope of this work.

A more qualitative, yet still useful, check of the atmospheric conditions comes from the
webcam footage, as indicated by the sample images in Figure 6.10. The top images were
taken during case B, with precipitation seen impacted on the camera lens in Figure 6.10a and
streaks of advected particles seen during the night in Figure 6.10b. This is in contrast to the
view during case C in Figure 6.10c which has significantly reduced visibility compared with
the other events. A clear day is shown for reference in Figure 6.10d.
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Fig. 6.9 Holographic particle size distributions for the case A, case B, and case C events
identified in Figure 6.7. Error bars indicate the mean and standard deviations of each
histogram, and the stem plots indicate the median values. The number of particles contributing
to each histogram is shown in the legend. The star above the far-right column signifies that
this column includes contributions from all data points with value larger than or equal to the
bin range. The bin width for all histograms is 15 microns.

6.4.1 Individual Case Analysis

A more detailed analysis of each of the case events identified in Figure 6.7 will now be pre-
sented, with the aim of classifying the various atmospheric conditions using the holographic
observations. Automated holographic observations were quality controlled for each event
through intensive manual analysis. This approach consisted of going through each individual
hologram, identifying particle candidates by eye, and hand tracing polygons around the in
focus particles within the reconstructed 3D images. This process is slow and so not every
hologram could be studied in this way. Instead, representative samples of holograms in
key time intervals of the events were focussed on. There are many smaller particles that
can be missed by eye that the automated algorithm can more reliably detect and so this
validation method is more targeted towards the size and shape measurements, rather than
number densities, for which the automated observations are considered more reliable. This
manual validation process is discussed in greater detail in Section 3.6.3.



118 Snowy Mountains Field Campaign

(a) 2018/08/06 03:30:03 UTC

(c) 2018/08/07 02:15:01 UTC (d) 2018/08/08 23:30:04 UTC

Fig. 6.10 Collocated webcam views of the instrument platform over case events B and C. a)
Water droplets on the camera lens in high visibility, b) streaks of advected particles during
the night, c) water droplets on the camera lens in low visibility, and d) clear conditions.

The manual quality-control process provides a reliable dataset for validating the au-
tomated observations in this case period. As this period encompassed a diverse range of
atmospheric conditions, it is anticipated that this will serve as a calibration process, alongside
observations from the other instruments, so that in future automated holographic observations
can be interpreted without the need for this manual verification. The manual dataset is also

of use for training of machine learning based particle classification methods.

6.4.1.1 Case A

A representative selection of manually extracted holographic particle images for the case
A event is shown in Figure 6.11a with 200 micron scale bars overlaid. A mixture of
cloud droplets as well as small, spherical rain droplets are found. A population of large
irregularly-shaped particles are observed starting from 10Z, coinciding with when the BASTA
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Fig. 6.11 Representative particle images for the August 3rd case A event from the a) C’CHOM-
S and b) PIP. Particle detection times are indicated in the bottom-left corner of each holo-
graphic image and holographic scale bars have a fixed width of 200 microns. The width of
each column of PIP data indicates the width of the sampling area which is 6.2 mm. The
time of the first particle detection by the PIP is shown underneath the first column of PIP
observations and the subsequent number of seconds relative to this first detection are shown
under each additional column.
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radar returns dropped due to icing. From 127 onwards the particle number density drops
significantly and mostly small droplets are again seen.

The particle images can be compared to those from the collocated PIP 2D imaging
probe. A representative summary of images are presented in Figure 6.11b which broadly
agree with the particle types seen by the holographic microscope. It was decided that the
PIP would not be used for quantitative observations due to known limitations relating to
out-of-focus particles, the use of correction methods developed for airborne rather than
ground-based installations, and potential particle shattering on the probe inlets (Y. Huang,
private communication). It is noted that the latter issue can be more easily corrected in the
holographic observations as a shattered particle can be rejected based on an anomalously
large number of particles suddenly entering the sampling volume which is one of the key
advantages of this technique and has been applied in this analysis.

Both instruments report a mixture of small and irregularly-shaped particles, with a lower
number density of large irregularly-shaped particles. Crude quantitative comparisons between
the instruments can be made by noting that the width of the PIP sampling area is 6.2 mm and
it can be seen that there are a number of particles up to around 100 microns, as also reported
by the holographic microscope, though these are not well focussed given that 100 microns is
the minimum resolved particle diameter for the PIP.

A more detailed summary of case A is provided in Figure 6.12 and 6.13. The top two
panels of Figure 6.12 show the MRR reflectivity and Doppler velocities, respectively, and the
third panel gives the cloud phase classification based on a combination of BASTA and lidar
observations. Figure 6.13 provides a summary of lidar observations, similar to that shown in
Figure 6.8 for the full case period. Both of these figures will be implicitly referred to in the
following discussion.

The event begins in the region annotated as Ai with lidar observations of a multi-layered
cloud system at heights of approximately 2 km and 3.5 km. The depolarisation is consistently
low, and high values seen at the top of the returns are likely due to attenuation and multiple
scattering of the lidar as it is extinguished by liquid layers since the radar instruments, which
are more sensitive to larger ice crystals, do not see returns during this time. Observations on
the ground are not reported during this time by the in situ sensors.

The region marked as Aii begins with the appearance of ground level backscatter seen by
the lidar and radar instruments along with a sudden rise in the relative humidity and a drop in
ground temperature. Despite this drop, the ground temperature remains above 0 °C and the
IR temperature difference remains large, suggesting that a cloud has not passed through the

tower and rather that this may be a rain event.
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This interpretation is further supported by the radar observations which indicate a signifi-
cant increase in radar reflectivity, coinciding with a large negative Doppler signal, up to a
height of approximately 500 m. This is not a typical bright band feature, for which the radar
returns would be expected to be relatively high at the melting layer and quickly decrease in
value towards the ground due to a reduction in number density of rain droplets as the fall
velocity increases [314]. It is possible that the melting layer was too close to the ground to
see the subsequent reduction in reflectivity, but in either case, it is suggestive that rain was
falling during this time.

This event is seen more prominently in the MRR observations than the BASTA observa-
tions, as expected since the lower frequency will be less attenuated during a rain event. The
lidar remains heavily attenuated during this time, which is also expected during heavy rain,
and the Parsivel rain mask is consistently high during this period. It is during this time that
the most intense in situ observations are reported on the ground and only spherical droplets
are seen by the holographic microscope, consistent with rain.

The beginning of region Aiii, starting at 10Z, marks a clear transition in the characteristics
of this event. A weakening of the bright-band feature is seen in the MRR reflectivity and
this coincides with significant fluctuation and positive-going components in the Doppler
signal. Throughout all periods the cloud phase classification is mixed phase, suggesting a
population of both ice and water droplets from which rain and snow can be formed. During
this time the holographic microscope and PIP report large, irregularly shaped particles at a
lower number density than the droplets. All observations are consistent with a short-lived
snowfall event, perhaps produced as a product of the convective conditions within this part
of the cloud. During this time the temperature drops rapidly towards 0 °C, indicative of the
colder conditions required for ice and snow formation.

Region Aiv sees a sudden disappearance of the rain feature in the radar reflectivity, a
negative Doppler velocity that is smaller in magnitude, and a drop in the IR temperature dif-
ference towards zero. Significantly fewer counts are reported by the holographic microscope
and Parsivel during this time. The detection of particles by the Parsivel suggests that this is a
period of significantly lighter rain following the main event in the previous sections. There is
a brief data drop out from the holographic microscope from 22Z to 247 as the hard drive was
being prepared to be swapped out. Following this period the Parsivel does not see counts
whereas the holographic microscope does and the lidar is still attenuated at ground level, as
seen in Figure 6.8. Breaks in the low-level layer seen in the lidar coincide with reductions in
counts in the holographic microscope until this feature fully dissipates at approximately 18Z
on August 4th. This is suggestive of a low layer of cloud following the rain event that the

Parsivel was unable to resolve due to the small particle sizes.
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Fig. 6.14 HIMAWARI-8 retrieval of a) Cloud Type (CT) and b) Cloud Effective Radius
(CER), during the August 3rd case A event. The red circle indicates the position of the
observation tower.

The microphysical observations can be compared with the large-scale observations of the
HIMAWARI-S satellite imager from 05Z at the start of case A. Figure 6.14a shows the cloud
type classification over the wider region. It is apparent that a large-scale frontal system is
passing over the field site, indicated by the red circle, during this time. The system consists
of both high and mid level cloud, as indicated by the lidar observations during Ai, but no
low-level clouds are reported, in further support of this being a rain event detected on the
ground rather than a cloud. The retrieved Cloud Effective Radius (CER) values are shown in
Figure 6.14b. A mixture of both small particles and smaller regions of large particles are
observed. This is consistent with the sudden change in dynamics of the event observed in

Aiii as this appears to be a rather inhomogeneous cloud system.

64.1.2 CaseB

A representative summary of the ice crystals measured by the CZHOM-S for case B are
shown in Figure 6.15a and PIP images are in Figure 6.15b. An abundance of large, irregularly
shaped particles were observed by both instruments with a mean diameter of approximately
200 microns for the holographic observations. Needle particles with a significantly lower
number density were also detected with maximum dimensions as high as approximately 800

microns. A population of small droplets and irregular particles was seen by both instruments

Cloud Effective Radius (Microns)
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Fig. 6.15 Representative particle images for the August 6th case B event from the a) C’CHOM-
S and b) PIP. Particle detection times are indicated in the bottom-left corner of each holo-
graphic image and holographic scale bars have a fixed width of 200 microns. The width of
each column of PIP data indicates the width of the sampling area which is 6.2 mm. The
time of the first particle detection by the PIP is shown underneath the first column of PIP
observations and the subsequent number of seconds relative to this first detection are shown
under each additional column.
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Fig. 6.17 Summary of RMAN lidar and in situ observations during the August 6th case event. a) Parallel polarised backscatter,
b) Perpendicularly polarised backscatter, c) Depolarisation and d) Holographic microscope number density, Parsivel precipitation
intensity and Parsivel rain mask. Overlaid on the lidar plots from top to bottom are the temperature difference reported from the IR
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throughout the event and the PIP observed a significant fraction of particles with sizes up to
the horizontal size limit of approximately 6 mm, indicating snow or very large ice crystals.

The larger particles were detected in bursts, whereas the smaller particles were present
for the entirety of the event, as shown in Figure 6.4. The mean particle size reported by the
Parsivel decreases steadily over the course of the event. Concurrently, the holographic hourly
running mean diameter for large particles increases from approximately 150 to 250 microns.
The running mean diameter for small particles increases by approximately 10 microns during
this time and is a more statistically significant observation given that many more particles of
small size were measured and since the observations are expected to follow Poisson counting
statistics.

Case B is summarised more thoroughly in Figure 6.16 and Figure 6.17 which display the
same parameters as described in the case A section. Multiple layers of mid-level cloud are
seen by the lidar during the Bi region, most notably including a low-level cloud at a height of
1 km appearing around 21Z. No particles are measured on the ground during this time and
consistently the IR temperature difference remains high and RH is low.

The low-level cloud feature is seen to descend to ground level which marks the beginning
of region Bii. This coincides with the onset of in situ particle detections, a drop in ground
temperature below 0 °C, the IR temperature difference going to zero, and an increase to
100 % RH — all consistent with a cloud feature. In situ particle detections are seen for only a
short duration and then the cloud feature is seen to rise above ground in the lidar observations,
corresponding to a drop in RH, before descending back to ground again with a rise in RH and
further in situ observations. Such agreement demonstrates that the holographic microscope
is reliably sampling cloud systems as they pass through the ground-level sampling volume.

Region Biii features consistent particle detections throughout the event by the in situ
instruments along with a sub-zero temperature that is potentially suitable for ice formation.
Note that the holographic counts are zero from 00Z as these data have been discarded due
to the sunlight saturation filtering. The lidar is fully attenuated at surface level throughout
the event and the RH and IR temperature difference also confirm that there is a persistent
cloud layer at the ground. The BASTA & lidar cloud phase algorithm reports mixed phase
conditions for the entirety of this event.

Figure 6.18 presents a summary of the microphysical processes during this period. The
BASTA reflectivity and Doppler velocity are shown in the top two panels with the ground-
to-100 m averaged reflectivity overlaid in purple. Significant variation is seen in these
properties in both time and height, suggestive of patchy multi-cellular clouds. Regions of
particularly dense cloud are identified in regions Biiia and Biiic, primarily by the larger

BASTA reflectivities in cloud cells that extend up to around 4 km in altitude. This is
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supported by the correlation between the large lidar depolarisation values within these cells
and increases in particle counts from the in situ instruments. This is likely not due to the
presence of ice, as the regions of high depolarisation are only at the top of the returns, but
rather is consistent with an increase in the number density of cloud particles that leads to
multiple scattering and attenuation of the lidar beam.

Time periods of stronger reflectivity coincide with the bursts of ice crystals measured
by the holographic microscope, as shown in the third panel. Given the mean size of ap-
proximately 200 microns for the large particles, it is not immediately clear whether these
correspond to falling snow or a mixed phase cloud. Doppler velocities in these regions are
consistently negative near the ground, though weaker than for the rain event in case A, and

I'are consistent with

no bright band feature is detected. Fall velocities of up to a few m s™
the interpretation of falling snow rather than rain or hail [315, 316]. The webcam reports
streaking particles with high visibility and visible snow on the ground, and the Parsivel size
distribution extends significantly up to 10 mm.

For these reasons it is suggested that this is a snow event; however, the persistent presence
of small spherical particles throughout suggests that there is also an embedded cloud at
ground level consisting of small ice crystals and supercooled water droplets. The lack of
high-altitude returns and insufficient number densities to induce multiple scattering in the
lidar returns in region Biiib support the inference that this observation period is solely of
the embedded mixed phase cloud. Clouds in the other regions have greater vertical extent,
allowing more time for the falling ice crystals to grow and reach the ground as large snow
flakes.

The automated holographic eccentricities for large and small particles are overlaid on the
second panel. The ice crystals have consistently larger eccentricities than the mostly spherical
water droplets that make up the small particle category, though small irregularly-shaped ice
crystals are also seen. The eccentricity of the spherical water droplets has a consistent value
of around 0.5, whereas the ice crystals show more variation indicative of the greater variety
of possible ice crystal shapes. Such separation between these populations gives hope that
this simpler metric can be used to automatically classify the shape characteristics, despite
not going to zero for spheres as might intuitively be expected. Regardless of this result, it
is likely that a more sophisticated metric encompassing other geometric properties will be
required for reliable classification in future.

As identified earlier, a 10 micron increase in mean diameter is observed for the super-
cooled water droplets along with a 100 micron increase for the ice crystals over the course of
this event. This coincides with a 100 micron decrease in the mean size of particles measured

by the Parsivel — with sizes in the range of roughly 300 microns to 10 mm — from approxi-
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mately 900 to 800 microns. This occurs over a span of approximately 14 hours over which
time the temperature steadily decreases by a few degrees.

A potential explanation for the observed particle size variations is outlined as follows.
As the multi-cellular cloud system moves over the field site, progressively older clouds,
which have had more time for particles to grow and subsequently fall to the ground as snow,
are measured. It is plausible therefore that the mean diameter of large particles, seen by
the Parsivel, should decrease over time as the largest particles are removed from the cloud
as precipitation. Whilst this is happening, the particles within the low-level mixed phase
cloud continue to grow due to conditions permitting simultaneous growth of ice and liquid
droplets — as opposed to those in which the parasitic Wegener—Bergeron—Findeisen (WBF)
ice crystal growth process [317] is favoured — in the <300 micron size range observed by
the holographic microscope. The temperature varies between approximately -1 °C and
-3 °C, and an abundance of supercooled water droplets was observed over this time. Such
conditions are suited to the growth of water droplets by condensation, and the formation of
large snow particles via riming and aggregation [39, 74]; consistent with the predominantly
irregularly-shaped ice crystals observed.

Whilst the WBF process is commonly observed in mixed phase clouds, it has been
identified that such clouds can persist for hours and even days beyond the predictions of the
underlying theory [77]. The mechanism for simultaneous growth of droplets and ice crystals
has been shown possible under certain thermodynamic conditions which can be stated as
a required lower limit on the updraft velocities [78]. Using the mean ice crystal number
density of 0.3 cm™3 and the mean diameter of 200 microns, the vertical velocity necessary is
of the order of a few m s~!. Vertical velocities of this magnitude are seen throughout the
event in the Doppler velocity returns. The cloud event is observed by all instruments for
at least 14 hours, consistent with the interpretation that this persistent event is not driven
by the WBF mechanism. The observed snowfall lends further support to this conclusion as
falling ice is removed from the cloud layer which diminishes its ability to compete with the
supercooled water droplets for water vapour. This interpretation is consistent with that of
previous observations of mixed phase clouds over a mountainous region, with mixed phase
clouds persisting for up to 8 hours in some cases [318].

