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Abstract
Particles can modify the thermodynamic behaviour of ice in response to
insolation. Ice with surface particlesisdef i ned @ovéedelhnBi or
depending on whether a continuous or discontinuous layer is present,
respectively. The behaviour of dirty ice has not been extensively researched,
although these ice conditions are common. Improving our understanding of
discontinuous patrticle-ice interaction can aid forecasting of ice changes in a

warming world.

Laboratory experiments were designed to address knowledge gaps in the
behaviour of: (1) particle properties (thermal conductivity, albedo, density, and
diameter) on influencing particle-ice interaction using control particles, such as
plastics (e.g. polystyrene) and metals (e.g. brass and chrome steel); (2)
volcanic patrticles (e.g. basaltic scoria and rhyolitic pumice) in dirty ice
conditions; and (3) microplastic particles (e.g. polyethylene and polypropylene)
in dirty ice conditions. Particle-ice interaction under analogue insolation (80 W
LED) was studied in conditions analogous to the supraglacial and englacial
environment, at scales ranging from individual particles to a scattering of
particles, all with a diameter <12 mm. Experiments were conducted in a freezer

(-6°C 1 +7°C) on optically transparent ice blocks (50-80 mm).

Results demonstrated that dirty ice conditions are significant for glacier ablation,
with a range of particle-ice behaviours observed: (1) sinking particles created
melt channels within ice; (2) floating particles created surface meltwater ponds
with surface tension effects facilitating particle redistribution processes; (3)
particles utilised pre-existing internal ice structures (e.g. vein networks) as

ablation pathways; and (4) volcanic particle fragmentation. These were
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controlled by the thermal state of ice, and particle properties. The englacial
environment was additionally found to be significant for ablation. The laboratory
behaviour of volcanic and microplastic particles compared well with behaviours
estimated through systematic investigation of particle properties, suggesting
that the fate of particles within ice can be mapped through assessment of

particle properties.
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1. Introduction

The cryosphere is used as an indicator of climate change due to the sensitivity
of ice to climate fluctuations (Vincent et al., 2004; Racoviteanu et al., 2021).
Although the cryosphere contains any component of nature that retains a frozen
state of water (Vaughan et al., 2013), this study has a glacial focus. Glaciers
are defined as flowing ice that has originated from an accumulation and
compaction of snowfall (Cuffey and Paterson, 2010). These can be categorised

according to size and location (Table 1.1).

Table 1.1. Primary classification of glacier types mentioned in this thesis. 1(Benn and Evans,
2014) and 2(NSIDC, 2020a).

Type of glacier | Characterisation

Ice sheet A > 50,000 km? mass of ice that covers a landscape in which large-scale
movement is independent of bed topography.! Greenland and Antarctica
are the only two ice sheets that currently exist on Earth.

Ice cap A < 50,000 km?2 mass of ice that covers the topography.!

Icefield A < 50,000 km? mass of ice (although typically smaller than an ice cap) in
which the landscape peaks extrude from under the ice.2 The ice is usually
comprised of many interconnecting glaciers that flow out in multiple
directions.’

Outlet glacier Channelled ice that moves from the interior of an ice sheet or ice cap.’
Mountain glacier | Glaciers that develop in mountainous regions (typically from an icefield).
These are usually bound by topography, and flow into valleys.?

1.1. The impacts of the cryosphere on life and society

Many communities are reliant on glaciers (Marzeion et al., 2014; Carenzo et al.,
2016) due to glacial influence on hydrological cycles, sea level rise, ocean
circulation, natural hazards, soil erosion, and biodiversity, amongst others (Lau
et al., 2010). Therefore, it is critical to monitor glacier wastage to understand the
past, predict future patterns, and implement appropriate mitigation for future

changes (Dyurgerov and Meier, 2005).

1.1.1. Freshwater supply

Approximately 69% of global freshwater is stored in glaciers and ice sheets
(Abram et al., 2019) and, consequently, many populations are reliant on glacial
meltwater to supply rivers downstream (Kaser et al., 2010; Thayyen and
Gergan, 2010). For example, the Himalayan glaciers provide water to

approximately 800 million people in areas that are vulnerable to water
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shortages. Therefore, glaciers can be viewed as a @rotection against drought6
(Pritchard, 2019).

With a growing global population, and thus a growing demand for freshwater,
the reliability of freshwater supply is vital (Schewe et al., 2014). However, with
the shrinkage of glaciers it is expected that the volume of glacial runoff will
decline following continued ice mass loss (Abram et al., 2019). Not only might
this impact freshwater availability, but it may indirectly impact hydropower, crop

yields and irrigation, and food security (Immerzeel et al., 2010).

1.1.2. Sealevelrise

Contemporary contributors to a rising sea level involve cryosphere ice loss and
thermal expansion of oceans. However, recent examination suggests that
cryosphere contributions dominate (Oppenheimer et al., 2019). It has been
suggested that melting of ice in Greenland and Antarctica has the potential to
raise sea level by 6-7 m and 60 m, respectively (Van Den Broeke et al., 2008;
Shukla et al., 2017). Other glaciers (outside of Antarctica and Greenland) have
the potential to raise sea level by approximately 0.5 m (Oppenheimer et al.,
2019).

The rate of ice melt and meltwater input to the oceans has accelerated in
response to increases in global surface temperatures (Dyurgerov and Meier,
2005; Shukla et al., 2017; Allen et al., 2018; Golledge et al., 2019). This trend
has been predicted to continue increasing (Church et al., 2013; Oppenheimer et
al., 2019), with additional complexities likely to exacerbate this, e.g. marine ice

sheet instability, and polar amplification processes (Beer et al., 2020).

Coastal areas are typically densely populated regions, and it is expected that
the number of people living in low elevation regions (i.e. <10 m above sea level)
will increase from 680 million to one billion by 2050 (Neumann et al., 2015;
Shukla et al., 2017; IPCC, 2019). Therefore, many populations are exposed to
the consequences of sea level rise. These include: an increased occurrence of

rare extreme events (e.g. storm surges), permanent submergence of land,



damage to property, loss/change in coastal ecosystems, coastal erosion,

changes to soil salinity, etc. (Oppenheimer et al., 2019).

1.1.3. Ocean circulation

Glaciers are an important contributor to freshwater exchange with the ocean,
influencing ocean salinity, density stratification and circulation (Lehman and
Keigwin, 1992; Dyurgerov and Meier, 2005; Abram et al., 2019). This can
impact ocean ecosystems and circulation patterns on a local and global scale
(Lehman and Keigwin, 1992). For example, climate variabilities in the
Quaternary period have been correlated to changes in ocean circulation,
triggered by the increased input of freshwater into oceans (Knutti et al., 2004).
Therefore, many of these ocean circulation systems (e.g. Atlantic meridional
overturning circulation) are recognised as:s
system (Abram et al., 2019).

1.1.4. Natural hazards

The melting of glaciers and ice sheets can cause hazardous events (e.qg.
rockslides, floods, avalanches, etc.). These can be divided into two categories:
(a) direct hazards occurring from the direct action of ice/snow, such as
avalanches and glacial outburst floods; and (b) indirect hazards, i.e. those
arising because of a glacial feature, such as rockslides or water resource issues
(Richardson and Reynolds, 2000). Many of these glacial hazards (e.qg.
avalanches and flood events) are predicted to increase with a warming climate
(Abram et al., 2019) and slope failure is now commonly observed in deglaciated

mountain valleys (Cossart et al., 2008).

1.1.5. Biological systems

The cryosphere can influence biological systems, e.g. by changing ecosystems

through forced migration of species, modifying the chemistry of lakes, and loss

of habitat. As ecosystems are so interconnected (like many aspects of the

Earthdés system), one change in a popul ati c

responses within the ecosystem (Abram et al., 2019).