The synoptic conditions can be inferred from the HIMAWARI-8 cloud type retrievals
shown in Figure 6.19a. A large-scale frontal system is seen on the bottom right of this figure
that has recently passed over the field site. The field site instruments appear to be sampling a
low-level system of post-frontal cloud cells over this time. This can be seen more clearly in
the zoomed view of Figure 6.19b showing the Cloud Effective Radius (CER) retrieval. A

large-scale population of particles with a small effective radius, consistent with a low-level
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Fig. 6.19 HIMAWARI-8 retrieval of a) Cloud Type (CT) and b) Cloud Effective Radius
(CER), during the August 6th case B event. The red circle indicates the position of the
observation tower.

cloud, is identified along with patchy regions of enhanced particle sizes, suggestive of larger
ice crystal formation. These observations are consistent with the previous interpretation of a
low-level mixed phase cloud with regions of enhanced ice crystal number density and falling
SNOW.

The interpretation depends on the key assumption that cells within this larger-scale system
were formed at a similar time and that individual cells are representative of a larger-scale
system with comparable microphysics. The former assumption was supported by inspection
of the HIMAWARI-8 imagery over multiple days and noting the persistence of the cloud
system as it passed over the field site. The assumption that each cell has a comparable
microphysical history is harder to test and quite likely to not hold given the complexity of the
processes involved. The observation of a statistically significant and linear increase in droplet
size from cell to cell throughout all cells passing over the field site lends some support to this
interpretation, but it is not enough to be conclusive.

It should also be noted that significantly fewer ice crystals were detected than water
droplets and the observed increase in particle diameter may not be significant within the
bounds of Poisson counting uncertainties. Given these limitations, it is not possible to
conclusively show that this interpretation of the cloud evolution is correct but the inferences
drawn from this unique suite of instruments should be of use in guiding future investigations

of this kind. Applying this style of analysis to more cloud events in the dataset should allow

Cloud Effective Radius (Microns)
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more statistically significant results about the nature of cloud evolution to be inferred, but

this remains the topic of future investigations.

6.4.1.3 Case C and Case D

A representative summary of C’HOM-S and PIP particle images for case C is shown in
Figure 6.20. A noticeable decrease in the mean particle diameter to approximately 20 microns
is observed relative to that found in previous events, though notably the population of small
particles is consistent with those measured in case B, as can be seen in Figure 6.9 for
diameters less than approximately 30 microns. The PIP is less suited to the measurement
of small particles — with a reported resolution of 100 microns — but general agreement is
found between the instruments. Spherical particles are predominantly observed, though
irregularly-shaped particles, that cannot be reliably classified due to the resolution limits of
both instruments, were also seen.

Observations from the other key instruments are summarised in Figure 6.16 and Fig-
ure 6.17. The region annotated as Ci begins with the embedded mixed phase cloud — as
identified in case B — ascending slightly above ground height, as seen in the lidar returns.
This coincides with the end of in situ particle detections, before the cloud descends again
along with a subsequent onset of particle observations by the holographic microscope. The
population of mostly spherical particles with a mean diameter of approximately 20 microns
are well below the size resolution limit of the Parsivel and, given the sub-zero temperature,
appear to indicate a cloud consisting of supercooled water droplets and a lower number
density of small irregularly-shaped ice crystals. The BASTA reflectivities are significantly
lower in value and patchier than seen in case B which is further consistent with the end of
falling snow and a reduction in number density of large particles in the low-level cloud.

Region Cii starts with a reduction in the holographic number densities coinciding with
the appearance of a multi-layered, relatively low depolarisation feature, in the lidar returns.
The reduction in droplet number density should coincide with a decrease in cloud optical
depth, so this association is expected. This is further consistent with the variation seen in the
IR temperature difference over this time, as the IR thermometer measures the temperatures
of layers of cloud at different heights through the patchy low-level cloud.

In region D the low-level cloud has fully dissipated and holographic counts go to zero.
The multi-layered cloud feature is consistent with a supercooled liquid upper layer together
with a region of ice crystals below, as based on the respective low and high depolarisation
of these features. The high depolarisation in the region of ice crystals is not interpreted
as multiple scattering since the depolarisation decreases above this feature whilst the lidar

backscatter signals remains relatively strong, suggesting that the beam has not been signif-
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Fig. 6.20 Representative particle images for the August 7th case C event from the a)
C2HOM-S and b) PIP. Particle detection times are indicated in the bottom-left corner of each
holographic image and holographic scale bars have a fixed width of 200 microns. The width
of each column of PIP data indicates the width of the sampling area which is 6.2 mm. The
time of the first particle detection by the PIP is shown underneath the first column of PIP
observations and the subsequent number of seconds relative to this first detection are shown
under each additional column.
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Fig. 6.21 Representative particle images for the August 8th case D event from the a)
C?HOM-S and b) PIP. Particle detection times are indicated in the bottom-left corner of each
holographic image and holographic scale bars have a fixed width of 200 microns. The width
of each column of PIP data indicates the width of the sampling area which is 6.2 mm. The
time of the first particle detection by the PIP is shown underneath the first column of PIP
observations and the subsequent number of seconds relative to this first detection are shown
under each additional column.
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icantly attenuated. A very small number of particles are seen reaching the ground by the
holographic microscope while this feature persists; however, it appears that most of the
falling ice crystals sublimate before reaching the in situ sensors.

The final stage of case D shows a lowering of the lidar returns to ground level and a
coincident detection of particles by the CZHOM-S, PIP, and Parsivel instruments with sizes
ranging from approximately 20 microns up to a few millimetres. The particle images are
summarised in Figure 6.21 and are identified to be a mixture of small supercooled water
droplets and large irregularly-shaped particles. Number density and precipitation intensity are
significantly lower than that seen in the case B event, perhaps indicative of the lost available
water content from the previous heavy snowfall. Given the prevalence of supercooled liquid
water through this event, it is suggested that these large ice particles were formed through the
processes of riming and aggregation. The mean surface temperature during this time was
approximately -1 °C, in the regime for which ice crystals become sticky [39, 74], which is
further consistent with this interpretation.

The large-scale HIMAWARI-8 retrievals of Cloud Type are shown in Figure 6.22a.
A significantly patchier cloud system is observed than that seen during case B, which
indicates the dissipation of the cloud during this event and is in distinct contrast to the
previous relatively high number densities and consistent falling snow. The combined cases
present a consistent view of a post-frontal low-level cloud system dissipating over time.
The cloud type is uniformly assigned as low-level stratiform, consistent with the low-level
cloud interpretation. This is further supported by the CER retrievals in Figure 6.22b which
uniformly report particle diameters of approximately 20 microns, in agreement with the

holographic observations throughout the event.

6.5 Holographic Classification of Events

Based on the in-depth analysis of the case studies outlined in the previous sections, it
is now of interest to consider how the C’HOM-S observations may be used for one of
the principle motivations; the calibration and validation of remote sensing microphysical
inversion algorithms and climate models. Effort has been made in the study of these cases
to incorporate all collocated observations to provide a detailed summary of the different
atmospheric events. It is intended that such observations will form the basis for look-up
tables to automatically interpret holographic field observations for future campaigns, with
the goal of classifying events without the need for extensive manual analysis or comparison

to such a wide range of other instruments.
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Fig. 6.22 HIMAWARI-8 retrieval of a) Cloud Type (CT) and b) Cloud Effective Radius
(CER), during the August 7th case C event. The red circle indicates the position of the
observation tower.

The case study region included weather events that — through synthesis of observations
from all instruments — have been classified as follows: (i) a rain event on August 3rd (case
A), (i1) a snowfall event with an embedded mixed phase cloud starting on August 6th (case
B), (ii1) a non-precipitating mixed phase cloud in the middle of August 7th (case C), and
(iv) a mixed phase cloud with light snowfall on August 8th (case D). A more statistically
significant database of events should be compiled for more widely applicable results in future;
however, these results are still of interest for a preliminary investigation into the feasibility of
classifying such atmospheric events based solely on holographic observations.

The key holographic observables that are automatically extracted by the current algorithm
are the particle number density, the equivalent diameter of a fitted ellipse, and the eccentricity
of this ellipse. The particle number density varies significantly between holograms, as
shown in Figure 6.23 for the case B event. Previous holographic studies have revealed large
variations in cloud mixing at the centimetre scale [57] consistent with those observed in
this campaign. Such variability may indicate turbulent mixing and entrainment of dry air
with fewer cloud particles contained. A more stable metric is desired for reliable cloud

classification that is still sensitive to the dynamic variability in these parameters over the
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Fig. 6.23 Time series of holographic number density during a subset of the case B event.
Raw observations sampled at a rate of 0.1 Hz are shown in blue and the 1-minute averaged
data are overlaid in red.

duration of an event. The 1-minute average of the holographic observables was chosen for
this investigation.

Clouds in this region are frequently influenced by air masses originating from the Southern
Ocean [312]. Previous aircraft observations of Southern Ocean cloud particle number
densities in this region have been shown to be on the order of 10 - 40 cm 3 [319, 320]. This
is consistent with the raw number densities shown in Figure 6.23, but it is noted that the
I-minute averaged values are consistently lower than expected. This is due in part to the
biases of the automated technique, as discussed in Chapter 3, but may also be representative
of the inherent variability of inhomogeneous cloud mixing at small scales. Measurements of
particle diameter are significantly more stable, as seen in Figure 6.18, and are consistent with
the mean value of around 25 microns reported in the previous aircraft campaigns.

Despite these lower than expected mean number density values, the relative variation
of this parameter is considered here to be more relevant for the classification of weather
events. This is demonstrated in Figure 6.24a which shows a scatter plot of the three key

holographic observables over three different atmospheric events, as indicated by the marker
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symbols. Regions of parameter space that may be used to distinguish between these events
are indicated via shading.

Measurements from the August 7th mixed phase cloud event are seen to cluster tightly
within the shaded region with hatching. This region has the smallest particle diameters,
number densities, and eccentricities, as expected for a cloud consisting primarily of spherical
supercooled water droplets. This region is in contrast to the unshaded area of the plot which
predominantly consists of observations from the August 6th mixed phase cloud and falling
snow event. On this scale it is seen that some observations from other events lie within this
region but it is important to note that the zoomed view of the plot shown here contains the
majority of observations from the other events, whereas those for the snow event extend
significantly out over the size and number density axes by an order of magnitude more than
shown here. When this greater parameter space is considered, a clear distinction can be made
between the cloud event and the cloud coinciding with falling snow.

The August 3rd rain event is mostly contained within the shaded region and lies between
these two extreme cases. A key point of distinction for this event is that whilst the mean
diameters are significantly larger than those for the cloud event, the mean number densities
do not go much higher than around 15 cm ™3 and are mostly within the bounds of the shaded
region.

Another way to discriminate between events is to use the mean eccentricity. Eccentricities
for the cloud event are distinctly smaller than those for both the snow and rain events. The
largest eccentricities are seen for the snow event, as expected due to the predominantly
irregularly shaped particles seen during case B. This separation can be used to overcome
some of the ambiguity between events in the region with hatching for which observations
from all events are seen.

Figure 6.24b shows a similar scatter plot except the colour axis now shows the mean
BASTA reflectivity from ground up to 100m in altitude. The BASTA observations for each
event can be discriminated, based on their values within the holographic classification regions.
Reflectivity values in the parameter space associated with the cloud event are the lowest,
those for the rain event are also low — as expected due to attenuation of the 95 GHz radar
frequency — yet noticeably higher, and reflectivities for the snow event have dramatically
larger values, as expected due to the strong dependence on particle size. Such a distinction
is also found when the BASTA Doppler velocity is compared. Distinguishing precipitation
from low-lying cloud is a current challenge for radar-based microphysical studies and so
comparisons of this kind may prove useful in future for the development of look-up tables

for interpreting remote sensing observations.
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It is again noted that this is only a preliminary investigation into classification of at-
mospheric events using holographic observations. More case studies of intensive field
observations should be included into this database for this classification method to be applied
more broadly to other times and parts of the world. An improved approach would incorporate
a climatology of events from different times of the year and at different parts of the world,
but this is necessarily beyond the scope of this project. It is encouraging to see that even
with a limited set of case studies included here, the classification method does appear to
have potential for unattended operation in future. This has been tested for the full set of
observations in this campaign but a comprehensive analysis remains the topic of future
work. It is also noted that these observations should prove useful for the training of neural
network-based approaches to classification of weather events.

Other potential improvements to the methods are identified based on the limitations of the
current design of the CZHOM-S instrument, as discussed in more detail in Chapter 3. The
eccentricity parameter does not go to zero for spherical particles due to the ambiguity in fitting
an ellipse to an imperfectly focussed and pixelated particle image. A more sophisticated shape
metric that includes other observables, such as the particle projected area and perimeter, is
desired. A separate treatment between small and large particles, as discussed in the previous
sections, would allow more sophisticated classification of events. An increased sampling
volume for the instrument would also be beneficial as significantly more observations could
be assigned to a given event type with a coinciding improvement in accuracy as this method
is governed by Poisson counting statistics.

6.5.1 BARRA Comparison

A preliminary evaluation of the BARRA reanalysis, introduced in Section 5.4, is presented
for the August 3rd rain event in Figure 6.25. The 1-minute averaged holographic number
density and Parsivel precipitation intensity are compared with the BARRA-R large-scale
precipitation scheme. The combination of observations from these instruments provides a
sensitivity to particles with sizes ranging from approximately 7 microns up to 25 mm which
covers most sizes of precipitation. The BARRA-R precipitation is reported as the amount
of rain in kg m~2 per 10-minute model time step and convection is handled independently
between grid points. The closest model grid cell to the field site was used, which was centred
at 35.9295°S, 148.3810°E with a width of 1.5 km.

The C?2HOM-S and Parsivel instruments, along with all others discussed in the previous
sections, report the onset of rain at approximately 0530Z and the rain component of the event
lasts for approximately 5 hours. It is seen here that the large-scale BARRA-R precipitation
scheme shows the onset of the event approximately 2 hours later, with a duration of only
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Fig. 6.25 Comparison between in situ CHOM-S and Parsivel observations and the BARRA-
R precipitaion metric during the August 3rd case study.

3 hours. The end of the event indicated by the BARRA-R reanalysis at around 10Z agrees
reasonably well with the conclusion of the rain component of the event, as reported by the
instruments. The reanalysis does not report any snow during this event, in disagreement with
the instruments which report light snow between around 10Z and 12Z.

A more detailed summary of BARRA outputs during case A, including those from the
higher-resolution BARRA-SY reanalysis, which uses a dynamics-based convection scheme,
is shown in Figure 6.26. The top two panels show the height profiles of BARRA-SY cloud ice
and liquid content, respectively, with heights provided relative to the field site altitude. The
bottom panel shows BARRA-SY precipitation products in blue and BARRA-R precipitation
in red.

A high-altitude ice cloud is reported by the BARRA-SY reanalysis from around 11Z on
August 2nd at approximately 8 km above the height of the observation tower. This feature
could not be validated as it is outside the reliable detection range of the remote sensing
instruments. Ice and liquid at lower altitudes is reported from around 05Z on August 3rd.
This is broadly consistent with the mixed phase cloud observed around those times by the

remote sensing instruments at an altitude of around 2 km, as shown in Figure 6.12 and 6.13.
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Fig. 6.26 Summary of key outputs from the BARRA reanalyses during the case study
period discussed in the previous sections. Time series are shown for the vertical profiles of
BARRA-SY a) mean cloud ice content and b) mean cloud liquid content. A time series of
the column-summed precipitation metrics for both reanalyses is shown in c).
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As discussed above, the onset of the precipitation event following this cloud feature
is delayed in the reanalysis outputs by around 2 hours. An increase in lower-altitude ice
and liquid water content coincides with rain reported by both reanalyses at approximately
0730Z. It is interesting to note that the BARRA-SY scheme does report a small amount of
graupel around the time of measured snow at 127, whereas the BARRA-R scheme does not
report snow, suggesting that the BARRA-SY scheme is performing more accurately than
the large-scale BARRA-R precipitation scheme for this event. This is as expected for the
higher-resolution dynamics-based convection and microphysics scheme.