1.2. Ablation of ice

Glaciers cover approximately 10% of the current land surface (IPCC, 2019) and
can be categorised as being in a state of negative or positive mass balance. A
negative mass balance occurs when ablation (removal of ice) exceeds
accumulation (an increase in ice volume) leading to glacier retreat. Conversely,
a state of positive mass balance occurs when accumulation exceeds ablation,
resulting in glacier growth (Benn and Evans, 2014). Global monitoring suggests
that most glaciers (particularly mountain glaciers) are experiencing a negative
mass balance across both hemispheres (e.g. Solomina et al., 2008; Vaughan et
al., 2013) resulting in a global trend of glacial retreat (IPCC, 2019; Xie et al.,
2020). Additionally, glaciers can be classified according to the thermal regime of
the ice. This is within three categories: warm, polythermal, and cold thermal
regimes, which are based on the internal ice temperature profile (Zhang et al.,
2013). Warm (temperate) thermal regimes are when ice temperatures are
fluctuating around pressure melting point (PMP), whilst cold (polar) thermal
regimes are when internal temperatures are below PMP and so have no liquid
water content. Polythermal refers to ice with a complex combination of these

temperature states (Irvine-Fynne et al., 2011; Hambrey and Glasser, 2012).

1.2.1. Mechanisms of ablation

The context of this study is ice in an ablation environment. The three
mechanisms for ablation are melting, sublimation and physical erosion (Table
1.2). However, this study will focus on ablation through melting and sublimation.

1.2.1.1. Melting, evaporation and runoff

Energy coupled into ice can raise ice temperatures to PMP (i.e. sensible heat)
and cause melting (i.e. latent heat of fusion). Evaporation and runoff can then
occur, although evaporation requires additional energy (i.e. the latent heat of
vaporisation) to induce a phase change from liquid to gas. A combination of
melting and runoff is the lowest-energy and dominant means of ice loss on most

land-terminating glaciers, particularly in a temperate thermal regime.



1.2.1.2. Sublimation

Sublimation is the removal of ice directly into the gaseous phase (Stigter et al.,

2018). Therefore, this eoapokatiopsopohehtefthme !l t i ng a
phase change system (Figure 1.1), with the energy requirement for sublimation
approximately equalling that required for both melting and evaporation.

Sublimation is possible at all temperatures, dominating in cold and dry

environments where melting cannot occur (Taberlet and Plihon, 2021).

Gas
A
Evaporation’ Condensation,
Latent heat of Latent heat of
vaporisation*’, condensation*!,
~22.6 x 105 J kg ~22.6 x 105 J kg'!
Sublimation? v Deposition
Latent heat of Liquid Latent heat of
sublimation®*, A deposition,
~28.3 x 105 J kg'! ~28.3 x 105 J kg'!
Melting' Freezing,
Latent heat of fusion™, | | Latent heat of freezing,
~3.34x10° J kg ~3.34x 105 J kg
*At273K M
*1at373K Solid

Figure 1.1. Diagram showing energy input for the solid-gas, solid-liquid, liquid-gas, and vice
versa, phase changes of water. !Whelan and Hodgson (1989), 2Cuffey and Paterson (2010).



Table 1.2. Summary of ice ablation processes, where LT = land-terminating, WT = water terminating, HA = high altitude, PR = polar regions, IS = ice

sheet, and MG = mountain glaciers (Parish and Bromwich, 1987; Benn and Evans, 2014; Cuffey and Paterson, 2010; Marshall, 2011).

Ablation mechanism Process Temperature | Topography | Optimal conditions | Energy Glacier type Associated
dependent dependent requirements where this thermal regime
(J kg*) process is
common
Melting Phase change | Yes No Warm temperatures | Latent heat of LT Warm glaciers
from solid to fusion = 3.34 x Polythermal
liquid 105 glaciers
Sublimation Phase change | No No Warm temperatures, | Latent heat of HA Cold glaciers
from solid to dry air, strong winds | sublimation = PR Polythermal
gas 28.3 x 10% glaciers
Wind scour | Removal of Yes Steep slopes
snow by wind j j
Physical palving . _Cold temperatures IS All thermal regimes
erosion icebergs Removal pf ice No increasing thg - WT
D Ivi by fracturing No rigidity of the ice, MG Cold glaci
ry caving | and collapse allowing ice to old glaciers
fracture




1.2.2. Energy balance
Ice ablation is determined by the energy balance at the ice surface (equation
1.1) and occurs when the temperature of ice is at PMP (usually at 0 C):
Sint Sout + Lin + Lout + Qs + QL+ G 1T Q =0. [1.1]

Where:

1 Sin: incoming shortwave radiative flux,

1 Sout: outgoing/reflected shortwave radiative flux,

1 Lin: incoming longwave radiative flux,

1 Lout: outgoing longwave radiative flux,

1 Qs: sensible heat flux,

1 Qu: latent heat flux,

1 G: subsurface heat flux,

1 Q: energy flux available for melt (Andreassen et al., 2008).
Therefore, the energy flux available for melt (Q) is defined as the sum of each of
the components of shortwave and longwave radiation, and the remaining heat
fluxes (i.e. Q = Snet + Lnet + Qs + QL + G). Shortwave radiation refers to all
incoming solar radiation, whilst longwave radiation refers to re-radiated long

wavelength energy, typically peaking at 11.3 nm (Prentice et al., 2012).

1.2.3. Albedo of snow and ice

The surface albedo, defined as a dimensionless measurement of surface
reflectiveness (NSIDC, 2020b), influences solar radiation absorption. This
dictates the extent of energy exchange at an ice surface and so has a crucial
influence on the surface mass balance (Box et al., 2012). The albedo differs
between substrates (e.g. snow/firn/ice), and with the snow/ice condition (Table
1.3).



Table 1.3. Albedo range for snow and ice (Benn and Evans, 2014; Cuffey and Paterson, 2010).

Surface type Albedo range
Dry snow 0.80-0.97
Melting snow 0.66-0.88
Clean firn 0.43-0.69
Blue ice 0.60-0.65
Clean ice 0.34-0.51
Dirty ice 0.15-0.33
Debris-covered ice | 0.10-0.15

Clean ice is transparent at the spectrum peak of solar radiation (i.e. visible light
region) due to very weak absorption (see Chapter 3, Section 3.1.4 for an in-
depth consideration of ice-solar radiation interaction). However, the presence of
bubbles in ice can increase the albedo due to scattering of light. Additionally,
impurities on/within ice provide a surface for radiation absorption, modifying the
surface albedo (Hadley and Kirchstetter, 2012). The heat absorbed by particles
can be transferred to the ice, leading to increased ice melt due to the presence
of energy that would otherwise not be available (Reznichenko et al., 2010); this

concept is the basis for this study.

Ice has a complex internal structure formed by veins at the triple junctions
between ice grains. These can contain liquid water (Rempel, 2005), and are of
particular importance when ice is close to melting as vein diameters widen with
increasing temperature (Langham, 1974). Therefore, these can modify the
thermodynamic behaviour of the ice and have been noted to act as conduits for
material transport when the ice is near PMP (Nye, 1989).

Snow has a high number of internal interfaces and is one of the most reflective
natural surfaces on Earth (Hadley and Kirchstetter, 2012). This results in a
weak absorption of solar radiation because radiation is reflected away, apparent
most at visible and near-ultraviolet wavelengths (Doherty et al., 2010). In the
same way as ice, impurities on/within the snow can modify the surface albedo;
this is particularly apparent in the regions of the spectrum where absorption is
low, e.g. the visible region. Most glaciers have a combination of snow and ice
surfaces (in addition to impurities and debris cover), and so experience a high

spatial albedo variation. This can result in a high spatial variation in ice ablation.