Neither of the reanalyses reliably model the aftermath of this event, which included
light rain seen by the Parsivel and holographic microscope up to approximately 20Z, and
surface level cloud observations from the holographic microscope up to 16Z on August 4th.
An unusual spike in BARRA-SY scheme rain and graupel is reported during the time of
holographic cloud detections on August 4th but this is not seen by the Parsivel, suggesting a
misclassification by the model of the low-level cloud as a precipitation event.

This brief comparison demonstrates the potential for holographic observations to be used
for calibration and validation of climate models such as the BARRA reanalyses. For this
particular case it is seen that the model gets the broad features of the event correct but is
wrong in many of the specifics. A more quantitative analysis of this kind that compares the
atmospheric event classification, number density of particles, and thermodynamic phase par-
titioning over all of the measured events during the campaign would allow more statistically
significant conclusions to be drawn as to potential biases in these models.

6.6 Polarsonde Observations

The aim of the previous sections has been to validate the CCHOM-S instrument using reliable
field-tested instruments, as well as to investigate the potential of this instrument for automated
classification of weather events. The Polarsonde is also an experimental instrument requiring
validation and so was not included in the previous sections. Preliminary results from this
instrument are presented now in an attempt to interpret these observations based on what has
been learnt from the other instruments over the case study period.

The key observables of the Polarsonde are the parallel and perpendicular backscatter
components in the Lin90 and Lin45 polarisation channels, as defined in Chapter 5. A scatter
plot of the Lin90 observations for the August 3rd rain event is shown in Figure 6.27 with
observations colour coded by time of measurement. Three distinct clusters of observations are
identified corresponding to different times through the event. The ellipses that bound these
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Fig. 6.27 Polarsonde Lin90 backscatter components colour-coded by time of measurement
during the August 3rd rain event. Red ovals indicate main clusters of observations through
the case study.

regions are seen to have a decreasing parallel component and an increasing perpendicular
component over the course of the event.

To further highlight the variation of the Polarsonde returns through this event, a selection
of points from each of the labelled ellipses are plotted as a function of time in Figure 6.28a
along with the raw backscatter in each polarisation component. This view more readily
demonstrates that different dynamic stages of the rain event are associated with specific
clusters in the polarisation scatter plot. The lowest depolarisation values are seen at the start
of the event when predominantly spherical rain droplets were measured. The onset of snow
during this event occurred at approximately 127 and is indicated by the BASTA surface
reflectivity metric in Figure 6.28b, since the accumulated/melted snow caused a significant
attenuation of the beam. This transition coincides with a cluster of Polarsonde observations
with a higher perpendicular backscatter component, as expected for aspherical snow particles.

The final cluster on the scatter plot has the highest depolarisation value, yet occurs at a
time when the rain and snow event had concluded and a cloud of predominantly spherical
water droplets was measured by the C’HOM-S instrument, though a smaller population of
aspherical ice crystals were also measured. An important question to consider is whether this

high depolarisation is a consequence of the small population of ice crystals, or whether this
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Fig. 6.28 a) Polarsonde backscatter components with vertical lines corresponding to times
of data points within a given grouping defined in Figure 6.27. b) Grouping indices and mean
BASTA reflectivity up to 100m above ground.
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demonstrates a key limitation of relying solely on the depolarisation metric for particle shape
for a fixed installation of this instrument in the field.

The contradictory observation of increasing depolarisation with increasing sphericity
of particles for this case is hypothesised to be a result of accumulation of liquid and dirt
on the Polarsonde sampling window. Following the precipitation event, it is expected that
drops would impact the windows and, given the high relative humidity throughout the event,
condensation on the window is also expected. The combination of these processes will
produce a complicated scattering surface directly in front of the LEDs and photodiodes, and
therefore an ambiguous backscatter signal is expected. It is also important to note that the
Polarsonde instrument is sensitive to aerosols as well as cloud particles and this introduces a
further ambiguity into the interpretation of backscatter and depolarisation observations.

Given these ambiguities, it is of interest to investigate other potential metrics to attempt
to automatically infer particle shape properties with this instrument. It is expected that
observations of aspherical particles should produce significant backscatter in both the par-
allel and perpendicular Lin90 channels, whereas spherical particles mostly return parallel
backscatter. The correlation between the parallel and perpendicular backscatter was therefore
considered as a classification metric. The Pearson correlation coefficient between backscatter
components is calculated using a moving sampling window. A 5-minute window length was
chosen to give a trade off between including a significant number of observations for the
correlation calculation and preserving the temporal variation within an event. This metric is
shown in Figure 6.29 in green with the in situ counting observations overlaid for the case
period.

The fine detail of microphysical variation reported by the other instruments is not cap-
tured by this metric; however, it does appear useful in classifying more broadly between
atmospheric events. A mean correlation coefficient of approximately 0.3 was found for both
the rain event in case A and the mixed phase cloud event in case C. This is in contrast to the
lower values of approximately O during times of no observed cloud or precipitation. Whilst
the metric does not offer reliable discrimination between types of event, it does appear to
vary consistently with variations in the in situ counts. It is therefore interesting to note the
brief increase in correlation beginning at approximately 00Z on August 5th. There were no
corresponding surface observations by the other instruments at this time and may therefore
be indicative of an air mass consisting of aerosols with more aspherical shapes than at other
times.

The correlation-based metric may prove useful, alongside others, in the interpretation of
aerosol contributions, but is considered unreliable for classification between different types of

atmospheric events. To this end, a different metric was developed based on the variance in the
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Fig. 6.29 Moving correlation coefficient between perpendicular and parallel Polarsonde
polarisation channels. Overlaid are the holographic counts and Parsivel intensities for the
case study duration.

signal. The rationale is that whilst water and dirt may accumulate on the sampling window
and bias the mean backscatter, the variance of the signal should be less affected. Observation
of airborne aspherical particles should coincide with fluctuating backscatter and high variance
in both channels, whereas spherical particles should coincide with predominantly parallel
backscatter fluctuations only.

It was experimentally determined that inclusion of both the Lin90 and Lin45 signals
produced a more reliable classification with this metric. The Polarsonde variance-based
metric (Bps) is defined hereafter by the following equation:

1 0_9”0 L 1L I
_ [fo )| o | _ o %% Oy 63
Brs = \ Tl oe | = 1 a1 o ©.3)
Iy = Iy Ogy Oys
Oys

where the letter / is used to denote backscatter amplitude, ¢ is windowed variance, and the
super and sub scripts identify the polarisation component and channel, respectively.
Raw backscatter observations were averaged on a 1-minute basis to reduce the impact

of noise. A window size of 30 minutes was found to provide the best compromise between
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Fig. 6.30 Polarsonde Variance Metric and depolarisation for the case study period. Overlaid
are the holographic number densities and Parsivel intensities for reference.

including enough points to calculate the variance and capturing the temporal variability of
the event. The depolarisation and variance ratios were normalised before taking the product
to produce a metric that ideally varies between zero, for spherical particles, and one, for
aspherical particles. The Polarsonde variance-based metric is plotted alongside the in situ
observations in Figure 6.30. The depolarisation is also plotted to emphasise the limitations
of this metric for classifying events and will be compared for each of the case events.

Fluctuation in Bpg is seen from the onset of rain during case A, whereas the depolarisation
does not show such a clear indication of an event. The pg metric reports a low value of
approximately O during this time, consistent with the mostly spherical water droplets. The
depolarisation is seen to steadily rise over the course of this event and it is not clear at what
value to define the cut-off between spherical and aspherical particles since this metric does
not go to zero due to the time varying and unconstrained accumulation of particles on the
sampling window. The mean value of Bpg increases to approximately 0.05 following the
onset of measured snow at approximately 127, as expected for aspherical irregularly shaped
particles.

It is notable that Bpg stays at this value for the period following precipitation up to around

00Z on August 4th, similar to what was seen in the depolarisation metric. As this metric

Polarsonde Variance Metric
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should be less influenced by accumulation of particles on the sampling window, this lends
support to the interpretation that the elevated depolarisation was indeed due to the small
population of ice crystals in the subsequently observed cloud. The Bpg metric is seen to
drop to O at approximately 00Z on August 5Sth, directly following the last observed cloud
particles by the C’HOM-S instrument and is suggestive of clear air which may have aerosols
of spherical shape. An increase in the mean Bpg back to approximately 0.05 is seen at around
08Z on August 5th. This is notably during a time of clear air reported by the other instruments
and coincides with when the correlation-based Polarsonde metric also noted a change in the
backscatter conditions. This lends further support to a change in the aerosol population at
this time towards a distribution with more aspherical particles.

The Bps metric drops back to zero around August 6th 00Z, coinciding with the onset of
particle detections during the case B event. This was at a time when the cloud layer was
seen to ascend in the lidar signals, shown in Figure 6.17, and a corresponding drop was
seen in the RH. It is proposed that this metric may be able to track the changes in the air
mass as the cloud lifts above the field instruments during this time. Such variations are also
seen in the depolarisation, though the unconstrained mean component again makes this more
challenging to interpret.

With the onset of large falling snow particles at around 0530Z, Bps reaches a consistently
large mean value of approximately 0.1 before dropping back to around 0.05 for the dissipating
mixed phase cloud observed in case C and case D, consistent with the cloud observations
following case A. An interesting rise in this metric back to around 0.1 is also reported
between the end of the cloud in case C and the beginning of snow in case D. Such a large rise
at a time of no cloud or precipitation observations may again indicate a significant increase
in the asphericity of aerosols over this time.

A preliminary investigation of the Polarsonde variance metric has been presented in this
section. It is important to note that there were no other instruments that could directly measure
aerosol properties at ground during the campaign and so interpretations regarding aerosol
distributions remain speculative. Despite this limitation, it is seen that the Polarsonde variance
metric approach, along with the depolarisation and correlation-based methods, provides a
more complete understanding of the Polarsonde observations. Future investigations should
attempt to quantitatively associate the value of this metric with classes of atmospheric events
and measured particle shapes, perhaps as reported by the C’HOM-S instrument. Ideally the
instrument would be deployed alongside other instruments that are sensitive to aerosols, as
well as cloud and precipitation particles.
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6.7 Summary

This chapter presents the results of field deployment of the C(HOM-S and Polarsonde
instruments alongside other more extensively validated instruments in the Australian Snowy
Mountains. The C’HOM-S instrument was found to automatically produce particle size
observations consistent with those reported by the PIP and Parsivel instruments for the
size ranges that all instruments could reliably resolve. Particle number density and size
measurements were consistent with those from previous field campaigns in the surrounding
region, though the number densities were notably low. A key limitation of this study is
that the particle number density observations could not be directly compared with a cloud
sampling instrument suited for the detection of small particles, such as the Cloud Droplet
Probe (CDP) [270] or Cloud and Aerosol Spectrometer with Polarization (CASPOL) [321]
instruments. It is possible that the low number density observations indicate a previously
unidentified sampling bias of this instrument and future studies alongside these cloud instru-
ments would help to resolve this matter.

Reconstructed particle images agreed well with those reported by the PIP instrument
and shape metrics allowed discrimination between spherical and aspherical particles under a
number of cases. It is expected that a more sophisticated shape metric, including properties
such as the particle projected area and perimeter, will be necessary to improve the classifi-
cation capability of this metric. Intensive manual analysis of holographic observations was
carried out and demonstrated that the automated retrievals were performing reliably. Such
observations should prove useful for the training of automated classification methods based
on a neural network approach rather than the morphological method currently employed.

A range of atmospheric events including rain, snow, and mixed phase cloud were sum-
marised in detail for all instruments. Good agreement between the times of low-level cloud
and precipitation seen by the C’HOM-S instrument, and BASTA, MRR, and RMAN re-
mote sensing instruments was seen for all events. A number of mixed phase cloud events
were identified by this instrument and not the Parsivel, highlighting the advantage of this
instrument for measuring both cloud and precipitation events. This investigation led to the
demonstration of the capability of the CCHOM-S instrument to automatically classify these
events based solely on the holographic observables of particle number density, size, and
shape metric. This method appears to be performing reliably when applied to all events
measured during this campaign, but a statistical investigation of this performance remains
the topic of future work.

A persistent mixed phase cloud event was studied in detail using all available instruments.
A growth in the population of both supercooled liquid water droplets and irregularly-shaped
ice crystals was seen over the approximately 14 hour duration of this event. It was suggested
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— based on the removal of large ice particles via snow and suitable updraft velocities — that
this event was within the regime for which the WBF process was not expected to dictate
the microphysics and instead permitted the growth of both ice and water droplets. This
interpretation was limited by the assumption of homogeneity between cloud cells within a
large-scale system and limited ice crystal measurements, and so the interpretation remains
speculative for this case. A more statistically significant investigation into the frequency with
which clouds follow the WBF mechanism in this region should be possible by applying this
method to the other events throughout this campaign, but is beyond the scope of this project.
Such observations are of particular interest in this region given the importance of mixed
phase clouds in the supply of key national water and energy resources via the collocated
Snowy Hydro project.

A brief demonstration of the utility of the C’HOM-S instrument for validation of remote
sensing microphysical inversion algorithms and climate models was presented. Reflectivity
and Doppler measurements from the BASTA radar were seen to be associated with distinct
atmospheric events identified by the C’HOM-S instrument. This may be of particular
relevance to the discrimination of low-lying cloud from precipitation by remote sensing
instruments which is a current limitation of these techniques. The BARRA-R and BARRA-
SY reanalyses were evaluated for a rain event case study and found to under predict the
duration of the event and had a delay in the onset of the event of a few hours. The higher-
resolution dynamics-based BARRA-SY microphysics scheme was seen to better model the
thermodynamic phase partitioning of the case events, but significant disagreement was seen
on the details of these events. An analysis of which events are particularly challenging to
model and a statistical assessment of model biases incorporating all measured events in this
campaign remains the topic of future work.

The Polarsonde observations were consistent with those from other instruments for the
case studies investigated. It was determined that discrimination between spherical and
aspherical particles based solely on depolarisation, for a fixed installation of this instrument,
was unreliable due to the potential for ambiguous backscatter from dirt and water on the
sampling window. New metrics were proposed to reduce this ambiguity based on the
correlation between backscatter components and the signal variance. It was found that
such metrics provided a more complete understanding of the microphysical variations of
both cloud and precipitation particles and potentially also for aerosols. Application of
these metrics to the full campaign observations may allow independent assessment of the
thermodynamic phase of cloud, precipitation, and aerosols, but this is also beyond the scope
of this project.



Chapter 7

Holographic Cloud Particle Observations
from an Untethered Balloon

7.1 Introduction

The Compact Cloud-particle HOlographic Microscope — Balloon (C’HOM-B) and Polar-
sonde instruments were launched into cloud on a weather balloon from a site north-east
of Adelaide, South Australia, in August 2020. The instruments were deployed along with
meteorological and tracking sensors, and the payload was retrieved on landing. This is the
first time a holographic sensor has been launched on an untethered balloon, to the author’s
knowledge.

Holographic observations on a weather balloon allow the vertical profiling of cloud
microphysical parameters, including the cloud particle number density, size, and shape
properties. Due to the cost and weight of previous holographic instruments, vertically-
resolved cloud observations have been obtained via more expensive methods such as aircraft
campaigns or with tethered balloon systems. Each method has advantages and disadvantages,
as discussed in Chapter 2, but a key advantage of the untethered balloon method is that it is
significantly less expensive than aircraft campaigns, and not limited to the heights, sites, and
meteorological conditions that are suited to tethering.

To allow deployment with an untethered balloon, the C2CHOM-B was designed to be light
weight and inexpensive, such that the risk of losing the instrument was not cost prohibitive.
A discussion of the design of this instrument is provided in Chapter 3. As this launch was
the first of its kind, the primary goal was to assess the performance of the instrument under
launch conditions and to determine the feasibility of the technique. Vertical profiles of in situ
cloud measurements are scarce, particularly over this region, and so the observations are of
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Fig. 7.1 Map of the launch location and balloon path along with the surrounding region.
Image obtained from Google Earth, 2020.

further interest for applications such as validation of climate models and inversion methods
for retrieving cloud microphysical measurements from remote sensing observations.

The field site and launch details are first summarised in this chapter. An overview
of the holographic observations within multiple layers of cloud is then presented, along
with preliminary results from the Polarsonde instrument. The chapter concludes with a
comparison of the balloon observations with HY SPLIT modelling and HIMAWARI-8 satellite
observations.