1.3. Debris-covered and dirty ice

The presence of foreign particles (light absorbing particles, LAPS) can adjust

the thermodynamic behaviour and optical properties of ice and snow, and is of

particular importance when considering how glaciers respond to climate change

(Nicholson and Benn, 2013; Carenzo et al., 2016; Dragosics et al., 2016).

Gl aciers with extensive cowveverodd diebed,s wh
gl aciers that are partially dqofieetaled i n det
2020). Currently, 44% of glaciers >2 km? are debris-covered (Herreid and

Pellicciotti, 2020), and the relative influence of debris-covered and dirty ice is

predicted to increase with a global trend of retreating glaciers, in addition to an

increase in mechanisms for particle presence on/within ice (Scherler et al.,

2018; Herreid and Pellicciotti, 2020). This is due to increased atmospheric

particle loading, which is directly correlated with particle deposition onto ice

surfaces (Barrie, 1985), re-exposure of buried particles during ice melt, and

instability of rock on valley sides as glaciers retreat (Reid and Brock, 2010; Reid

et al., 2012; Zhen and Shiyin, 2012).

Surface particles can strongly influence ablation patterns because particles
absorb electromagnetic radiation in the visible region (Benn et al., 2012).
However, the amount of energy transferred into the ice is dependent on a
variety of factors, including the thickness of the debris layer and the particle

properties (Richardson and Brook, 2010).

1.3.1. Properties of light absorbing particles

This section will describe the physical properties of particles on/within ice that
can absorb solar radiation (i.e. Light Absorbing Particles, LAPS). The properties
and distribution of the particles ultimately determine the behaviour of particle-ice

interaction and the influence on ice ablation.

1.3.1.1. Debris thickness

Ice ablation can be either hindered or enhanced depending on debris cover
thickness (Juen et al., 2014). The threshold at which this behaviour shifts is
known as t he 0§ crepiesemticga lscertatoiwleeke ithe abktin rate



of debris-covered or dirty ice is equal to that of clean ice, i.e. the thickness of

debris that has no influence on ice ablation (Kayastha et al., 2000). Ablation is
enhanced below the critical thickness and hindered above it. The thickness at

which maximum ablation occurs relative to clean ice istermedthe 6 ef f ect i ve
t hi c k(Breok and Paine, 2011).

Thick debris layers can insulate the underlying ice because the debris acts as a
protective barrier to heat transfer (Juen et al., 2014), consequently reducing
conduction of heat from solar radiation absorption to the underlying ice (Reid et
al., 2012). Conversely, thin layers of debris, or a scattering of particles (i.e. dirty
ice conditions), result in an increased absorption of solar radiation due to strong
absorption by the particles in the visible range. This energy is transferred to the
underlying ice and increases ablation rates. Therefore, dirty ice has a higher
ablation rate than thick layers of debris-covered ice, and clean ice (Fyffe et al.,
2020). Single particles on an ice surface can aggregate together to form a
particle cluster (e.g. such as those in cryoconite holes, Section 1.3.2.4), further
adding complexity to the ice ablation process in the presence of surface

material. This study will focus on the behaviour of dirty ice.

1.3.1.2. Particle thermal conductivity

The presence of particles allows conduction of heat energy to the ice surface,

although this will vary between patrticle type (Fyffe et al., 2020). Conduction of

heat i s predominantly controlled by the p

o))

with a low thermal conductivity will be inefficient conductors of heat to the
underlying ice and will insulate the ice at a lower thickness than those with
higher thermal conductivities (i.e. the critical thickness for thermally insulating
particles would be lower than that for thermally conductive particles).

1.3.1.3. Particle albedo
The particle albedo influences particle-ice interaction as this dictates the extent
of solar radiation that can be absorbed by the particle. Particles with a low

albedo will absorb a greater amount of solar radiation compared to those with a
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high albedo, and so can transfer a greater amount of energy to the underlying

ice.

1.3.1.4. Particle density

The particle density determines whether a particle will be buoyant in meltwater
generated (Hobbs, 2014), and if a particle can be redistributed across an ice
surface by aeolian transport (Folco et al., 2002). This latter point is particularly
important as wind may redistribute a continuous layer of debris into a dispersed
scattering of particles, which may modify the ice response to the surface

particles.

1.3.1.5. Particle diameter

A variety of grain sizes and particle morphologies are experienced within debris
on an ice surface (Juen et al., 2013; Fyffe et al., 2020). The direct impact of
particle diameter on the ability to melt ice is not yet fully understood; however, it
is assumed that a larger particle would decrease ice ablation relative to a
smaller particle. This is because of the known reduction of ablation with
increasing debris thickness, and, in many instances, particle diameter has been
used as a proxy for particle thickness (Fyffe et al., 2020). There are additional
complexities associated with irregular particle morphology, meaning that a

singular particle rarely has a uniform diameter.

1.3.2. Common light absorbing particles

Particles can be transported extensive distances from their source location to
then settle on ice surfaces via wet or dry deposition, i.e. the removal of particles
from the atmosphere through precipitation, or interaction of particles with the ice
surface, respectively (Barrie, 1985). This can lead to a variety of surface
particles in glacial environments (Doherty et al., 2013; Tedesco et al., 2016),
which can modify the albedo of the ice system. However, the extent and
behaviour of solar radiation absorption differs between particles (see
supplementary Table 9.1 in Appendix 1). The most common types of LAPs that

have relevance to this study are carbonaceous aerosols (e.g. containing
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carbon) such as black carbon and brown carbon, dust particles, cryoconite, rock

debris, volcanic particles, meteorites, and microplastic particles.

1.3.2.1. Black carbon

Black carbon (BC) particles are some of the most effective LAPs due to strong
absorption of solar radiation, particularly at 0.4-0.7 nm in the visible
wavelengths (Wang et al., 2014; Shen et al., 2017; Wu et al., 2020). This is
responsible for the dark colour of BC patrticles. Therefore, a very small amount
of BC can have a significant impact on ice bodies, e.g. concentrations of 10-100
parts per billion (ppb) can decrease the ice albedo by 1-5%. This has been
observed in many instances, e.g. the darkening of Greenland (Tedesco et al.,
2016). Additionally, 1 ng g of BC has the same impact on albedo as 100 ng g
of dust (Section 1.3.2.3.) at a wavelength of 0.5 mm (Dumont et al., 2014).

1.3.2.2. Brown carbon

Brown carbon (BrC) has been considered a scattering (i.e. with reflective
properties), rather than an absorbing particle, in many climate models (Wu et
al., 2016). However, recent studies have demonstrated that the absorbing effect
from BrC is greater than previously thought (Kirchstetter et al., 2004; Alexander
et al., 2008; Doherty et al., 2010; Chung et al., 2012; Wu et al., 2020). For
example, Doherty et al. (2010) found that BrC was responsible for
approximately 40% of absorption in visible and UV wavelengths on the surface
of Arctic snow. Globally, it has been noted that BrC particles are responsible for
20% of the total absorption by carbonaceous LAPSs at visible wavelengths (Wu
et al., 2020). Additionally, emerging research suggests that BrC is capable of

absorbing in the mid- to long-visible region of the solar spectrum (Saleh, 2020).