7.1.1 Field Site and Launch Conditions

The instruments were launched at 0155Z on the 8th of August from 34.03 °S, 138.69 °E.
The launch location, at an elevation of approximately 300 m, and balloon path are shown

in Figure 7.1. An average ascent rate of approximately 4 m s~!

was targeted and achieved
by using a 500 g balloon with roughly 3 m? of helium. The balloon reached a maximum
height of approximately 8.5 km after 30 minutes and the payload train was remotely cut
down and retrieved, through use of the GPS tracking unit, approximately 20 km north-west
of the launch site. A photograph of the cloud tops at the maximum launch altitude, along
with launch diagnostic information, is presented in Figure 7.2a, as provided by the Amateur

Radio Experimenters Group (AREG) who assisted with the launch logistics.
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Fig. 7.2 a) Photograph of cloud tops at around 8500 m altitude, provided by AREG. b)
Payload train before launch. From left to right: Polarsonde and Monash University data
loggers, Holographic Microscope, Raspberry Pi camera and RS41 Radiosonde, parachute,
and remote cut-down payload. ¢) Balloon in the air indicating instrument spacings.
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An unbroken low-level stratus cloud was observed over the entire sky for the duration of
the launch. Light rain and snow were forecasted by the Australian Bureau of Meteorology
(BoM) for the nearby town of Clare in the morning and the launch was carried out during a
time of no precipitation. Daily total rainfall measurements from the BoM were reported as
1.4 mm and 5.6 mm for Adelaide and Clare, respectively, and light drizzle was observed at
the launch site before the balloon was launched.

The launch site is approximately 50 km from the coast and is expected to receive aerosol
contributions from air masses arriving from over the ocean, as well as those coming from
the continent. To reduce the risk of losing the instrument over the ocean, balloon path
forecasting, incorporating Global Forecast System (GFS) wind predictions, was undertaken
to select a launch day with north-eastward winds. Such conditions may have favoured
air masses coming from the ocean, but as discussed in Section 7.6, HYSPLIT modelling
suggests contributions to the air mass from the continent may also have impacted the aerosol

properties.

7.1.2 Instrumentation Summary

A summary of the sampling considerations for each of the launched instruments is presented
in this section and the assembled payload train is shown in Figure 7.2b. The C’HOM-B and
Polarsonde instruments, as described in greater detail in previous chapters, were deployed
within a metre of each other at the bottom of the payload train. This spacing was chosen as
a compromise between sampling similar air masses whilst not allowing the backscattered
Polarsonde light to be detected on the holographic microscope camera. These instruments
were suspended at a distance of approximately 9 metres from the balloon, as seen in Figure
7.2¢, in an attempt to reduce the impact of the balloon on the air sampled by the microphysics
instruments. Meteorological sensors were attached to the sides of the Polarsonde payload,
and the radio cut-down mechanism, RS41 Radiosonde, Raspberry Pi camera, and telemetry
payloads were attached from the middle of the payload train and upwards to the balloon.

7.1.2.1 C?HOM-B

Holograms were sampled at 1-second resolution which, with an average ascent rate of

around 4 m s~}

, corresponds to a height resolution of approximately 4 m. A spacing of
approximately 7 cm between the sampling windows was chosen as a trade-off between
increasing the sampling volume and limiting the amount of sunlight reaching the camera
sensor. The front sampling window was approximately 50 mm from the camera sensor and

this led to a maximum diffraction limited transverse resolution of around 5 microns at this
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Fig. 7.3 Variation of the holographic sampling volume with height due to sunlight saturation.

end and at the position of the farther window the resolution decreased to around 11 microns,
consistent with calibration measurements in the laboratory. A more complete description of
this instrument was presented in Chapter 3.

This instrument configuration did not result in any sunlight saturation at ground level
before the launch; however, as the balloon ascended through the clouds, more sunlight
was incident on the sensor and this resulted in a significant fraction of the camera pixels
becoming saturated. Inspection of the raw holograms revealed that the saturated pixels began
at the bottom of the sensor and progressively higher rows of pixels became saturated as the
balloon ascended. This simple progression of saturation allowed a correction to be applied to
determine the effective sampling volume by subtracting the saturated pixels from the total
number of pixels that lie within the spatial extent of the laser beam on the sensor.

The variation of sampling volume with height is shown in Figure 7.3 and it is seen that
the maximum sampling volume at ground was approximately 1.2 cm? and by the maximum
altitude this had reduced to only around 0.2 cm?. The reduction in sampling volume resulted
in larger uncertainties in reported number densities as these are expected to follow Poisson
counting statistics. Large ice crystals were observed at the highest altitudes, yet due to
the reduced sampling volume, and inherently lower number densities for ice crystals, a
statistically significant number density measurement could not be obtained for these particles.

Generally the number density measurements in this campaign are considered less reliable,
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due to the small sampling volume, and so the focus of this analysis will be on the particle size
and shape measurements. This sunlight issue can be resolved in future launches by methods
such as using a higher optical depth neutral density filter in front of the camera, redesigned
optical baffling, or positioning the sensor further away from the instrument window.

7.1.2.2 Polarsonde

The Polarsonde was deployed in the configuration described in Chapter 5; however, due to
issues from a prior deployment, the Lin45 measurements were not considered reliable and so
the analysis presented in this chapter is focussed on the Lin90 measurements. Recordings
were taken at 1-second intervals, with a corresponding height resolution of approximately
4 m, and no issues due to sunlight saturation were observed. Opaque black foam was placed
over the photodiodes before the launch to establish the background levels, largely arising from
electrical pickup from the Light Emitting Diode (LED) pulsing circuits. These backgrounds
were subtracted in the subsequent analysis.

Long-term field deployments of this instrument, such as that described in Chapter 6,
have revealed challenges in interpreting Polarsonde observations due to condensation and
accumulation of dirt on the glass sampling window in front of the sensors and LEDs. To

mitigate this problem, the glass sampling window was removed for this flight.

7.1.2.3 Meteorological Sensors

Temperature, relative humidity, and pressure were measured during the launch using a range
of sensors. Two custom-built meteorological data loggers made by Monash University were
attached to the Polarsonde package at the bottom of the payload train. A Bosch BME280
was used to measure relative humidity and thermocouples were used for the temperature
measurements. The thermocouple used in Monash Data Logger 2 had a smaller time constant
than that in the other package and hence reacted faster to temperature fluctuations. All
sensors were sampled at 1-second intervals with a corresponding height resolution of about
4 m.

A Vaisala Radiosonde RS41 was deployed higher up the payload train to provide indepen-
dent meteorological measurements. This instrument uses a platinum resistance thermometer
to measure temperature with a reported resolution of 0.01 °C. A thin-film capacitor is used
to measure relative humidity with a reported resolution of 0.1 %. Both sensors were sampled
at 1-second resolution, consistent with the other instruments. This instrument was recovered
from a previous launch and so measurements such as the relative humidity are considered

less reliable for this reason, as discussed below.
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7.1.2.4 Tracking Instruments

The position of the balloon, along with other diagnostic information, was monitored in
real-time from the ground using a GPS transmitter payload and receiver antennas mounted
on the chase-vehicle. The balloon path prediction, based on this data, allowed the landing
zone to be targeted at a location suitable for retrieval, and not too far from the launch site
such that observations of the same clouds could be made on the descent. A remotely operated
cut-down mechanism was used to drop the payload train and a parachute was deployed to
control the descent. No damage to the instruments was identified on landing; however, the
instruments began to tumble after being cut from the balloon. This appears to have dislodged
the camera trigger cable in the C’HOM-B instrument which meant that holograms were not
obtained for the descent.

An imaging payload using a Raspberry Pi camera was deployed to monitor the large-
scale cloud conditions during the launch. The 6-megapixel colour images were recorded at
approximately 30-second intervals, which resulted in a relatively coarse height resolution of
around 120 m. These observations are therefore useful as an independent test of whether the
balloon was within cloud, but the higher spatial resolution cloud particle measurements from

the holographic microscope are considered to be a more reliable metric for cloud detection.

7.1.3 Meteorological Measurements

Temperatures from the three sensors are plotted in Figure 7.4 for the balloon launch. The
measurements agree to within a few degrees for the majority of the launch, but key differ-
ences are noted. Significantly larger fluctuations are seen in the Monash Data Logger 1
measurements, as expected, since it had a thermocouple with a smaller time constant than the
other logger. Averaging this signal over a few seconds gives a value that agrees relatively well
with the raw measurements from the RS41. Monash Data Logger 2 reports systematically
higher temperatures than the other loggers, suggesting an uncalibrated offset in this sensor.
As the sensors do not agree within their quoted uncertainties, the temperatures were only
used as an approximate measurement for this analysis and the quoted temperature values are
obtained from the RS41, which is considered to be the most reliable instrument.
Temperature measurements from the RS41 suggest that the freezing level is at an altitude
of approximately 1.9 km and the beginning of the tropopause is potentially seen at around
8.5 km, at the highest altitude of the ascent. The RS41 obtained observations reliably for
the full launch duration, whereas the Monash Data Loggers did not take observations at
temperatures below around -40 °C, likely due to a drop in the battery voltage. The RS41

temperature profiles recorded during the ascent and descent agree well at each height to
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Fig. 7.4 Temperature profiles from the RS41 Radiosonde and Monash University data
loggers.

within a few degrees, suggesting that the meteorological conditions were stable for the launch
duration and spatial separation of around 20 km between launch location and where the
instrument landed.

Relative humidity (RH) measurements are shown in Figure 7.5 for each of the sensors.
Significantly different measurements are reported from each sensor in both magnitude and
also in the relative signal variations. The relative variations in the RH measured by the
RS41 and Monash Data Logger 2 show reasonably consistent agreement for the large-scale
features seen, such as the increase in RH up to approximately 2 km, as well as the peak in
RH at around 5 km. Very little consistent variation is seen in the Monash Data Logger 1
observations and so these have been excluded from the subsequent analysis.

Multiple cloud layers were observed during the launch, as discussed in the following
sections, yet the measured RH does not exceed 94 % at any time during the ascent. These
relatively low values may be indicative of processes such as the entrainment of drier air
within the cloud due to turbulence. However, as the relative humidity is low even in the
middle parts of the cloud, this is not considered the sole explanation. It is assumed here that
the lower than expected values are also a result of calibration issues with the sensor. It is

interesting to note that whilst the ascent measurements were relatively low, the measurements
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Fig. 7.5 Comparison of relative humidity profiles from the RS41 Radiosonde and Monash
University data loggers.

on the descent were seen to show similar relative variations yet reached 100 % within the
lowest band of cloud, seen from an altitude of around 600 m and upwards. The horizontal
displacement between measurements from the ascent and descent was on the order of 20 km
and visually the low-level cloud was unbroken as far as could be seen. These different values
may be indicative of significant variations in the cloud water content over these spatial scales.

Due to the agreement in relative variations of the RS41 and Monash Data Logger 2
measurements, these observations are used as an independent verification of the presence of
clouds. The RS41 measurements are considered to be the most reliable, due to the extensive
use of this instrument for worldwide meteorological observations, and so these will be
primarily referred to in this study.

7.2 Manually Analysed Holographic Data

The entire holographic dataset for the launch was manually analysed using the procedure
described in Chapter 3 and this analysis procedure is briefly summarised here for reference.
For each hologram, a 3D image was reconstructed, particle focus depths were identified, and

a polygon was hand traced around the particle outlines. Region properties within the particle
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masks were then extracted, including the particle equivalent diameters and shape metrics
such as the eccentricities of ellipses fitted to the polygon outlines.

This manual dataset is used to validate the automated analysis algorithm, as discussed
in Chapter 3, as well as for future training of neural network-based classification methods.
As noted previously, identifying the smallest particles by eye can be difficult and hence the
reported number densities are expected to be lower than the true value with this method. This
approach is thus primarily used to validate the automated size and shape retrievals, though it
may be possible to determine a correction for the number densities based on testing alongside
other cloud-sampling instruments in the future.

A 1-minute representative summary of manually analysed holographic cloud observations
is presented in Figure 7.6 during a time when the balloon was within the lowest observed
cloud layer. The spatial distribution of particles detected over this time is shown in the
left side of the figure and no obvious sampling bias is noted. The 1-second sampling rate,
which is an order of magnitude faster than that used in the Snowy Mountains field campaign
discussed in Chapter 6, allows a statistically significant distribution of particles to be recorded
within this cloud after approximately one minute, corresponding to a vertical sampling range
of around 240 m. Further summarised observations of this kind are provided in Appendix B.

The measured particle size distribution during this time is shown in the top-right panel of
Figure 7.6 and the relative particle sizes are visualised by the relative sizes of the spheres that
indicate the particle positions within the sampling volume. Lognormal and gamma functions
are overlaid in red and yellow, respectively, as defined in Section 6.3.1. These distributions fit
the data well, as expected for a typical cloud [34], and the fit parameters are provided in the
top right legend. The mean diameter is around 12 microns and the relatively low eccentricity
values are consistent with the detection of a cloud of spherical water droplets. The particle
images indicated that only spherical particles were observed in this cloud, confirming this
interpretation.

7.2.1 Determination of Vertical Cloud Layer Extents

The vertical extent of cloud layers that the balloon passed through was determined by
comparison between multiple independent sensors. The most effective method, provided the
particle number density was sufficiently high, was to simply note the height at which the
first, and last, cloud particles were detected by the CZHOM-B instrument and define this as
the cloud base, and top, respectively. This approach was validated by comparison with the
independent measurements of relative humidity and by visual inspection of the Raspberry Pi
camera images. The holographic method was preferred, except for when the number density
of particles was too low to significantly detect particles, as these observations were sampled



163

7.2 Manually Analysed Holographic Data

Balloon launch 1
Start of sampling: 08-Aug-2020 01:59:30 (UTC)

Sampling duration: 1 minutes m ~—Log-Normal: mu=2.5055 sigma=0.25978
Height range: 1331.6 : 1586.2 m Eccentricity m 10+ e g
Median RH: 90.75 (%) —1 3 N
D Median Temperature: 1 (Celsius) ml. 1
c o 5+ VL| |
= 08 &
2 5000 = i ,
& | EREESS 0
c 06 £ 0 _ _
O 0 5 10 15 20
= 0 : : . .
2 13.0 Particle Equivalent Diameter (microns)
o 04 o x107 .z
X m Linear Parallel ..PHV
o —— Linear Perpendicular =
S 8- £
02 g 8
26 v
ol 9
: 0 £ 4¢ g
Z Position (cm) . 4000 w o' -
5 * | 3
. : n 0 T
Y Position (microns)  01:59:30 Time 02:00:00 02:00:30

(UTC) Aug 08, 2020

Fig. 7.6 Summary of holographic observations recorded over one minute of the launch. Particle 3D positions, size distribution,
eccentricity variations, Polarsonde backscatter and median meteorological measurements are displayed. The z-axis on the 3D plot
indicates the depth within the sampling volume relative to the camera sensor, and the transverse dimensions are in the plane of the
camera sensor. Spheres on the 3D plot indicate the relative sizes of particles, but note that the absolute size is scaled for visibility.
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Fig. 7.7 Full vertical profile of raw and 60-second averaged particle eccentricities and raw particle counts measured by the C’HOM-B
instrument. The pink shading indicates regions for which the Raspberry Pi camera images were determined to be fully clouded.
Relative humidity measurements from the RS41 are plotted for comparison.
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Fig. 7.8 Full vertical profile of raw and 30-second averaged particle number densities and diameters measured by the C’HOM-B
instrument. The pink shading indicates regions for which the Raspberry Pi camera images were determined to be fully clouded, and
arrows denote the approximate bounds of the cloud bands determined by the holographic method. Relative humidity measurements
from the RS41 radiosonde are plotted for comparison. Number density values that exceed the visible horizontal axis range have a
maximum value of approximately 15 cm™3.
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at a vertical resolution of around 4 m, as opposed to the Raspberry Pi camera images which
were obtained at vertical intervals of approximately 120 m.

A comparison between the heights of particles detected by the holographic microscope,
relative humidity measurements, and Raspberry Pi camera images is shown in Figure 7.7.
A sudden onset of particles at a height of around 600 m and a sharp termination in particle
observations at a height of approximately 1900 m defines the extent of the lowest identified
cloud band. The Raspberry Pi camera images were fully obscured by cloud for these heights
and the relative humidity dropped significantly at the boundary of the cloud top, in agreement
with the holographic determination of cloud extent.

No particles were identified in the height range from the top of the first cloud band up
to around 2700 m in altitude. In this height range the relative humidity is seen to steadily
decrease and then remain constant with height. The horizon is visible in the Raspberry Pi
camera images during this time, suggesting the balloon was in a region of clear sky with cloud
layers above and below. The next detection of particles at around 2700 m coincided with a
peak in the relative humidity and the Raspberry Pi camera again became fully obscured by
clouds. The images were brighter at this height, as more sunlight illuminated the clouds, but
a clear contrast between clear sky and cloud could still be determined at the cloud boundaries,
providing confidence in the holographic method of determining cloud extent.