1.3.2.3. Dust particles

Dust particles have a range of definitions within the literature (e.g. mineral

particles, soil-derived particles, etc.), but are largely defined as patrticles with

sizes of order micrometres. For the purpose of this thes
applied to only mineral-derived particles of this size (with feldspar and quartz

dominating), and so non-mineral dust particles (e.g. black carbon particles) are
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excluded from this category (Bowen and Vincent, 2021). Dust particles have
varying compositions, reflecting their source conditions. This range of material
can absorb across the electromagnetic spectrum (Dentener et al., 1996;
Formenti, 2003), although predominantly in the visible region (Bergstrom et al.,
2007; Mahowald et al., 2014). Although dust is not considered to have such a
strong influence on albedo as other LAPs (e.g. BC), high concentrations of dust
have been observed on the Greenland ice sheet, with values up to 500 ng g*
observed in Northern Greenland (Dumont et al., 2014). The small nature of dust
particles facilitates aeolian transportation and deposition of particles, and so
contamination on glacier surfaces is global (Mahowald et al., 2013; Du et al.,
2017). Dust contamination on a glacier surface is a particular issue in the
Himalayan region as Asia is a significant natural and anthropogenic dust source
(Svensson et al., 2018).

1.3.2.4. Cryoconite

Glaciers can support life in the subglacial and supraglacial environments (Stibal
et al., 2006; Anesio et al., 2017). Life on glaciers is typically in the form of
microbial activity, which can be found in many environments, such as within ice
vein networks, on the surface, within meltwater lakes, etc. (Anesio et al., 2017).
When dust particles on a glacier surface aggregate together to form larger units,
microenvironments that contain nutrients are created, allowing microorganisms
to grow and reproduce (Zarsky et al., 2013; Schepanski, 2018). These sediment
deposits, containing microbial activity that form on the ice surface, are called
cryoconite deposits and can absorb solar radiation. This results in sediments
melting the ice and, due to their dense nature, they move downwards to create
a vertical cylindrical hole that is termed a cryoconite hole (Takeuchi et al.,
2018). Therefore, cryoconite holes are features formed through differential

melting of ice due to the presence of surface particles (Bagshaw et al., 2007).

1.3.2.5. Rock debris
This is a broad category that describes sedimentary, igneous, or metamorphic
rock debris that is on a glacier surface. This differs from dust particles primarily

due to larger particle sizes and non-aeolian transport mechanisms of
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deposition. Instead, rock debris is typically entrained onto a glacier surface by
several mechanisms, e.g. mass influx from valley sides, debris slumping, etc.
This is typically associated with erosional processes, and consequently, the
development of thick debris cover. Therefore, insulation effects are expected
(Hewitt, 2005; Huo et al., 2021).

1.3.2.6. Volcanic material

Volcanic eruptions can impact glaciers in several ways, depending on the
location of the ice, volcanic particle distribution, and eruption style and
magnitude. The material deposited on a glacier could be from a variety of
sources, for example: volcanic airfall, pyroclastic density currents, lahars, lava
flows, edifice collapses, etc. The products of the different depositional
processes are starkly different, resulting in a range of thermal and optical
particle properties and varied deposit thicknesses. Therefore, both ablation and
preservation effects may occur following deposition of volcanic material (Barr et
al., 2018).

1.3.2.7. Meteorites

Ice sheets are high interest areas for meteorite collection due to processes that
can result in the concentration of meteorites. For example, Antarctica is of
particular interest to scientists interested in meteorites due to the large surface
area and presence of meteorite stranding zones, in which upward flowing ice
concentrates meteorites, through englacial transportation, on stable ice
surfaces (Graham and Annexstad, 1989; Harvey, 2003; Evatt et al., 2016).
Additionally, low weathering rates preserve the meteorites in the cold, dry
climate (Folco et al., 2002). It has been discounted that the high numbers of
meteorites found in these regions are from a single meteorite fall due to the
variation in meteorite composition and type (Nagata, 1978). With relevance to
this study, meteorites are capable of absorbing solar radiation and transferring
heat into the ice to cause ice melt, in the same way as other LAPs.
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1.3.2.8. Microplastics

The properties of microplastic particles (e.g. polymer types, shapes, sizes,
colour, etc.) have ranges of values that lead to different potential behaviours
within the environment. By definition, microplastic particles are <5 mm in
diameter; therefore, it is not surprising that recent research has demonstrated
the capability of aeolian transport to deposit microplastics within the cryosphere
in remote areas, e.g. high mountain regions (Allen et al., 2019; Ambrosini et al.,
2019; Bergmann et al., 2019; Cabrera et al., 2020), the Arctic (Morgana et al.,
2018; Kanhai et al., 2020; Stefansson et al., 2021) and sediments in Antarctica
(Munari et al., 2017). However, the behaviour of microplastic particles once

within the cryosphere is not yet fully understood.

1.4. Aim
This research aims to investigate the influence of single particles and a
scattering of particles on ice ablation.

1.5. Objectives
This study investigates particle-ice interaction by focussing on achieving the
following objectives:

1. To monitor and take time-lapse images of the behaviour of particle-
ice interaction in controlled experiment settings, to develop
understanding of the role of particle properties (e.g. particle albedo,
thermal conductivity, density, and diameter) in influencing particle-
induced ice melt,

2. To monitor and take time-lapse images of the behaviour of volcanic
material on and within ice in controlled experiment settings,

3. To monitor and take time-lapse images of the behaviour of
microplastic particles on and within ice in controlled experiment
settings,

4. To use these findings to hypothesise processes involved in dirty ice

conditions,
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5. To use these findings to hypothesise processes for volcanic and
microplastic particles in naturally occurring cryospheric environments

on Earth.
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2. Areview of debris-covered and dirty ice science

This chapter reviews research that has investigated debris-covered or dirty ice,

as defined in Chapter 1. Literature was obtained via a key-term driven search
strategy (i .e. utiliioivreg etderime osudiidiad yide
Asupr agl aciceablatioche b r aBdaollatifig references within key

papers. The approaches taken in these studies included fieldwork techniques,

laboratory experiments, modelling and remote sensing methods, or a

combination of these. For ease of review, Chapter 2 is organised into fieldwork,

laboratory, and modelling research approaches, with remote sensing methods

omitted as they were outside the scope of this study. Research approaches are

then further categorised into the common themes identified in the reviewed

studies.

2.1. Fieldwork approaches

The presence of irregular melting, dirt cc
pedestals overlain by rock) on ice systems initially raised the question if debris
on an ice surface can modify the thermodynamic behaviour of ice (Swithinbank,
1950). These observations prompted fieldwork-based research into debris-
covered and dirty ice, and one of the pioneering experimental studies
conducted by Ostrem (1959) identified multiple responses of ice to surface
particles (e.g. enhanced versus reduced melting). This catalysed a series of
field-based projects focussed on developing an understanding of the cause of
these various responses (Table 9.2, Appendix 2). Results demonstrated high
levels of variability, reflecting the degree of variability experienced within the
natural system. This was observed between glaciers and between different
points on the same glacier.

The purpose of field research has varied greatly; this has ranged from
assessing the behaviour of debris characteristics (e.g. thickness, patrticle type,
etc.) and the role on ice ablation (e.g. Ostrem, 1959; Juen et al., 2013; Moéller et
al., 2018), to defining the spectral absorption of aerosols (Meloni et al., 2006)
(Bergstrom et al., 2007) and ice (Askebjer et al., 1997) to aid understanding of
aerosol and ice absorption of solar radiation. These studies have provided
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background information on the behaviour of particle-ice interaction i useful as
context-setting for future work and development of subsequent fieldwork and

laboratory experiments. Fieldwork research has also gathered information to

validate and develop modelling techniques (e.g. Brock et al., 2007; Brandt et al.,

2011; Juen et al., 2014), and remote sensing techniques (e.g. Mihalcea et al.,

2008), allowing future trends of ice behaviour to be predicted (e.g. Keegan et
al.,20l14)and observed. Many field experi ments
covered iced0 system, r aArbngeofparticetypea di rty i
have been examined; for example, volcanic material (e.g. Brock et al., 2007),

rock debris (e.g. Ostrem, 1959), microplastics (e.g. Bergmann et al., 2019), and

meteorites (e.g. Folco et al., 2002).