The full vertical profiles of holographic measurements of 1-second averaged particle
number density and equivalent diameter are presented in Figure 7.8. The pink shaded regions
on the plot indicate heights at which the view of the Raspberry Pi camera was fully obscured
by cloud and the relative humidity is included for comparison. For clouds below 4000 m
there is good agreement between each method as to the extent of the cloud bands. The slight
offset between the shaded region and other cloud extent metrics for the cloud bands around
3000 m is due to the coarse height resolution of the Raspberry Pi camera images. These
images are recorded once every 30 seconds, as opposed to once per second for observations
from the other instruments.

The vertical extents for clouds identified above 5000 m do not agree as well as for the
lower clouds. In this height range the clouds were significantly more transparent, indicative
of cirrus clouds, with a lower number density of primarily ice crystals. This made it more
challenging to judge the extent of clouds based on the Raspberry Pi images and so the cloud
extents determined by the holographic microscope were considered even more preferable in
this range and tended to agree better with the measured variations in relative humidity.

Only a few particles were detected above around 6000 m and were seen to be large
ice crystals with complicated shapes. Given the reduced sampling volume at these heights

due to sun saturation, along with the lower number density of ice crystals, the number
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Cloud Base Height Top Height Thickness Equivalent Diameter Number Density
-3

Label m m m um cm
1 620 1870 1250 134 4+2
2a 2540 2720 180 9+3 4+1
2b 3030 3150 110 8+1 7+3
3 4990 5380 390 9+2 6+3

4 6010 6990 990 61+34 -

Table 7.1 Means and standard deviations of key cloud properties measured during the launch.

density measurements from the CCHOM-B instrument in this height range are not statistically
significant and only observations of particle size and shape properties can be reliably obtained.
Due to the small number of detected particles in the highest band of cloud, the holographic
method of determining cloud extent was considered less reliable than the Raspberry Pi
camera method, though both techniques were limited.

7.3 Cloud Band Comparisons

Five distinct cloud bands were identified during the ascent by the C’HOM-B instrument
though it is subsequently argued, due to the proximity of the clouds and similarity of particle
properties, that the cloud bands labelled as 2a and 2b are better treated as a single patchy
band of cloud. The key holographic measurements for each of the identified cloud bands are
summarised in Table 7.1 and will be individually discussed in more detail in the following

subsections.

7.3.1 Cloud Band 1

The lowest identified cloud band had a base height of approximately 620 m above mean sea
level and a thickness of around 1250 m. Visual observations from the ground suggested that
this was an unbroken low-level stratus cloud covering the entire sky. No precipitation was
observed during the balloon flight, but light drizzle was observed earlier in the day at the
launch site. The cloud feature persisted for multiple hours and it is believed that the same
layer of cloud was detected on the ascent and descent of the balloon, based on the similarity
of the RS41 temperature and relative humidity profiles seen in Figure 7.4 and Figure 7.5.
The temperature decreased steadily from around 5 °C at the cloud base to -1 °C at the
cloud top. Manually analysed holographic images indicated that only spherical water droplets
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Fig. 7.9 Representative particle images in the first band of cloud ranging from around 620 m
to 1870 m. Heights of the detected particles are shown in the bottom-left corner of each
image in units of metres. Scalebar units are in microns and note the differing scale for each
image due to depth-dependent optical magnification.

were present, as summarised in Figure 7.9. This suggests that this was a warm cloud, as
defined in Chapter 2. A linear increase with height in the mean particle diameter is observed
from around 9 microns to 13 microns between cloud base and top, as seen in Figure 7.8 and
the eccentricity values are consistently low, supporting the visual classification of spherical
particles.

The absolute number density measurements are considered less reliable, as noted previ-
ously, due to the relatively small sampling volume of this instrument, yet it is still interesting
to discuss the relative variation in number density with height within the cloud. To com-
pensate for the reduced sampling volume, it is useful to consider the 30-second averaged
number density measurements shown in Figure 7.8 rather than the raw 1-second sampled
observations. This averaging corresponds to a height resolution of approximately 120 m,
though it is noted that similar general trends are also seen at averaging scales of just a few
meters.

The number density shown in Figure 7.8 is first observed to increase and then decrease
over a height range of around 500 m from cloud base. It then increases again to an overall
maximum at around 1700 m before decreasing rapidly towards the cloud top at around

1800 m. Small-scale variations in cloud particle number density such as these have been
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observed in prior cloud observation campaigns using a holographic imager [57, 187] and
may be indicative of small-scale inhomogeneities within the cloud due to processes such
as turbulence and entrainment of dry air. Such high-resolution observations are a unique
capability of holographic instruments and future balloon launches of this kind should prove
useful in increasing the availability of measurements of small-scale cloud variability, as
required for climate and weather modelling [322].

The effective sampling volume was manually calculated at a range of heights to test
whether the automated method to determine the reduction in effective sampling volume due to
sunlight saturation effects was not significantly influencing the number density observations.
A relatively small component of the variation in number density due to the automated sunlight
correction was noted; however, the majority of the variation was also seen in the raw particle
counts, shown in Figure 7.7, suggesting that this variability was due to physical variations in
the cloud particle distribution rather than a sampling bias. Furthermore, the sunlight issue
caused a monotonic decrease in the sampling volume with height and hence cannot explain
the change from an increase to a decrease in number density observed in certain parts of the
cloud. Such variations are expected to be linked to physical processes such as the variability
in the vertical wind velocity due to turbulence [323]. A preliminary comparison with the
vertical velocity of the balloon has been undertaken that suggests a possible connection,
though a rigorous investigation into this matter remains the topic of future work.

The relative humidity measured at cloud base was approximately 86 % and increased
steadily up to around 92 % at cloud top, after which the relative humidity dropped sharply.
The observed increase of relative humidity and decrease in temperature with height is
consistent with adiabatic cloud theory [34]. All measurements on the ascent were less than
100 %, though it is noted that a consistent relative humidity of 100 % was measured within
the cloud band on the descent. The lower relative humidity measured may, therefore, indicate
either the entrainment of drier air into this cloud layer [324] or a calibration issue with the
sensor since water droplets were measured throughout the cloud band.

The mean particle diameter measured within this cloud was relatively small, with a
maximum of around 13 microns, and light drizzle was observed before the cloud was
sampled, but not during the launch. The earlier drizzle would tend to remove the largest
particles from the cloud and is consistent with the observation of only a few particles larger
than 20 microns in diameter. The diameter at which growth by coalescence is expected to
become more effective than condensation is approximately 40 microns [48] and so these
observations are consistent with a warm cloud growing primarily by condensation. Adiabatic
cloud theory predicts that the number density will be largest at cloud base when droplets are

activated and then remain constant with height up to at least a few hundred metres above
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cloud base. The particle diameter is expected to increase with height over this height range
as particles within rising air parcels grow by condensation [34].

The holographic measurements of number density and particle diameter suggest a devia-
tion from the adiabatic cloud theory. Whilst particle diameter is seen to increase with height,
as expected, the droplet number density has a double-peaked variation with height. Such devi-
ations from adiabaticity have been observed in previous in situ aircraft campaigns [267, 325]
as well as in a campaign using a holographic imager on a tethered balloon [187]. The latter
campaign also observed a low-level stratus cloud with non-adiabatic properties and a lower
than expected number density, as in this case.

Non-adiabatic variations in number density are seen throughout the vertical extent of
the cloud which may indicate the presence of significant turbulence and entrainment of
dry air throughout the cloud, and is consistent with the relatively low relative humidity
measurements throughout the cloud. Significant turbulence may be expected to produce
larger particle sizes through increased droplet collisions and coalescence, yet only small
particles were detected. It is therefore possible that growth by condensation and coalescence
in a turbulent environment was responsible for the light drizzle observed earlier in the day
and the aftermath of this process was recorded during the launch, during which time the
inhomogeneities in cloud structure persisted but the largest particles had been removed [326].
It is also possible, as in the tethered balloon campaign mentioned above, that the relatively
low number densities observed are due to undersampling of the smallest cloud droplets, found
at cloud base, for sizes below the resolution limit of this instrument of around 5 microns.
Further launches incorporating sensors that can resolve small particles would help to address

this question and improve understanding of these small-scale microphysical processes.

7.3.2 Cloud Band 2

The next band of cloud was observed with a base height of approximately 2500 m above
mean sea level. Clouds above the lowest layer could not be seen by eye from the ground
and so the cloud type classification is based on the Raspberry Pi camera images, cloud
base altitude, and thickness. Two distinct stratus cloud bands were identified with a vertical
separation of only around 300 m. A representative summary of particle images from both
cloud bands is shown in Figure 7.10. No distinct differences in particle diameters and shapes
were seen between the bands, and hence they are classified as a single nimbostratus cloud
band with a small region of clear air separating the cloud masses.

The particle images shown in Figure 7.10 are ordered by detection time and it is noted
that a few larger spherical particles were identified towards the lower cloud base. Aside from
these particles, the cloud consisted mostly of irregularly shaped ice crystals with a mean
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Fig. 7.10 Representative particle images in the middle patchy bands of cloud ranging from
around 2540 m to 3150 m. Heights of the detected particles are shown in the bottom-left
corner of each image in units of metres. Scalebar units are in microns and note the differing
scale for each image due to depth-dependent optical magnification. Particles considered
more likely to have a symmetric shape are indicated by a green S.

diameter of 9 microns, smaller than that seen in Cloud Band 1. These particles are at the
lower resolution limit of the C’HOM-B instrument and so specific particle habits cannot be
identified; however, a noticeable increase in the mean eccentricity is noted within this cloud
band, as shown in Figure 7.7, which supports the classification of primarily aspherical ice
crystals. A significant number of particles have a relatively low eccentricity value that could
be interpreted as a population of spherical supercooled water droplets, but such a claim is
speculative due to the resolution constraints in measuring such small particles. Particles that
are considered more likely to have a symmetric shape, based on visual inspection and their
eccentricity, are labelled with a green S in Figure 7.10, and the other particles are considered
to be more irregularly shaped.

The temperature within the cloud ranges from approximately -5 °C at cloud base to -8 °C
at cloud top, suitable for the formation of ice crystals. Previous in situ field observations
and laboratory studies suggest that ice crystals within this temperature range are likely to
be mostly irregularly shaped with a preference for columns [71], as indicated in Figure 2.2.
Whilst an unambiguous habit could not be assigned to the detected particles, the observed

increase in mean eccentricity is consistent with the detection of columnar particles. It is
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important to note that a limitation of this instrument, as with any in-line holographic imager,
is that the orientation of the particles cannot be simply deduced. It is therefore possible that
hexagonal ice crystals were being viewed on their side. However, given that none of the
observed particles were noticeably hexagonal, this interpretation is considered unlikely.
The vertical profile of cloud particle number density, as seen in Figure 7.8, shows that
each cloud mass is relatively thin, each no greater than 200 m in thickness, limiting the
investigation into number density variability. The relative humidity peaks within each of
the cloud masses and sharply drops within regions of clear air. Despite each cloud mass
exhibiting similar particle properties and relative humidity values, it is interesting to note
that the number density measured in the lower-altitude cloud mass is significantly lower than
that in the higher altitude cloud mass. This general feature was observed in Cloud Band 1
and may also be a sign of processes such as the entrainment of drier air within the cloud. A
few larger spherical particles were identified at cloud base, but there were not enough such
detections to conclusively determine whether this cloud band may also have produced large

enough particles to fall in the light drizzle that was observed earlier in the day.

7.3.3 Cloud Band 3

A higher band of altostratus cloud was identified by the holographic detection of particles
and by inspection of the Raspberry Pi camera images. As with each of the lower cloud
bands, a sharp rise and fall in relative humidity is noted within this height region. The
cloud base height inferred from both methods was comparable with the holographic method
indicating a height of approximately 4990 m above sea level, yet a significant discrepancy
is seen for the cloud top heights. The holographic height estimate coincides better with the
sharp drop in the relative humidity. A subtle break in the cloud is noted in a single camera
image at a corresponding height. This suggests that a region of clear air of no thicker than
around 200 m separates the lower cloud layer, denoted as Cloud Band 3, from the upper
Cloud Band 4, with significantly different microphysics. As a significant number of particles
was detected in the lower cloud, and due to the coincident feature in the relative humidity,
the holographic cloud height determination method is favoured here with a reported cloud
thickness of approximately 390 m.

The temperature decreased from -19 °C to -22 °C within this cloud band. In this
temperature regime it is expected that the growth of plate ice crystals should be preferred
over columns, as summarised in Figure 2.2, whilst the majority of particles should still be
irregularly shaped [71]. The variation in habit with temperature is less pronounced for clouds

with lower relative humidities and smaller particles, such as those seen in this campaign. It is
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Fig. 7.11 Representative particle images in the middle patchy bands of cloud ranging from
around 4990 m to 5380 m. Heights of the detected particles are shown in the bottom-left
corner of each image in units of metres. Scalebar units are in microns and note the differing
scale for each image due to depth-dependent optical magnification. Particles considered
more likely to have a symmetric shape are indicated by a green S.

therefore perhaps not surprising that the particle sizes and images, as shown in Figure 7.11,
look similar to those seen in Cloud Band 2.

The 1-minute averaged particle eccentricity is slightly smaller for this cloud band than
for Cloud Band 2, as seen in Figure 7.7. This may be indicative of the expected shift towards
more symmetrical hexagonal habits; however, as with the previous cloud band, the resolution
of the images is such that this cannot be reliably inferred. An instrument with improved
resolution, through the use of either a larger camera sensor or magnification optics, should
allow such small particle habits to be classified in future field campaigns.

The number density profile is shown in Figure 7.8. As with the previous cloud bands, the
absolute number densities are not considered as reliable as the sizes, yet the relative variation
is still of interest. This is particularly so for this cloud band since the effective sampling
volume had reduced to only 0.4 cm? at this altitude. Despite this limitation, a clear trend of
increasing particle count and number density is observed with altitude, as with the lower
stratus clouds, up to around 5200 m. No large ice crystals were identified, but the abundance
of such small particles at this altitude is noteworthy.
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7.3.4 Cloud Band 4

The highest altitude cloud band encountered during the launch was identified from the
Raspberry Pi images with a base height of around 5850 m. Only five particles were detected
within the entire cloud band by the holographic microscope, with the first identified at an
altitude of 6010 m. Since the number density of particles was too low to be reliably sampled
holographically, the cloud extent must be inferred from the Raspberry Pi images and relative
humidity variation. The images indicate that the cloud uniformly becomes more transparent
with height, allowing more sunlight to reach the camera sensors, up to an altitude of around
6500 m. Above this altitude the optical thickness throughout the cloud becomes significantly
more variable, with patches of embedded clear air also noted in the images. The highest
particle was detected at an altitude of 6990 m and the images indicated that the balloon had
fully exited the cloud at an altitude of around 7800 m. The relative humidity measurements
show variations that are consistent with this determination of cloud extent. From the base of
this cloud layer up to the altitude at which the cloud optical thickness became more variable,
around 6500 m, the cloud is classified as cirrostratus. Above this height the less uniform
spatial extent and wispy morphology are more characteristic of a cirrus cloud.

Despite the proximity to the lower altostratus cloud layer, this band of cloud exhibits
distinctly different large-scale structures, as well as dramatically different microphysics. This
contrast in microphysics is primarily noted from the particle images, as shown in Figure 7.12.
No small ice crystals were detected, and the mean particle equivalent diameter increased by
an order of magnitude from 8 microns to 61 microns. This was the first time such large ice
crystals were detected during the flight and the mean eccentricity was highest in this cloud
band, as expected for the more asymmetrical particle shapes. The reason for the dramatic
shift in microphysics between such proximate cloud bands is not currently understood and
remains a topic for future investigation.

The temperature decreased steadily with altitude from -26 °C at cloud base to -34 °C at
the height of the highest detected particle. The stratiform nature of the cloud band suggests
that convection was not playing a dominant role in the cloud evolution. Such non-convective
clouds that are colder than around -30 °C are designated as in situ cirrus, as opposed to anvil
cirrus, following the terminology outlined in a recent review of in situ measurements of
cirrus particle habits [69]. More than half of the particle mass in such clouds was determined
in this review to be in the form of rosettes. Of the few particles detected in this cloud band,
the particle shown in the bottom left of Figure 7.12 is classified as a budding rosette and,
therefore, is consistent with this conclusion. The other particles are classified as bullets and
irregular, which are identified as dominant habits for this cloud type and range of particle

diameters.
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Fig. 7.12 Representative particle images in the thin top band of cloud ranging from around
6010 m to 6990 m. Heights of the detected particles are shown in the bottom-left corner of
each image in units of metres. Scale bar units are in microns and note the differing scale for
each image due to depth-dependent optical magnification.