Fieldwork has been utilised to reconstruct long-term trends from measurements
of particle concentrations from ice-cores, snow-pits, or glacial varves (e.g. Ram
and Gayley, 1991; Takeuchi et al., 2011; Keegan et al., 2014; Du et al., 2017,
Meyer et al., 2017; Muschitiello et al., 2017). These measurements can be used
as a proxy for reconstruction of atmospheric particle concentrations such as
black carbon, dust, etc. (Ming et al., 2008). The long-term climatic response of
debris-covered glaciers has also been assessed through fieldwork observations
(e.g. Sakai et al., 2002; Vincent et al., 2004; Boggild et al., 2010; Benn et al.,
2012).

2.1.1. Debris thickness

A significant number of fieldwork studies investigated the role of debris
thickness on ablation rates by measuring changes in ablation on natural and
artificial plots of debris. These included a variety of particle characteristics and
layer thicknesses and the deduction of effective and critical thicknesses (e.qg.
Ostrem, 1959; Fujii, 1977; Driedger, 1981; Brock et al., 2007; Juen et al., 2013;
Hobbs, 2014; Mdller et al., 2018). The vertical surface lowering (relative to a
fixed point) over a measurement period was typically measured using ablation
stakes (Ostrem, 1959; Mattson et al., 1993; Brook and Paine, 2011), vertical
strings (Nakawo and Young, 1981), ropes (Bazhev, 1975), or a terrestrial laser
scanner (Nield et al., 2013). These measurements generated values for critical

and effective thicknesses of different debris in varying locations (Figure 2.1).
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Figure 2.1. Stacked bar graph highlighting the variability of effective and critical thickness (cm)

from reviewed field studies, separated into debris type.

Ostrem (1959) pioneered the ablation monitoring technique and generated what
is known as the O0¥strem curved. This
in other studies at a variety of locations (Figure 2.2). All studies exhibited a
similar shaped curve, where it was noted that ablation under thin layers of
debris was enhanced, whilst ablation under thick layers of debris was hindered.
The thickness of debris layers explored in the reviewed studies varied;
generally, continuous layers were considered, with few studies studying dirty ice
conditions (e.g. Fyffe et al., 2020). The broad category of debris investigated
also differed, to include volcanic (e.g. Driedger, 1981; Kirkbride and Dugmore,
2003; Brock et al., 2007; Hobbs, 2014; Moller et al., 2018, etc.), and non-
volcanic material. The non-volcanic rock debris was further categorised
according to clast size, e.g. dust (Adhikary et al., 2000), sand (Fujii, 1977,
Higuchi and Nagoshi, 1977; Nakawo and Young, 1981), and larger rock debris
such as scree (Kayastha et al., 2000; Brook and Paine, 2011; Juen et al.,
2013). These studies have highlighted that the effective thickness depended on

debris properties (e.g. thermal conductivity, albedo, etc) and, therefore, debris

type.

19

met hoc



12

{

- \l/—Rakhiot Glacier, 1986 (a

(o]
A

arpu Glacier, 1987 ®)

& Mt. Ruapehu, 2010 (o)

-~

Y
¢ ‘}\ Kaskawalsh Glacier, 1966 ()
H

Ablation rate (cm d'1)
o

Isfjallsglaciaren, 1956 ()

*
* *
‘~‘_~ *

Seees -
Sy -
Sring, -

Settnnaar ™ -

i el

Debris layer thickness (cm)
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Results from fieldwork experiments suggest that a balance exists between the
increased absorption of solar (particularly, shortwave) radiation, facilitated by
the presence of particles, and the conduction of heat through the particle layer
(Driedger, 1981). Increased absorption of solar radiation would, theoretically,
result in enhanced melting; however, if conduction of heat through a particle
layer was inefficient, then melting would be reduced as the overlying layer
would act as an insulator. These processes are determined by thermal
conductivity and albedo of the particle layer, suggesting that these properties
dominate control on particle-induced ablation (Kayastha et al., 2000). This
balance results in the generation of effective and critical thicknesses. In the
instances where ablation begins to decline, the conduction of heat through a
debris layer is sufficiently slow to mitigate the initial effect of increased solar
radiation absorption. Fieldwork results have demonstrated that the ablation rate
decreases exponentially with increasing debris thickness above the critical

thickness.
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A common issue with many of these studies was that although a general curve
of ablation was defined, the areas of maximum ablation, i.e. the effective
thickness, typically had to be estimated (Ostrem, 1959; Mattson et al., 1993).
This was because this occurred under thin layers or, in some instances, when a
continuous layer had not yet been established (Brock et al., 2007). This was not
the focus of many studies, and meltwater erosion of the ice surface or
redistribution of surface particles hindered measurement of thin layers in
instances where it was considered (Hobbs, 2014; Fyffe et al., 2020). Although
the reviewed literature provides an invaluable insight into the behaviour of
debris with varying thicknesses of different debris type, it does not demonstrate
the importance of single particle properties and may have inaccuracies
associated with error and technigues used in the natural system when
considering dirty ice conditions due to the area of maximum ablation being

estimated in most cases.

The dynamic nature of glacier systems adds complexities and uncertainty to
field measurements, as it is common for debris thicknesses to change during
experimental periods (Khan, 1989). In some instances, storm events destroyed
the experimental area prior to results being recorded (Hobbs, 2014).
Additionally, many field experiments were restricted to short time periods (e.g.
<17 days) with irregular monitoring. Méller et al. (2018) introduced an
automated measurement system that enabled a continuous insight into the
behaviour of tephra-ice interaction over longer timescales (e.g. throughout the
entire ablation period). Additionally, a camera was utilised within the
experimental set-up to capture the response of ice to a tephra layer, although
this stopped working shortly after the measurement period began. However, the
benefits of using such a system to enable regular measurements can be

recognised despite technical failure in the field.

2.1.1.1. Fieldwork studies investigating the substrate underlying debris
A smaller number of field studies have investigated the role of the substrate
underlying the debris in influencing surface particle behaviour. Results suggest

that snow surfaces are more susceptible to ablation than an ice surface as full
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insulation effects occur at higher debris thicknesses for snow than for ice
(Hobbs, 2014). This was observed in a near-direct comparison between Moller
et al. (2016) and Moller et al. (2018), where it was noted that tephra of the same
thickness on a snow surface was not contributing to full insulation effects
expected for ice. It has been proposed that the porous properties of snow/firn
facilitated these findings, as meltwater produced on snow/firn penetrated
through the porous layer, whilst that produced on ice remained on the surface
(Bazhev, 1975; Hobbs, 2014). Therefore, evaporation of surface meltwater
removed heat from the ice surface and reduced the amount of energy available
for melt (Bazhev, 1975). Variability was observed within each theme of

substrate, likely due to the particle properties.

2.1.2. Particle thermal conductivity

There has been limited fieldwork research into systematically assessing the
effect of particle thermal conductivity on particle-ice relationships, despite the
general agreement that debris-ice interaction is a balance between albedo and
thermal conductivity processes. However, it is accepted that particles with a
lower thermal conductivity readily insulate the underlying substrate at smaller
thicknesses that particles with a high thermal conductivity. For example, Brock
et al. (2007) found that volcanic particles provided more effective insulation than
sedimentary rock debris for an equivalent thickness due to lower thermal
conductivity values. However, this suggested that the thermal conductivity
property became negligible when considering a discontinuous (i.e. dirty ice) or
thin layers environment because ablation under these conditions was greatly
enhanced relative to the debris-covered ice environment despite a low thermal
conductivity. However, this effect has not been assessed with non-volcanic

particles.

Fieldwork has also been in the form of campaigns searching for buried
meteorites in Antarctica and Greenland (Delisle et al., 1993; Folco et al., 2002;
Haack et al., 2007). The premise of this fieldwork is that thermally conductive
iron-based meteorites can sink into the ice due to high meteorite-induced ice
ablation rates and high meteorite densities. Fewer iron-based meteorites have

been found in the field than expected; this has been suggested to be due to the
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rate of downwards movement of meteorites exceeding that of upwelling ice and
ablation of the ice surface, as described in Chapter 1 (Harvey, 2003; Evatt et
al., 2016), representing a significant meteorite loss mechanism. Fieldwork has
predominantly involved the search and collection of meteorites, although
several field experiments have been conducted by Folco et al. (2002). The
typical field procedure is through transect sampling once a region of meteorite
concentration has been identified, e.g. using satellite imagery (Harvey, 2003),
and so field techniques are typically coupled with remote sensing techniques
(Folco et al., 2002).

2.1.3. Microplastics in the cryosphere

Fieldwork has facilitated the discovery of microplastic particles in remote
regions (Bergmann et al., 2019). However, this is an emerging field of research
and current studies have focused on quantifying the amount and types of
microplastics found (Ambrosini et al., 2019). The direct effect of microplastic
contamination is not yet fully understood. However, the annual waste production
of microplastics is estimated to increase to 3.4 billion metric tonnes (from 0.38
billion metric tonnes in 2015) in the next 30 years (Obbard, 2018; Bergmann et
al., 2019), and so the issue of microplastics as ice polluters is expected to

increase.

2.1.4. Summary of fieldwork studies

A review of the literature has demonstrated a comprehensive investigation into
the effect of debris thickness on ice ablation using field techniques. This sets a
general trend of increased ablation under thin, or discontinuous, layers of
debris, and reduced ablation under thick, continuous layers. Despite this, the
effective and critical thicknesses varied: a synthesis of results suggested that
rock debris (e.g. produced from erosion/weathering processes) typically has
effective and critical thicknesses at 1-2 cm and 3-4 cm, respectively, whilst dust
and volcanic particles experienced this at thicknesses <0.3 cm and <2.5 cm,
respectively. Values from Richardson and Brook (2010) have been excluded
from the typical values for volcanic particles due to outlier values, although this

reflects the large variability observed in results from studies focusing on
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volcanic material (e.g. Figure 2.1). The range experienced within volcanic
material was likely due to the wide range of particle properties and spatial
distribution of particle thicknesses, in addition to external processes, for
example, geothermal heat flow, as suggested by Richardson and Brook (2010).
Although this variability has been investigated through the portfolio of published
papers, most studies were restricted to a single type of volcanic horizon
deposited from a specific volcanic eruption. A comprehensive, direct
comparison of a variety of volcanic particles under the same meteorological

conditions has not been conducted.

The literature is inclined towards research in glaciated regions with a highly
evolved debris cover (e.g. usually associated with thick and continuous layers);
however, this only represents approximately 12.9% of global debris-covered
surface area (Herreid and Pellicciotti, 2020). There is a noted lack of
observations of thin or discontinuous layers of particles, and associated
uncertainty with our understanding (e.g. some work was destroyed or omitted
due to particle distributions changing). Brock et al. (2007) stated that the
effective and critical thickness values were observed prior to a continuous layer
forming (i.e. in a dirty ice state). However, investigation into the behaviour of
dirty ice was limited, evidencing a knowledge gap. Results from field studies
have indicated that dirty ice conditions are those where ablation would be
highest, and is most crucial when considering the effect of increased glacial
mass loss (e.g. Fyffe et al., 2020). This state is also common in the natural
system due to differences in clast size and reorganisation by meltwater (Fyffe et
al., 2020). Adhikary et al. (2000) additionally recognised that glaciers classified
as 0cl| eamtaided smalislrface particles (e.g. dust particles) that
modified ablation patterns. This concept has become increasingly relevant with
the discovery of microplastic particles within the cryosphere (Zhang et al.,
2021). Therefore, understanding the behaviour of this common state of ice is

crucial in understanding ice responses to climate change.

The thermal properties of a debris layer have been systematically considered in
multiple field studies (Juen et al., 2013; Dragosics et al., 2016), although this is

to a lesser extent than studies investigating debris thicknesses. It has been
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accepted that the albedo and thermal conductivity of the debris are key controls
on particle-induced ice melt (e.g. Kayastha et al., 2000), although additional
complexities involved in factors that dictate the thermal properties of debris
cannot be ignored. It is likely that an individual glacier will not only experience
debris layers with differing thicknesses, but also debris with different lithologies
and grain sizes. Indeed, Juen et al. (2013) demonstrated that the latter are likely
contributors to ice melt (in addition to porosity and moisture content). Ultimately,
there are many contributors to the thermal and optical properties of a surface
particle. Although these have been discussed in fieldwork studies, there has
been little work on systematically assessing the role of each property in

influencing particle-induced ice melt.

2.2. Laboratory approaches

Variability in fieldwork results highlight the complexity of the natural world and
the uncertainty associated with our understanding of processes involved in
debris-covered and dirty ice. Laboratory experiments can enable investigation
into the mechanisms involved under controlled conditions. However, there has
been limited laboratory-based work in this research area (Reznichenko et al.,
2010; Hadley and Kirchstetter, 2012; Hobbs, 2014; Dragosics et al., 2016; Evatt
et al., 2016; Hénot et al., 2021; Taberlet and Plihon, 2021). In these studies,
volcanic particles (Hobbs, 2014; Dragosics et al., 2016), synthetic particles
(Hobbs, 2014), meteorites (Evatt et al., 2016), black carbon (Hadley and
Kirchstetter, 2012), and anal ogou¢Hénbtetap 202and adbz e 6
s t o n(Eabedet and Plihon, 2021) have been studied. While these have
formed the basis of each study, additional themes were also assessed, for
example, the impact of diurnal cycles, rainfall, particle permeability, thermal
conductivity, density, etc. (Appendix 3). Primarily, the purpose of this published
research was to isolate the physical processes from in-field conditions, to

evaluate the mechanisms behind processes investigated.
2.2.1. Debris thickness

Reznichenko et al. (2010) and Dragosics et al. (2016) investigated the influence

of surface particle thickness on ice ablation rates within the laboratory.
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Dragosics et al. (2016) investigated volcanic particles, whilst Reznichenko et al.
(2010) focused on sedimentary rock-avalanche debris and sand. These studies
demonstrated the same trend as observed in the field, i.e. enhanced ablation
under relatively thin layers and reduced ablation under relatively thick layers.

Reznichenko et al. (2010) and Dragosics et al. (2016) noted that variation in
melt rates under different debris thicknesses was only apparent at the
experiment start (e.g. initial ice melt was faster under thin layers) and that melt
rates were comparable once a steady-state conduction was reached. These
findings suggested that, under continuous radiation, thick debris cover (e.g. >5
cm) initially prevents ablation until an equilibrium is reached (approximately 60
hours into the experiment for a 13 cm layer, Reznichenko et al., 2010); after
this, the thickness of debris did not appear to influence melting. However, it was
noted that the total ablation was different between layer thicknesses due to the
differences in melt onset (e.g. a greater surface lowering was associated with a
1 cm debris layer and bare ice relative to thicknesses > 5 cm).