The bullet ice crystal shown in the top right of Figure 7.12 is significantly more trans-
parent than any of the other particles observed during the launch. Previous in situ cirrus
observations suggest that the majority of column and bullet rosette particles are hollow
within these clouds [327]. It is thus speculated that this was a hollow particle based on
the transparency. Notable variations within the particle extent in both the amplitude and
phase of the reconstruction are identified, and it is further speculated that such variations
may allow properties of the internal particle structure to be measured, such as variations in
refractive index and surface roughness. Laboratory measurements of hollow crystals should
be undertaken alongside Monte Carlo modelling, using the method described in Section 4.6,
to determine the feasibility of such an approach. If such a technique is indeed plausible,
future launches of a holographic instrument with a larger sampling volume may signifi-
cantly improve the understanding of these particles, which are currently under-constrained in

climate models.
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7.4 Comparison with Previous Observations

The key observables to compare with other campaigns are the cloud particle equivalent
diameter and number density, which are summarised in Table 7.1 for each of the cloud bands.
There are very few in situ cloud measurements in the South Australian region to compare
the observations from this campaign with. Air masses originating from the nearby Southern
Ocean region contribute significantly to South Australian weather systems [312], and in recent
years this region has been the focus of intensive in situ observation campaigns [46, 319, 328-
330]. Itis therefore of interest to compare the balloon measurements with the Southern Ocean
measurements, though complete agreement is unlikely; for example, due to the enhanced
impact of continental aerosols over South Australia. Such differing aerosol conditions are
investigated in Section 7.6 with HY SPLIT modelling.

In situ aircraft observation campaigns within Southern Ocean clouds have revealed
that the cloud droplet number density is strongly seasonal, with significantly lower values
measured during winter [328, 331]. Wintertime flights have been undertaken north-west of
Tasmania during the SOCEX-I experiment in 1993 [319], and south of Tasmania, as part of
the HIPPO campaign [329] in which a cloud with unusually large droplet number density was
detected [332], and more recently in an intensive campaign between 2013 - 2015, referred
to hereafter as A17 [330]. A major aircraft campaign, the Southern Ocean Cloud Radiation
Aerosol Transport Experimental Study (SOCRATES), was most recently undertaken in this
region in 2018 [46]. However, flights were undertaken in summertime and hence are not as
directly comparable with results from this wintertime balloon launch.

The particle size distributions obtained for all particles detected during the balloon
launch, and those within each stratus cloud band, are summarised in Figures 7.13a and 7.13b,
respectively. Both lognormal and gamma distributions, as defined in Section 6.3.1, fit well to
the particle size distribution of all particles, and within each cloud band. These distributions
are expected to fit well for a typical cloud [34] and the fit parameters are provided in the
legend of Figure 7.13a. The size distributions within cloud bands 2 and 3 are similar in shape
with both ranging between around 5 microns and 15 microns. This similarity is perhaps not
surprising given the similarity in particle images, but is still noteworthy given that the bands
were separated in altitude by around 1850 m.

The size distribution for Cloud Band 1 is significantly wider than those of the other bands,
and more particles were detected overall. Light drizzle was observed before the launch, but
not during, and in Section 7.3.1 it was argued that the measurements within Cloud Band 1
of a relatively low number density, variable number density with height, and an increase in
particle diameter with height were consistent with the observation of a non-adiabatic cloud
in a post-drizzling state. Recent investigations into maritime clouds suggest that drizzle can
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Fig. 7.13 Particle size distributions for a) all manually identified particles detected during the
launch, and b) particles within each band of stratus cloud. Error bars indicate the mean and
standard deviations of each histogram, and the stem plots indicate the median values. The
number of particles contributing to each histogram is shown in the legend. The star above the
far-right column signifies that this column includes contributions from all data points with
value larger than or equal to the bin range. The bin width for both plots is 2 microns.
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reduce the cloud droplet number density by a factor of 2-3 [326, 333]. A17 reported that
particle diameter increased with height for non-drizzling cases, consistent with adiabatic
cloud theory, but deviations from this theory were seen for drizzling clouds. Clouds detected
in both the A17 and SOCEX-I campaigns with a number density less than 45 cm™> were
speculated to similarly be in a state of post-drizzling, and those authors also attributed this
post-drizzling state to be the cause of observed deviations from adiabatic cloud theory. The
wider size distribution measured within this cloud band, compared with the higher altitude
clouds, further supports this interpretation.

The SOCEX-I experiment consisted of 5 wintertime flights north-west of Tasmania, one
of which also observed clouds with particle diameter and number density profiles similar to
that seen in the holographic balloon launch. Particle diameters from this campaign ranged
between 21.6 um and 29.4 um, and number densities ranged between 10 cm > and 40 cm 3.
The A17 campaign consisted of 20 flights south of Tasmania under a range of synoptic
conditions. The reported average number density for liquid clouds was 40 + 41 cm™> and the
average diameter was 22.8 + 6.0 um. Nearly 50 % of the liquid clouds from this campaign
were intermittently drizzling, and it was identified that drizzling clouds had significantly
larger droplet diameters than the overall average. Number densities were mostly similar for
drizzling and non-drizzling clouds, with the exception of a few extreme cases.

The mean diameter, as summarised in Table 7.1, measured within each stratus cloud band
in this campaign varied between 8 = 1 um and 13 £+ 4 um, and the mean number density
varied between 4 4+ 1 cm ™3 and 7 + 3 cm—>. In each case the uncertainty is quantified by
the standard deviation. The diameter measurements agree within uncertainty with those
measured within non-drizzling clouds in A17 [334], yet they are outside the range of values
reported in SOCEX-I. The number density measurements are within the uncertainty bounds
reported in A17, but only Cloud Band 3 is within the range of values measured in SOCEX-I.

The lack of agreement between the balloon measurements and those from SOCEX-I can
potentially be explained by the significant variability of cloud microphysical properties and
the fact that only 5 flights were carried out for that campaign. It is, however, noted that the
number densities measured in the balloon launch are anomalously low and are possibly a sign
of limitations of the C’HOM-B instrument. Clouds with number densities below 10 cm—>
and comparable particle diameters have been measured in the Southern Ocean [335], and
other parts of the world [336, 337], in what are referred to as Ultra Clean Layer (UCL) clouds.
These UCL clouds are notably optically thin and, therefore, this explanation is considered
unlikely for this experiment where clouds below the highest cloud band appeared optically
thick by visual assessment. The sources of potential sampling biases for this instrument are

discussed further in Chapter 3, but it is expected that such sampling issues can be resolved in
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future launches by increasing the sampling volume of the instrument and by resolving the
sunlight saturation issue.

The comparison of balloon observations can be extended to Southern Ocean cloud
observations from remote sensing instruments as part of intensive shipborne campaigns
(Clouds Aerosols Precipitation Radiation and atmospheric Composition Over the SoutheRN
ocean (CAPRICORN) [338] and Measurements of Aerosols, Radiation and Clouds over
the Southern Ocean (MARCUS) [46]), as well as the previously mentioned summertime
aircraft flights during SOCRATES [46]. A recent review of observations from each of these
campaigns [293] reveals that clouds with number densities as low as those measured in this
balloon launch occur with significant frequency over this region. The question as to whether
such clouds could have optical depths as great as those seen in this launch remains the topic
of future investigation.

The launch observations have so far been compared to those from field campaigns over
the nearby Southern Ocean due to a lack of previous in situ cloud measurements in South
Australia. Such a comparison is inherently challenging as clouds over the continent are
expected to differ significantly from those over the Southern Ocean for a number of reasons,
for example, due to the closer proximity to continental aerosol sources. It is therefore of
interest to compare the balloon measurements with those from a general review of in situ
measurements within stratus clouds [232]. This comparison is displayed for mean particle
diameter in Figure 7.14a. The mean particle diameters measured in this launch are in the
lower range for marine clouds and the upper range for continental clouds. These intermediate
values may be as a result of the proximity of the launch site to both coastal and continental
regions. This possibility will be investigated further in Section 7.6. The number density
comparison is shown in Figure 7.14b and it is again noted that the measurements from this

launch are at the very lower limit of those seen in previous campaigns.

7.5 Comparison with Polarsonde and Wind Observations

The primary Polarsonde observables are the parallel and perpendicularly polarised backscatter
components in the Lin90 and Lin45 channels, as defined in Chapter 5. As noted previously,
the Lin45 measurements were not considered reliable for this launch and so the following
discussion is focussed on the Lin90 measurements. The instrument records backscatter
from both cloud particles and aerosols [65], and so a key challenge in interpreting these
observations is in separating the component of the signal due to each of these populations of
particles. The Polarsonde is in the early stages of field testing and so analysis of Polarsonde
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Fig. 7.14 Mean particle diameters (a) and number densities (b) measured in each cloud band
during this launch compared to those for stratus clouds in the literature (Miles, 2000). Note
the cropped vertical scale on the number density plot to clearly show the low values measured
in the balloon launch.
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observations was a secondary goal of the launch, and collocated holographic observations of
particle properties should prove useful in interpreting and calibrating this instrument.

It was identified in Chapter 6 that the depolarisation can be a misleading metric under
certain conditions, for example due to condensation and accumulation of dirt on the sampling
window in front of the sensors and LEDs. These issues are avoided in this campaign as the
Polarsonde did not have a protective cover glass and the balloon launch was relatively short in
duration. Issues due to the impaction of water droplets directly onto the optical components
are still possible, but no obvious spiking in the signal was identified that would indicate this
impaction had occurred. Therefore, the Lin90 depolarisation is considered reliable for this
field campaign. The Polarsonde variance-based metric, defined in Chapter 6 as an alternative
metric for determining particle shape properties, is not used here as it depends on signals
from the Lin45 channels which were not considered reliable for the Polarsonde deployed in
this field campaign.

The vertical profiles of the Polarsonde Lin90 backscatter components for each polarisation
channel and the Lin90 depolarisation are shown in Figure 7.15. These can be directly
compared with the holographic number density profile and cloud extents determined by
the Raspberry Pi camera. The balloon velocity components were calculated using the
GPS position measurements and are also plotted for comparison. It is assumed that whilst
the balloon will not be a perfect tracer of the ambient winds, the meridional and zonal
balloon motions should provide a reasonable indication of the variations in these wind
components [339, 340].

This assumption is supported by the similarities in the vertical wind profiles retrieved by
the Buckland Park VHF Stratosphere Troposphere (ST) radar [341] over the same observation
period, as shown in Figure 7.16. This comparison is not ideal as the radar was approximately
70 km away from the launch site, but the reasonable agreement shows that the balloon
velocities are at least somewhat realistic. This methodology is supported by the findings
of a previous intensive field campaign in this region to evaluate the ST radar performance
as compared with radiosonde observations [340, 342]. Reasonably good agreement was
reported in this study between wind measurements derived from radiosondes launched from
sites separated by 36 km, and between the wind profiles derived from the ST radar and sonde-
derived wind profiles. The vertical velocity is assumed to be dominated by the balloon’s
buoyancy and is relatively constant at around 4 m s~! for the ascent. It may still be possible
to extract some sense of the vertical velocity perturbations due to turbulence, but this remains
the topic of future research.

A steady increase with height in both the Lin90 parallel and perpendicular components

is observed within Cloud Band 1, and both signals begin to decrease at the cloud top. It is
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Fig. 7.16 Wind profile of horizontal wind components retrieved by the Buckland Park VHF
ST radar during the launch.

tempting to attribute this increase to the observed increase in cloud droplet diameter and
number density within this cloud, as this would tend to increase the backscattering efficiency;
however, since only a gradual decrease in backscatter is seen above cloud top, the majority
of this signal must be associated with aerosol. Therefore, it is argued that within this region,
the Polarsonde observations are primarily a tracer of the aerosols. This interpretation is
supported by the low cloud particle number densities reported by the holographic microscope
throughout the flight, and is not unexpected given the high backscattering efficiency for
nanometer-scale aerosol particles. Subtle variations in the signal are noted that coincide with
variability in the cloud droplet number density, but this appears to be a very small component
of the overall signal, and the task of separating these contributions remains the subject of
future work.

The unscaled Lin90 depolarisation was relatively high throughout the launch and an
average value of around 1.3 was recorded within Cloud Band 1. These high values are
consistent with a population of irregularly shaped aerosols. Comparing with the previous
observations, this suggests a population of aspherical aerosols within Cloud Band 1 that
increased in either number density, size, or both, with altitude. This is interpreted as the
growth of aerosols via condensation that are smaller than the roughly 2 micron diameter

resolution limit of the holographic microscope.
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The zonal and meridional velocities are observed to increase in magnitude with height
within Cloud Band 1. A sharp reversal in these trends is identified around the cloud top
and both velocities begin to decrease in magnitude with height. A coinciding reversal from
increasing to decreasing backscatter with altitude is noted in the Lin90 components. This
transition coincides with a trend of decreasing Lin90 depolarisation with height, consistent
with a gradual shift towards a population of aerosols that are more spherical on average. It is
proposed that this change in aerosol population, coinciding with the wind trend reversal, is
indicative of aerosol mixing with an air mass of differing origin to that seen in the lowest
cloud band. This theory is investigated further in Section 7.6 using HY SPLIT modelling.
The fact that this trend is largely unaffected by the presence of Cloud Band 2 lends further
support to the inference that the Polarsonde signals are mostly dominated by aerosol rather
than cloud particle contributions in this region.

The rate of decrease with altitude of both the Lin90 components increases a few hundred
metres below the base of Cloud Band 3, coinciding with another reversal in the zonal velocity
trend. A greater decrease is seen in the parallel component than the perpendicular component
and this causes a significant increase in the depolarisation within the cloud band. The parallel
component sharply increases above the top of Cloud Band 3, whereas the perpendicular
component remains relatively constant with height beyond this point. Since this change
in trend begins below the cloud base, this feature is still considered to be associated with
aerosols, though the sharp transition at cloud top suggests that the aerosols are strongly
coupled with the cloud particles in this case. Even aside from the sharp depolarisation
increase, the mean depolarisation at these heights is still relatively large with a mean value
of around 0.5, indicative of a population of aerosols that are irregularly shaped, though still
more spherical than those seen in Cloud Band 1.

A potential explanation for the sharp change in parallel backscatter within Cloud Band 3
is presented as follows. Irregularly shaped ice crystals were detected within this cloud by
the C’HOM-B instrument, and it is assumed that they were formed from the population
of non-spherical aerosols detected by the Polarsonde. This aerosol population is likely
different to that found within Cloud Band 1, as supported by HYSPLIT modelling presented
in Section 7.6, and it is suggested that they are suitable Ice Nucleating Particles (INP) from
which the ice crystals can grow. A reduction in the total aerosol number density occurs as the
aerosols are converted to ice crystals and a corresponding decrease in parallel backscatter is
observed, since the Polarsonde is more sensitive to aerosols. The perpendicular component is
seen to remain constant throughout cloud bands 3 and 4, and this is proposed to be due to the

significant perpendicular backscatter contributions from the irregularly shaped ice crystals.
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In the clear air region between cloud bands 3 and 4, the parallel backscatter value jumps
sharply back to the clear air value seen previously at an altitude of around 4000 m, and then
remains constant with height. Coinciding with the detection of particles in Cloud Band 4,
the parallel backscatter begins to increase again until the height of the last detected particle.
This increase is suggested to be due to a decreasing ice crystal number density with height
and it is supposed that this corresponded to an increase in aerosols as they became liberated
via the sublimation of ice crystals, and hence an increasing parallel backscatter. Above the
altitude at which the last ice crystal was detected, and the clouds became more transparent
in the Raspberry Pi camera images, the perpendicular backscatter is seen to also increase
back to the clear air value, and this is assumed to also be a sign that the aerosol number
density was increasing, since no more cloud particles were being nucleated and existing
particles were decreasing in size due to the reducing supersaturation. A departure from the
zonal velocity trend is seen at the top of Cloud Band 4, further suggesting the potential link
between variations in the wind profile, cloud formation, and aerosol mixing.

This balloon launch represents the first time in which holographic microscope and
Polarsonde observations have been compared through a full vertical profile into clouds.
The insights gained from this campaign are necessarily preliminary in nature, but motivate
future observations of this kind to better understand the underlying cloud-aerosol processes.
Future observations alongside additional cloud-sensing instruments should help in assessing
alternative interpretations of these observations. The link between Polarsonde backscatter
and balloon velocity seems clear, but this could instead, for example, be an indication of
horizontal cloud inhomogeneities as the balloon moves through different parts of the cloud.
The mostly smooth variation in the signals with height tends to support the former argument,
but it is hard to conclude unambiguously. Further launches and calibration studies alongside
aerosol instruments should be carried out to better constrain these complicated relationships,
but it appears clear that there is the potential for these measurements to be used in quantifying
both cloud particle and aerosol microphysics at a relatively low cost, as compared to aircraft

campaigns.

7.6 HYSPLIT Back Trajectory Analysis

HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) [343] is a modelling
system that allows the computation of air parcel trajectories. This tool can be used with a
meteorological model to determine the sources of a given air mass through the computation
of back trajectories [344]. HYSPLIT was used in this work to investigate the previously
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discussed hypothesis that air masses of differing origin and composition could explain some
of the variations in C’HOM-B and Polarsonde observations.

HYSPLIT back trajectories computed from four significant altitudes are shown in Fig-
ure 7.17. To avoid issues due to sensitivity to the initial conditions, the model was operated
in meteorological grid ensemble mode in which the 3D meteorological model dataset was
shifted by one grid point in each dimension, resulting in 24 independent back trajectories per
model run. The Global Data Assimilation System (GDAS) meteorological model was used
at a grid resolution of 1 degrees and back trajectories were computed over a time-span of 72
hours. The model was run for a few hours either side of the launch time and the outputs were
seen to be largely consistent with each other.

It was noted in Section 7.4 that the mean particle diameter measurements within the
stratus cloud layers were on the boundary between those for marine and continental clouds.
The number density values were low, a property more typical of marine clouds which also
tend to have larger diameters [34]. The back trajectories around the height of Cloud Band 1
are shown in Figure 7.17a, and it is seen that a significant contribution to this air mass has
come from the Southern Ocean, as postulated earlier. Some tracks at this altitude come from
the north and the majority of all tracks pass over the continent for some amount of time. This
mixing of marine and continental aerosol sources may explain the diameter values that would
be considered small for a marine cloud.

Above an altitude of around 2000 m, a reversal in the wind and Polarsonde backscatter
trends was identified. It was proposed that this was an indication of a change in the aerosol
population due to mixing with an air mass of a different origin from that below this height. A
clear transition can be seen in the origin of the back trajectories as a function of height, as
shown in Figure 7.17b. Around this altitude there are no longer trajectories coming from the
Southern Ocean and instead the sources are solely continental, largely from the north-eastern
areas of Australia. The decreasing, yet still large, Lin90 depolarisation values around these
altitudes would suggest that these continental aerosols are more spherical on average than
those from the lower heights, but still irregularly shaped.

The cloud particles detected in cloud bands 2 and 3 were similar in shape, size, and
number density, despite being separated by around 2000 m in altitude. Over this height range
there does not appear to be a significant change in the back trajectories, in that they are still
solely of continental origin, as shown in Figure 7.17c. The similar air masses are consistent
with the similarity in the cloud bands, though it is interesting to note that at this altitude the
trajectories are originating more from the west, rather than the lower ones which came from

the east.
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A substantial and abrupt change in the cloud particle properties, Polarsonde backscatter
signals, and winds was identified above the top of Cloud Band 3 from an altitude of around
5500 m and upwards. A band of cirrus cloud with significantly large and aspherical particles
was observed, coinciding with a reversal in the wind trends and a significant decrease in the
Lin90 depolarisation and backscatter trends with height. The back trajectories in this altitude
region are still predominantly of continental origin, yet a significant proportion are now seen
to come from the Southern Ocean again, in this case from the west, as shown in Figure 7.17d.

Source attribution of aerosols, aerosol composition, and the role of aerosols in cloud
formation are complicated topics, and difficult to constrain with a simplified approach as was
used here. The purpose of this investigation was, therefore, to highlight the potential con-
nections that may exist between these observations as motivation for a more comprehensive
investigation in the future. Multiple balloon launches from a range of spatially distributed
locations would be of particular interest to attempt to measure the spatial variations of these

properties at a range of scales, from kilometres down to millimetres.

7.7 HIMAWARI-8 Comparison

The in situ balloon observations can be directly compared to HIMAWARI-S8 satellite retrievals
of Cloud Type (CT), Cloud Effective Radius (CER), Cloud Top Height (CTH), and Cloud
Top Temperature (CTT). HIMAWARI-8 data used in this study was obtained for 0230Z
at which time the balloon was at approximately the maximum altitude of the launch. The
satellite data products have a spatial resolution of 0.05 degrees and are described further in
Chapter 5.

The HIMAWARI-8 Cloud Type retrieval is shown in Figure 7.18a in the region surround-
ing the launch site. Significant spatial variation in the retrieved CT is observed, which is
consistent with the multi-layer cloud system detected during the launch. A large-scale stratus
cloud layer is seen, along with more localised regions of nimbostratus and altostratus, as well
as a thin cirrus layer adjacent to the launch site. Large uncertainties are expected for satellite
retrievals from multi-layer clouds [297], but it is encouraging that each of these cloud types
was also identified by the in situ instruments. It is assumed in this case that the reported cloud
types are representative of the highest altitude cloud layer within a pixel since information
predominantly comes from the cloud top [292].

Contiguous regions of each cloud type are identified in the area surrounding the launch
site, and so it is further assumed that spatially averaged properties of the cloudy pixels
surrounding the launch site will be representative of the cloud layers directly above the

launch site that are obscured by the highest altitude clouds in the satellite retrievals. Pixels
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(CER), during the launch. The red circle indicates the location of the launch site.
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within a 3 x 3 degree region surrounding the field site were averaged within three broad height
ranges, as masked by the CTH. Low-level clouds were defined to have a CTH in the height
range below 2 km, mid-level clouds were in the range from 2 km to 6 km and high-level
clouds were above 6 km. These ranges were chosen to be consistent with the altitudes at
which distinct cloud types were identified from the launch observations. The spatial region
used to compute the averaged values is displayed in Figure 7.18b which shows the retrieved
CER. Small particle sizes are seen in the low-level and mid-level stratus clouds surrounding
the launch site with larger values identified within the high-level cirrus cloud, consistent with
that measured in the launch. All five of the cloud bands identified in the launch, as defined in
Section 7.2.1, are compared here to maximise the number of comparisons.

A summary of the statistical comparison between in situ and HIMAWARI-8 measure-
ments of CTH, Cloud Effective Diameter (CED), and CTT is presented in Table 7.2. The
in situ balloon determination of CTH and CTT was based on the holographic method of
identifying the height of the highest detected particle within a cloud band. The uncertainty
with this method is difficult to quantify as it is dependent on the number density of particles,
and the instrument is not sensitive to particles smaller than around 5 microns. The latter
issue is not expected to be a significant problem in this case since such small particles are
expected around the cloud bases rather than the tops. The CTH and CTT are rounded to a
lower precision to attempt to account for this ambiguity.

Complete agreement is not expected between the in situ and satellite observations since
significant spatial variability is possible over the large satellite averaging area, but the ranges
of values can still be compared to determine potential biases in the HIMAWARI-8 retrievals.
HIMAWARI-8 measurements, along with the holographic CED measurements, are therefore
quoted as a mean and standard deviation within a given cloud band rather than as the standard
error in the mean values. It is assumed that the in situ measurements are more reliable and
that disagreement in results is an indication of biases due to limitations in the remote sensing
technique.

The CTH and CTT comparisons of greatest interest are for the lowest and highest cloud
bands, since the mid-level height range encompasses three distinct stratus layers of differing
heights. For Cloud Band 1 the mean HIMAWARI-8 CTH is 340 m lower than that identified
by the C’HOM-B instrument and does not encompass the holographic value within one
standard deviation from the mean. If a larger uncertainty of around 100 m is adopted for
the holographic CTH method then the observations do agree within the uncertainty. The
HIMAWARI-8 CTT agrees well with the RS41 value for this cloud band.

A similar underestimation of the CTH is seen in Cloud Band 4, with a larger difference

of 610 m in this case. The C2CHOM-B value does not lie within two standard deviations
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Cloud Base Cloud Top Height Cloud Effective Diameter Cloud Top Temperature
Height
m m um °C
Cloud Label C’HOM-B C?HOM-B HIMAWARI Diff. C?HOM-B HIMAWARI Diff. RS41 HIMAWARI Diff.
1 620+ 10 187010  15344+307 340 13+4 26+8 13 —-13+01 —-15+£1.8 -02
2a 2540+10  2720+10 3849+1018 1130 943 32+11 23 —63+0.1 —125+55 -6.2
2b 303010  3150+10 3849+1018 700 8+1 32+11 24 -86+0.1 —125+55 -39
3 4990+10 5380+£10 3849+1018 -1530 9+2 32+11 23 -219+0.1 —-125+55 94
4 601010  6990+10 6383+270 -610 61+34 52+32 -9 -33.6+0.1 -—-283+£2.1 53

Table 7.2 Comparison between cloud properties measured during the launch and by the HIMAWARI-8 satellite. Means and standard
deviations are specified for each cloud parameter within the cloud bands identified by the C’'HOM-B instrument. Differences are
specified as the holographic value subtracted from the HIMAWARI-§ value.
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of the HIMAWARI-8 value for this cloud band. An overestimation in CTT of 5.3 °C
is found for the HIMAWARI-8 retrieval and the C’HOM-B value does not lie within
the range of HIMAWARI-8 measurements. In all cases, the 95 % confidence intervals
of the measured values do not overlap, suggesting that these biases may be significant.
These results are consistent with a recent HIMAWARI-8 comparison [292] with Clouds,
Aerosols, Precipitation, Radiation, and Atmospheric Composition over the Southern Ocean
(CAPRICORN) shipborne observations [338] and the CALIPSO satellite [345] over the
Southern Ocean, which also identified a low bias in CTH for warm liquid clouds and a
tendency to misclassify lower-level clouds as cirrus.

The HIMAWARI-8 retrievals of CED can be compared for all height ranges, due to
the similarity in the particle size distributions for each of the mid-level cloud bands. At
mid-level and low-level heights the HIMAWARI-8 retrievals significantly overestimate the
CED, whereas a smaller underestimation is noted for the high-altitude cirrus layer. Similarly
large biases were identified in individual SOCRATES aircraft flights over the Southern
Ocean [346], though the overall determined biases were significantly smaller. This large
variability in cloud properties highlights the need for further balloon launches to significantly

increase the availability of in situ microphysical measurements.

7.8 Summary

A world-first untethered balloon launch of a holographic microscope into clouds was under-
taken and the preliminary findings are summarised in this section. Multiple bands of stratus
and cirrus cloud were detected by the CCHOM-B instrument, as independently validated by
the collocated RS41 radiosonde measurements, Raspberry Pi camera images, and Polarsonde
observations. The detected clouds were determined to be a warm low-level stratus cloud
consisting solely of water droplets, a mid-level stratus clouds composed of small ice crystals,
and a high-altitude cirrus layer of larger ice crystals with significantly more complicated
particle morphologies.

Measured particle diameters for ice crystals and water droplets were compared with and
found to be consistent with previous in situ measurements for these cloud types, with a focus
on comparing with measurements from the surrounding Southern Ocean region from which
a significant component of the observed air mass was believed to originate. The measured
number densities were particularly small and whilst similar values have been measured
previously, particularly in the Southern Ocean region, it is possible that this may indicate a
potential sampling bias. Future launches should be carried out alongside independent cloud

sampling instruments to test this interpretation, but it is expected that such a limitation could
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be overcome in future by increasing the instrument sampling volume through the use of a
larger camera sensor and by improved optical filtering to avoid sunlight saturation issues.

The vertical profiles of particle diameter and number density revealed significant devi-
ations from adiabatic cloud theory, most notably within the warm low-level stratus cloud.
Such deviations are consistent with observations reported in previous field campaigns using
holographic imagers. The low-level cloud was in a post-drizzling state during the launch
and such conditions have previously been linked with non-adiabaticity. The variability in
number density may also be indicative of the entrainment of drier air within the cloud as a
result of small-scale turbulent processes. Such processes are not well understood currently
and significantly more observations of this kind are required for better representations within
climate and meteorological models.

A secondary focus of the launch was to use collocated holographic measurements to
assist with the interpretation of Polarsonde observations. Significant height variability in
the Polarsonde backscatter signals was identified and it was argued that this may be due
to aerosol mixing with air masses of differing origin. The variability in aerosol properties
was linked with changes in the vertical wind profile, as approximately traced by the balloon
velocity, and with the cloud layers identified by the holographic microscope. Additional
balloon launches of these instruments alongside other cloud and aerosol instrumentation
should be undertaken to better understand the nature of these potential connections.

HYSPLIT back-trajectory modelling was undertaken to support the discussion of aerosol
variations with height. A clear transition was identified from air masses originating from
the Southern Ocean at low altitudes, to continental sources at higher altitudes. This mixing
of continental and oceanic air masses may account for the observations of mean particle
diameters that were at the boundary between those expected for continental and marine clouds.
Heights at which the trajectory origins were found to significantly change were associated
with changes in the trends in vertical profiles of Polarsonde observations, consistent with the
interpretation that this instrument is mostly sensitive to aerosols rather than cloud particles for
the low number density clouds observed during this launch. Cost-effective measurements of
aerosol and cloud properties from the presented instruments should prove useful in addressing
open questions in cloud physics, such as the nature of cloud-aerosol interactions and the
connection with processes such as small-scale turbulence.

A preliminary comparison between the in situ cloud observations and remote retrievals
from the HIMAWARI-8 imaging satellite was presented. These early results suggest signif-
icant biases in the satellite retrievals of Cloud Top Height, Cloud Effective Diameter, and
Cloud Top Temperature, consistent with recent reports from the SOCRATES and CAPRI-

CORN observation campaigns over the Southern Ocean. Routine launches of holographic
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instruments would allow a drastic increase in the availability of cloud microphysical mea-

surements, as required for robust calibration and validation of remote sensing methods.



Chapter 8

Conclusion

8.1 Thesis Summary

This thesis describes the development and field deployment of two new instruments based on
the principle of digital holography: the Compact Cloud-particle HOlographic Microscope —
Surface (CCHOM-S), and the C’HOM — Balloon (C?HOM-B). These instruments have been
designed to be low cost and light weight to address the long-standing problem of limited
in situ observations of cloud microphysical processes. A lack of such cloud observations
has been identified as the leading source of uncertainty in climate and weather models,
complicates the prediction of extreme weather events and aviation hazards, such as aircraft
icing, and has implications for the quality of ground-based astrophysical observations.

The developed instruments open up the potential for cloud microphysical observations
over wide areas, through deployment of a network of these low-cost instruments, as well as
for routine vertical profiles from untethered balloons. To the authors knowledge, these instru-
ments uniquely offer these low-cost holographic observation capabilities and the development
and demonstration of these instruments should be considered the primary contribution arising
from this work. Auxiliary tools and automated analysis methods have also been developed
in this work to support the operation and future development of holographic instruments in
general.

The over-arching contributions arising from this work are broadly summarised as follows:

e Development and field testing of two new holographic instruments, one of which suffi-
ciently light weight (~1.5 kg) so as to be deployed on an untethered weather balloon
or Unmanned Aerial Vehicle (UAV).

e Development of methods for autonomous and robust operation of holographic instruments

under field conditions.
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Development of numerical simulation software (Monte-carlo Holographic Imager Simula-
Tion (MHIST)) for assessment of automated holographic analysis methods and design

of holographic instruments.

Development of two automated holographic analysis methods, one of which (Dou-
bleNSigma) tested on field data, and the other (Complex LOngitudinal Gradient
(CLOG)) tested using MHIST.

Demonstration of autonomous operation of the CHOM-S instrument for multiple months

in the Australian Snowy Mountains. Automated observations were consistent with
those from significantly heavier and more expensive gold-standard instruments within

their overlapping sensitivity ranges.

Detailed analysis of representative cloud and precipitation case studies from a unique multi-
instrumented field campaign within the Australian Snowy Mountains. The holographic
observations from this campaign provided unique insights into the microphysical
processes occurring within a range of atmospheric events, including a persistent Mixed
Phase Cloud (MPC).

Investigation of potential biases in the Bureau of Meteorology Atmospheric high-resolution
Regional Reanalysis for Australia (BARRA) reanalysis outputs of precipitation on-
set and duration, as compared with observations from the Snowy Mountains field

campaign.

Unique in situ holographic observations obtained from a world-first untethered balloon
launch of a holographic microscope through clouds. Observations provided insight

into the nature of warm and cold cloud processes at the micro-scale.

Investigation of potential biases in HIMAWARI-8 satellite retrievals of Cloud Top Height
(CTH), Cloud Effective Diameter (CED), and Cloud Top Temperature (CTT), through
comparison with holographic observations from the balloon launch.