Dragosics et al. (2016) conducted an outdoor study on the building roof to
compared to controlled conditions and to allow natural solar input to be
investigated. This used the same debris thicknesses as in laboratory
experiments (e.g. negligible, 1 mm, 3 mm, and 9-13 mm with a grain size of 0.5
mm) but with the addition of volcanic ash with a grain size of 0.09 mm. These
results noted that the overall behaviour of ice responding to volcanic material
was the same for outdoor and indoor experiments (supplementary information

in Appendix 3).

2.2.2. Diurnal cycles

The effect of diurnal radiation cycles on particle-induced ice melt was
investigated by Reznichenko et al. (2010). This involved the placement of
varying debris thicknesses on an ice surface and alternating exposure to
radiation and a cooling environment (using a freezer) for equal time periods to
simulate diurnal cycles. Results suggested that a steady-state conduction
system could not be achieved in the thicker layers of debris (e.g. <5 cm); ice

melt rates were lower relative to steady-state (i.e. continuous radiation)
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conditions over the same duration. Results from these experiments
demonstrated that debris-covered ice ablation rates can vary with the nature of
diurnal cycling. This key finding was correlated with published values of critical
thickness, and it was determined that a relationship existed between latitude
and critical thicknesses in the Northern Hemisphere. This showed a decreasing
critical thickness value with increasing latitude and elevation, suggested to be
due to a decreasing amplitude of diurnal cycles (Reznichenko et al., 2010).
Therefore, this suggested that debris-cover would have a greater effect on
ablation in regions with strong diurnal cycles. It was noted that, although other
complexities (e.g. debris type, meteorological conditions, surface roughness,
etc.) may have also influenced the variability observed between field studies,
the process of diurnal cycling cannot be ignored. This demonstrates the
success of laboratory work in providing an insight into the complexities of

processes that occur in particle-ice interaction.

2.2.3. Rainfall and particle permeability

The effect of rainfall was considered by Reznichenko et al. (2010) and was
based on the principle that percolating water can alter the ice surface melt rate
by modifying the heat flux within the debris layer through advection processes
(Reznichenko et al., 2010). This work additionally considered the permeability of
the debris layer as a flow route for rainwater and experiments were conducted
within a diurnal cycle of radiation. Results demonstrated a higher melt rate with
precipitation and permeable debris than in the experiments where precipitation
was not considered (agreeing with conclusions from the Juen et al. (2013) and
Moller et al. (2018) field experiments). However, debris with a low permeability
did not demonstrate the same pattern; instead, the rate of advection of heat was
low and so the additional effect of heat transfer by water was not observed. This
was, in part, due to the diurnal cycling of radiation where saturating the dry
debris took longer than the ablation period (12 hours). Refreezing processes
were also observed within the debris during the cooling period (12 hours),

cont ri buting an additional o6barrierd to hea
period (i.e. additional energy was required to melt the refrozen meltwater within
the debris layer). The net effect of these processes resulted in no ablation

occurring.
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2.2.4. Particle properties

2.2.4.1. Particle thermal conductivity

Hobbs (2014) and Hénot et al. (2021) investigated the influence of particle
thermal conductivity on ice ablation using single particles. Both studies directly
compared particles with thermal conductivity values spanning two magnitudes
(e.g. ball bearings and volcanic material in the Hobbs (2014) study, and plastics
and volcanic material in the Hénot et al. (2021) study). These experiments
suggested that thermal conductivity was the primary control on particle-induced
ice ablation in a melting regime as thermally conductive particles were

associated with higher melt rates.

Hénot et al. (2021) investigated the role of thermal conductivity in the formation
of glacial tables: these are columns of ice underlying particles formed by
differential ice melt rates. Single cylinders were used to simulate the formation
of glacier tables and it was noted that the thermal conductivity of the cylinder
heavily dictated the behaviour of glacial table formation. It was noted that
melting of surrounding ice needed to exceed melting from surface particles for a
glacial table to form, and this was not likely to occur when considering thermally
conductive particles due to high ablation rates of ice underneath the particle
(Hénot et al. (2021).

Unlike the Hadley and Kirchstetter (2012), Hobbs (2014), Dragosics et al (2016)
and Hénot et al. (2021) studies, Evatt et al. (2016) investigated embedded
particles within ice. This was to represent meteorites in Antarctic ice and to
investigate the difference between the amount of stony and iron meteorites
found due to a noticeable lack of iron-based meteorites identified in fieldwork,
such as Folco et al. (2002). The experiments were based on the premises that:
(1) the thermal conductivities of meteorites dictate the behaviour of ice ablation;
and (2) iron-based meteorites have a higher thermal conductivity than stony
meteorites (Opeil et al., 2010). It was hypothesised by Evatt et al. (2016) that
differences in meteorite thermal conductivities would enable iron-based
meteorites to sink into the ice, whilst stony meteorites remain on the surface.
Experimental work confirmed this hypothesis and demonstrated that the

downwards movement of thermally conductive particles was sufficient to offset
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upwelling processes that occur in the natural system, e.g. from glacial flow.
Although this was a pioneering experiment that confirmed previous hypotheses
of meteorite loss mechanisms, experimental work was limited to assessing the
behaviour of only two particles (one stony and one iron-based meteorite) in four
experiments. These experiments were limited to three-hour periods and insights
were restricted to this time frame. It would be useful to systematically consider
the thermal conductivity of particles in future experiments to develop these key
findings.

2.2.4.2. Particle albedo

Hadley and Kirchstetter (2012) investigated the influence of black carbon and
snow grain size on the albedo of snow. Investigation into the effect of snow
grain growth was based on the principle that snow grains melt and fuse together
with increasing amounts of absorbed solar radiation (e.g. due to the presence of
black carbon particles), in turn, causing snow grains to grow much faster than in
a o6normal 6 scenario. This is known to red:¢t
radiation can penetrate deeper (Flanner and Zender, 2006; Dang et al., 2015).
Hadley and Kirchstetter (2012) isolated the effects of snow grain size and black
carbon concentration from those resulting from complex, external factors (such
as interactions of solar radiation with underlying surface, vegetation cover, etc.),
as it was noted that black carbon influence is typically masked as a result.
Results from this series of experiments demonstrated that black carbon reduces
snow albedo; this was experienced to a greater extent in the visible wavelength
region and within snow with larger snow grain sizes (described in detail in
Appendix 3). The relationship between albedo and snow-grain sizes
demonstrated the capability of a positive feedback that would be useful to
consider in climate models. However, Hadley and Kirchstetter (2012) only

considered snow albedo changes and did not assess the resulting melt rates.

Hobbs (2014) considered the role of albedo on ice ablation and utilised single
particles to investigate the influence of particle albedo, removing additional
processes that may interfere (e.g. particle-particle interaction). The melt rates of
black and white ball bearings were compared: the particle with the lower albedo

(i.e. black ball bearing) resulted in a higher rate of ablation and the shortest time
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to initiate melting. This agreed with the fundamental theories suggested within
the literature. However, Hobbs (2014) additionally demonstrated that the role of
albedo was less than the role of thermal conductivity in influencing ablation.
This was observed by increased ice ablation by a white ball bearing with a high
thermal conductivity, relative to a black volcanic particle with a low thermal
conductivity, despite a higher albedo. These experiments demonstrated that
isolating particles from one-another was a useful technique when aiming to

provide a deeper insight into the relative influence of specific particle properties.

2.2.4.3. Particle density

Hobbs (2014) hypothesised that particle density would have an influence on
particle-induced ice ablation due to differences in heat transfer between a
particle floating in meltwater and one in direct contact with ice. This
demonstrated a possible correlation, where the particles with higher densities
were associated with a greater volume of meltwater produced. However, it was
suggested that this correlation was likely a result of higher thermal conductivity
values that are typically associated with higher density particles. Additionally, it
was noted that porous lower density particles floated in meltwater and became
saturated with time, resulting in a density increase until the particles were no
longer buoyant. These results were not from a systematic assessment of
density, rather, a secondary result that was observed when investigating the

behaviour of porous volcanic material.