Development of new methods for the analysis of Polarsonde observations and improve-
ments in the interpretation of these observations through detailed comparisons with
the developed holographic instruments.

Generation of an extensive manually-analysed dataset of holographic observations from

both field campaigns, of use for validating automated analysis methods.

These conclusions and contributions are elaborated on in greater detail within the relevant

chapter summaries of this thesis.
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8.2 Future Work

Demonstration of the low-cost and light-weight holographic instruments developed in this
work opens the door to many exciting opportunities in future. The field testing of these
instruments also identified areas in which the instruments can be further improved. A
summary of this future work is described in this section.

The capability to deploy many versions of the C’HOM-S instrument in a network of
ground-based towers allows for a range of interesting experiments to be conducted. For
example, deployment of holographic instruments over a large area within a mountainous
region would allow the tracking of microphysical parameters within cloud systems as they
evolve over time. Sensors placed up-wind, down-wind, and on top of a mountain peak could
provide insight into orographic impacts on precipitation formation. Integration of these
instruments into existing networks of automated weather stations operated by national mete-
orological organisations could allow for routine assimilation of cloud, fog, and precipitation
microphysical observations, for use in climate and weather modelling. Application of this
technology to the observation of other particulates is also being investigated, such as pollen
and mining dust.

C?HOM-S observations of representative case events covering a range of atmospheric
conditions were compared with those from remote sensing instruments in the Snowy Moun-
tains field campaign. It was found that holographic observations could be used to distinguish
between cloud, snow, and rain events based on particle number density, size, and shape mea-
surements. Classifications of this kind should be applied to larger datasets from additional
field campaigns to determine the range of applicability of these findings. Additional compar-
isons should be made with observations from remote sensing instruments with the goal of
improving the reliability of remote sensing retrievals of microphysical parameters. Further
comparisons with climate and reanalysis models should also be undertaken to evaluate their
performance.

The C’HOM-B instrument is light weight enough to be deployed on an untethered
balloon and low cost enough that loss of the instrument is not cost prohibitive. Routine
balloon launches of the instrument at key locations around the world would allow for long-
term climatological observations of cloud microphysical parameters that currently cannot
be provided by aircraft campaigns due to their significant costs. Balloon launches of the
instrument would be of particular interest in regions that are unsuited to balloon tethering,
such as over the ocean from a ship where in situ cloud observations are particularly lacking.
An experiment of particular interest would be to launch multiple balloons, dropsondes, or
UAVs into a thunderstorm. Such storm systems are too dangerous to fly a research aircraft
into and observations could be made up to the tropopause, well beyond the heights that can be
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sampled by tethered balloon systems, providing unique insight into the underlying processes
that remain poorly understood.

The holographic instruments developed in this work have been found to operate reliably
and autonomously under laboratory and field conditions for multiple months. This testing
has also identified key areas in which the instruments can be further improved, such as the
relatively small sampling volumes. The sampling volumes of both instruments are most
constrained by their small camera sensors and the relatively slow Raspberry Pi computers
used for onboard processing. Upgraded versions of both of these components have been
identified that would allow an increase in sampling volume of multiple orders of magnitude,
without significantly adding to the cost or weight of the instruments. Such upgrades should
be undertaken for the next generation of instruments to provide statistically significant results
over shorter observation periods. This is of particular interest for the understanding of
small-scale turbulent processes which occur over small temporal and spatial scales.

Measurements of particle sizes and shapes from the C’HOM-S instrument were found in
the Snowy Mountains field campaign to be consistent with those from the collocated Parsivel
and PIP instruments, within the overlapping size ranges that each instrument was sensitive
to. The number density measurements from both holographic instruments in the Snowy
Mountains and balloon launch field campaigns were found to be consistently low. Arguments
were proposed in the relevant chapters to account for this, though it remains possible that
these low values indicate an unconstrained bias in the instruments. Future field campaigns
should be undertaken alongside reliable cloud observation instruments capable of resolving
the same range of particle sizes, shapes, and number densities to determine the extent of this
potential bias. If such a bias is found to be present, observations of this kind may allow for a
systematic calibration factor to be determined to correct existing observations.

Holographic observations were compared in this work with those from Polarsonde
instruments and new methods were presented for the analysis of Polarsonde observations.
Application of these methods to other Polarsonde datasets is recommended, particularly
when combined with the insights gained through comparison with holographic observations
in this work. The Polarsonde appears to be particularly sensitive to aerosols, rather than
cloud particles, and follow-up studies alongside aerosol measurement instruments would be
useful in further calibrating and validating this low-cost device.

Plans have been made for the development of more sophisticated holographic instruments
that are still suitably light weight and cost effective. Multi-wavelength systems could be
developed to allow nanometre-scale observations by utilising the phase information encoded
within holograms. A system of mirrors surrounding the sampling volume could be imple-

mented to allow particle observations from multiple angles to extract full 3D information,
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rather than the front-on view currently provided by the in-line holographic geometry. This
would be particularly useful for the observation of ice crystals with complicated shapes, such
as aggregates.

An upgraded system could also be designed with multiple laser pulses recorded within a
single hologram acquisition. This should allow for simultaneous measurements of the 3D
trajectories of cloud particles within the sampling volume. Such observations could provide
unique insights into poorly understood processes such as Secondary Ice Production (SIP)
and collisional growth mechanisms.

Upgrades to the mounting designs of the instruments should be pursued. The weight of
the current instruments is currently dominated by the metal structure on which the electro-
optical components are mounted. It was believed that this would be required for maintaining
optical stability, but ongoing laboratory testing suggests that 3D-printed components can
provide sufficient strengths at a fraction of the weight. The current weight of the C’'HOM-B
instrument is around 1.5 kg and this could be significantly reduced in future in this way,
opening the potential for deployment on smaller UAVs and balloons with less helium.

Issues regarding sunlight saturation of the camera sensor were encountered in both
field deployments discussed in this thesis. Subsequent redesigns to the optical baffling
and positioning of optical components appears to have resolved this issue and such design
changes should be incorporated into future upgraded instruments.

Two automated holographic analysis methods (DoubleNSigma and CLOG) were devel-
oped and tested in this work using field observations and the MHIST simulation software.
The utility of both methods was identified from this preliminary testing, but more detailed
tests should be undertaken in future to better constrain the biases and limitations of such
approaches. Automated methods based on neural networks should also be pursued and it
is expected that the extensive manually analysed datasets produced in this work should be
particularly valuable for this application.

Further efforts should be made towards extending the MHIST simulation software to
incorporate an N-body simulation of particles interacting under turbulent and electromagnetic
forces. Comparison of the synthetic holograms generated under certain turbulent conditions
with field observations could allow for the development of methods to automatically extract
measurements of turbulence parameters using holographic instruments. Such observations
are particularly challenging to obtain with current instruments and would prove a significant
step towards the understanding of such processes and their role in climatological predictions.

A method (Resolution Enhanced Digital HOlography using Poisson’s Spot (REDHOPS))
was proposed in this work for the automated retrieval of particle surface roughness and

refractive index properties using holographic observations and the MHIST software. The
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method could be retroactively applied to existing holographic datasets to significantly increase
the observations of these parameters that cannot currently be measured in situ within clouds.
This approach has not yet been tested and so follow up studies of this kind are strongly
recommended. If found to be effective, the combination of this approach with the low-cost
instruments presented in this work would allow for routine measurements of these parameters.
The predictions of climate and weather models are highly sensitive to these parameters and

such observations would represent a significant contribution to this field.
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Appendix A
Digital Holographic Imaging Theory

The theory of optical holographic imaging extends directly from the classical explanation of
light as an electromagnetic wave, as described by Maxwell’s equations of electromagnetism
[230]. The sensors used in holography for recording wavefronts are orders of magnitude
more sensitive to the electric field component and so the magnetic field component will
be ignored in the following discussion. The application of cloud particle imaging entails
scattering from particles significantly larger than the wavelength of light within air such that
the scalar description of light is sufficiently accurate. Such a formulation describes the wave

nature of light using the following expression for the electric field:

U(x,y,2.1) =A(x,y,2)cos (2t + ¢ (x,y,2))
= Re{Ae?e™'}, (A.1)

where A is the wave amplitude, ¢ is the phase, Vv is the optical frequency, and Re denotes the
real component of the complex function which will be omitted in subsequent expressions for
simplicity.

Optical holographic imaging can be considered as a two-stage imaging process in which
an optical wavefront is used to illuminate the objects to be imaged. An example of such a
setup is shown in Figure A.1 for the interaction between an incident plane wavefront and
a spherical water droplet, as simulated using the DiffractIO Python package [347] with the
Wavefront Propagation Method (WPM) [348]. Figure A.la and Figure A.1b demonstrate the
disturbance of the wavefront introduced by the scattering object in intensity and phase, and
Figure A.1c shows an example of the resultant interference pattern formed further along the

optical axis in the transverse dimensions.
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Fig. A.1 Simulated wavefront propagation demonstrating the hologram formation process
for light scattering from a spherical water droplet.
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A.1 Digital Holographic Recording

The interference pattern, subsequently referred to as a hologram, between the scattered light
and a known reference wavefront is first recorded which encodes information about both
the amplitude and the phase of the scattered wavefronts. Preservation of the amplitude and
phase information in the hologram allows the subsequent reconstruction of the scattered
object wavefronts at a range of depths and hence a 3D image of the original objects can be
reproduced. This is in contrast to 2D imaging techniques in which only the amplitude is
recorded and the shape of the wavefronts can no longer be determined.

Semiconductor camera sensors are used in digital holography to measure the optical
wavefronts. The frequency of optical wavefronts is on the order of hundreds of terahertz
which is orders of magnitude faster than the response time of such sensors, and so the phase
of the wavefront cannot be directly measured in this way. Semiconductor sensors produce
a measurable photocurrent that is proportional to the intensity of the wavefront, defined as
follows:

1(x,3,2) = [U(x,3,2)|%, (A2)

where U is the wave amplitude, as defined in Equation A.1. It is therefore necessary to
encode the phase information as intensity variations via interferometric methods.
The hologram formed from the interference between coherent light scattered from an

object field and a reference wavefront can be described by the following expression:

I = |UR + U0|2
: 2
= |Age'® - Ape'?0
= A2+ A2 + ApAge'9r=90) 1 A HAgel(90—0x)
= A2+ A2 +240Agcos (¢o — Or), (A.3)

where the symbols are defined according to Equation A.1 and the subscripts refer to the
reference and object wavefronts, respectively. The first two terms represent a uniform
background intensity that can be filtered out using Fourier methods. The final term represents
a spatial intensity variation encoding information about both the amplitude and phase of the

object wavefront and it is in this way that the wavefront information can be preserved.
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A.2 Digital Holographic Reconstruction

The second stage of the holographic imaging method is the reconstruction of the recorded
object wavefront. This is achieved in analogue holography by illumination of the hologram
recorded on a transparent photographic plate by the original reference wavefront. In dig-
ital holography this process is simulated numerically using scalar diffraction theory. The
wavefront transmitted by the hologram in the digital case can be described by the following

expressions:
Up = Age'®1 (A.4)
= AReR{AL + AL + ApAge % 90) 1 A pAge!90~9R)Y
= {A2 + A2 ARe'% + ApA%e?Re™100 L AZA pel00, (A.5)

where Uy is the wavefront transmitted by the hologram and the remaining symbols are as
defined in Equation A.3. The first term in this expression represents a uniform background
noise source due to the reference wavefront that can be filtered or subtracted out. The second
term is proportional to the object wavefront but with a conjugated phase and is referred to as
the twin image. This term is corrupted by the phase of the reference wavefront and is also
treated as a noise term in the reconstruction. The final term in this expression is an exact
reconstruction of the object wavefront up to a uniform multiplicative factor introduced by the
reference wavefront. The extent to which the noise sources can be isolated from the object
wavefront depends on the experimental configuration of the holographic imaging instrument
and the properties of the objects. This matter is discussed further in Section 3.3 for the
holographic instruments used in this work.

The final aspect of the digital holographic imaging method requires the propagation of
the object wavefront from the hologram plane to the depth at which the image of the object
comes into focus. This wavefront propagation can be rigorously described by the scalar
theory of diffraction which arises from the solution of Maxwell’s equations with a minimal
set of reasonable assumptions. It is beyond the scope of this work to derive the results of
this theory and so they will simply be stated here without derivation for reference. Readers
interested in the detail of this theory are encouraged to consult the standard textbooks in this
field [38, 230].

Two of the most widely used propagation methods in digital holography are referred to
as the first Rayleigh-Sommerfield solution and the Angular Spectrum (AS) method [349].
It can be shown that these formulations are equivalent [350]; however, the AS method
can be numerically evaluated with one fewer Fast Fourier Transform (FFT) and is thus
more computationally efficient. The AS propagation method is described by the following
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relationship:

~+oo
x .
U(xa%Z)://U(x,y,())e’zﬂ = =(54) gy

P 2
— FET{FFT{U (x,,0) }¢ 7 2V 1= 0 =(54)7y (A.6)

where U (x,y,z) is the complex valued wavefront at a propagation depth of z, U (x,y,0) is the
wavefront recorded in the hologram plane as determined by Equation A.5, f, and f, are the
spatial frequency coordinates, and FFT denotes the FFT operator. This expression can be
evaluated efficiently due to the FFT formulation at a range of depths to reconstruct a 3D
image of the scattering objects.

The depth to which a wavefront can be propagated by the AS method without introducing
aliasing artefacts can be inferred by consideration of the Nyquist sampling theory. To
adequately sample the function described in Equation A.6 both the object function and the
exponential propagation function must obey the Nyquist constraints. The former condition
imposes a resolution limit on the system, as discussed in Section 3.3, and the latter condition
leads to the following constraint:

NAx\/ (NAx)* — A2N?
AN ’

z< (A.7)

where 7 is the propagation depth, N is the number of pixels per row or column on the camera
sensor, Ax is the pixel size, and A is the wavelength. This limit is around 20 mm for the
instruments used in this work.

Alternate diffraction formulations must be used to propagate to larger depths whilst still
satisfying the Nyquist sampling criteria. The Rayleigh-Sommerfield diffraction method is an
exact approach, though it requires the computation of an additional FFT as compared with
the AS method. If computational efficiency is required then the Fresnel approximation can
also be used for these larger distances, but this comes at the cost of accuracy. Each of these
methods have been implemented and tested in the software developed for use in this work
under a range of laboratory and field conditions. Laboratory testing with calibration particles
approximating cloud particles and Monte Carlo based modelling undertaken in this work
suggests that in practice the AS method can be used significantly beyond this depth limit for

reliable amplitude reconstructions.






Appendix B

Summary of Holographic Balloon
Observations

A summary of the holographic observations obtained during the untethered balloon launch of
the Compact Cloud-particle HOlographic Microscope — Balloon (C’HOM-B) instrument is
provided in this section. Observations include all 1-minute time intervals in which particles
were detected below an altitude of approximately 5.2 km. Trends in this dataset are discussed
in Chapter 7.
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Fig. B.1 Summary of holographic observations recorded over one minute of the launch.
Particle 3D positions, size distribution, eccentricity variations, Polarsonde backscatter, and
median meteorological measurements are displayed. The z-axis on the 3D plot indicates
the depth within the sampling volume relative to the camera sensor, and the transverse
dimensions are in the plane of the camera sensor. Spheres on the 3D plot indicate the relative
sizes of particles, but note that the absolute size is scaled for visibility.
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Fig. B.2 See caption in Figure B.1.
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Fig. B.3 See caption in Figure B.1.
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Fig. B.4 See caption in Figure B.1.
Balloon launch 1
Start of sampling: 08-Aug-2020 01:59:30 (UTC) 7
Sampling duration: 1 minutes ko) 10 —Log-Normal: mu=2.6055 sigma=0.26078
Height range: 1331.6 : 1586.2 m Eccentricity % S n 898 o TN
Median RH: 90.75 (%) L A
D Median Temperature: 1 (Celsius) 9_'
5 5 5 / §
S °° g P g
c :
?:’ 06 2 0 J// | I ’>
S ’ 0 5) 10 15 20
'g Particle Equivalent Diameter (microns)
< 04 q0x10° 1 2
S ol 2
° 0 o : P — §
26 =
a )
. 0 & 4p g
Z Position (cm) 10.0 4000 w , )
g 0 g 2 E g
i : @ : o ?
Y Position (microns) '01:59:30 Tjpme 02:00:00 02:00:30
(UTC) Aug 08, 2020

Fig. B.5 See caption in Figure B.1.
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Fig. B.8 See caption in Figure B.1.
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