2.2.5. Sublimation

Hobbs (2014) and Taberlet and Plihon (2021) investigated the influence of
surface particles on sublimation and features that form from differential rates of
ice sublimation, e.g. ice pedestals. Unlike Hénot et al. (2021), Hobbs (2014) and
Taberlet and Plihon (2021) assessed the formation of ice pedestals from
sublimation processes, rather than glacial table formation from melting
processes. Hobbs (2014) investigated single and layers of particles, whilst
Taberlet and Plihon (2021) assessed single metal plates to mimic zen stone

formation (a stone balanced on an underlying ice pedestal).
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Results from both studies demonstrated the ability of single particles to prevent
sublimation processes underneath a particle to form ice pedestals. Experiments
by Hobbs (2014) also indicated that layers of particles can inhibit sublimation, in
addition to hindering melt (as demonstrated in Dragosics et al., 2016). It was
noted, by both Hobbs (2014) and Taberlet and Plihon (2021), that thermal
conductivity did not appear to have an impact on sublimation conditions.
Taberlet and Plihon (2021) drew this conclusion due to minimal differences
between the behaviour of ice pedestal formation associated with two different
materials (copper and aluminium), despite a large increase of thermal
conductivity of the copper compared to the aluminium. However, the metal disks
used by Taberlet and Plihon (2021) were polished to increase the reflectivity of
the material and to prevent absorption of infrared radiation. Therefore, the
property of thermal conductivity was not investigated in full because the
experiments removed additional complexities of particle-induced melting of the

underlying ice, which are observed in the natural system.

2.2.6. Summary of laboratory studies

Laboratory experiments have facilitated insight into the behaviour of specific
particle properties (e.g. layer thickness, thermal conductivity, and albedo), whilst
removing complexities of the natural system. These have helped develop many
hypotheses for processes observed in the natural environment; for example,
Reznichenko et al. (2010) demonstrated the importance of permeability and
diurnal cycles in particle-induced ice melt and correlated variability observed in
the fieldwork with these findings, and Evatt et al. (2016) confirmed the
processes associated with iron-meteorite loss. These laboratory experiments
highlighted the complexity of processes within debris-covered and dirty ice
systems and exposed the need for further work to identify and understand these
processes. It is evident that the number of studies using laboratory approaches
is limited compared to the number of fieldwork studies. Additionally, these
typically tried to mimic solar radiation in a laboratory setting, ultimately leading
to additional complexities from background ice melt. As Hadley and Kirchstetter
(2012) identified, the effect of particle-ice interaction may be masked by

background ice absorption of infrared radiation.
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Although Hobbs (2014) conducted a detailed assessment of particle thermal
conductivity and albedo, investigation into the influence of particle density on ice
ablation was to a much lesser extent. Additionally, the particles investigated
initially had a low density (allowing an insight into low density particle behaviour)
but, due to the nature of the particle (e.g. high porosity), these became
saturated with water and so the density increased with experiment duration.
Although this is relevant to many natural particles (e.g. volcanic particles), it did
not allow a systematic and comprehensive assessment of density in the same
way as thermal conductivity and albedo was considered. As fieldwork studies
have identified the presence of microplastics within ice systems, it is crucial to
develop these findings by Hobbs (2014) to accurately describe how a non-
porous low density particle may behave in ice. This applies to laboratory and

fieldwork settings and is an evident gap in the literature.

Although secondary results demonstrate that finer grained particles are
susceptible to redistribution processes on an ice surface (e.g. Dragosics et al.,
2016), there has been no systematic laboratory investigation into the role of
particle diameter on particle-induced ice ablation. Fieldwork by Juen et al.
(2014) demonstrated the possibility of grain sizes having a control on ice
ablation, and so it would be useful to consider particle diameter in a controlled

setting to assess the role in influencing particle behaviour.

Finally, as indicated by both fieldwork and laboratory work, the impact of
volcanic particles on ablation of ice varies greatly (Moller et al., 2018). However,
there have been only a small number of controlled laboratory studies
investigating the ablation constraints of ice in the presence of volcanic particles.
This is predominantly restricted to an investigation of the supraglacial
environment. There is, therefore, substantial scope for development of this work

to further understanding of supraglacial and englacial volcanic material.

2.3. Modelling approaches
Modelling methods have been used to study debris-covered and dirty ice
(Appendix 4) and can help predict future patterns of ice in response to a

changing climate (e.g. Hall and Fagre, 2003; Benn et al., 2012; Tedesco et al.,
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2016). The emphasis of modelling approaches in the literature is on clean or
debris-covered ice (e.g. continuous layers of debris), with a focus on developing
models to study thick debris layers (e.g. > 65 cm, Reid and Brock, 2010). These
typically rely on simplified energy-balance equations (e.g. debris energy-
balance models, DEB), or assumptions of melting through degree-day methods
(i.e. temperature index) or enhanced temperature-index models. It is common
for modelling methods to be used in conjunction with fieldwork studies for
validation, or remote sensing applications to gather information, such as the
debris surface temperature and the type of surface cover (e.g. Reid and Brock,
2020; Fyffe et al., 2014). This is of particular importance when considering

inaccessible regions (Racoviteanu et al., 2021).

Pre-existing energy-balance models (EBM) of debris-covered ice assume
decreasing ablation with increasing debris thickness, and rarely consider the
maximum ablation (e.qg. the effective thickness) observed under thin, or
discontinuous, layers (i.e. the peak of the Ostrem curve, Nicholson et al., 2021).
This remains a difficult segment to accurately model as this is typically
associated with a discontinuous layer of particles (Fyffe et al., 2020). For
example, Moller et al. (2016) found that models had an increased accuracy with
increased debris thickness. Although recent studies have begun to incorporate
dirty ice state (Fyffe et al., 2014), comparisons with modelled outputs and field
observations are limited and modelling ablation in dirty ice conditions remains in
its infancy (Fyffe et al., 2020).

2.3.1.1. Energy balance equations

Many of the modelling approaches used to consider debris-covered and dirty
ice are based on energy balance equations described by Nakawo and Young
(1982). Although the extent of input parameters varies between approaches,

these predominantly rely on information about particle properties.
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As typical with DEB models, the ablation (a) for each ice/snow state at each

modelled time step can be calculated from different sources of surface energy:

A 2 p 135, ( ,%0 [2.1]

Wher emapd el t i maevater teasiy, L Jatent heat of fusion of water,
U: albedo of clean/dirty ice or snow, S8: incoming shortwave radiation, L: net
longwave radiation, H: sensible heat transfer, LE: latent heat transfer, and P:
heat transfer due to precipitation (Reid and Brock, 2010; Fyffe et al., 2014). This
is comparable to the equations used in Bozhinsky et al. (1986), Evatt et al.
(2015) and Nicholson and Benn (2006):

At the top of the debris surface:
1 1 1 1 [2.23]
At the debris-ice interface:
1 1 1 [2.2b]

These equations incorporate the following energy fluxes (Evatt et al., 2015):

1 Shortwave energy flux (Qs): incoming shortwave radiation
(dependent on the albedo of the debris),

1 Longwave energy flux (QL): re-emission of radiation from the
debris (dependent on the thermal emissivity of the debris),

1 Sensible heat flux (Qsn): transfer of heat across the surface from
the air into the debris layer (dependent on the temperature
gradient within the debris),

Heat flux due to evaporation at the ice surface (Qv),
Latent heat of fusion (QF),

1 Heat flux within the debris layer (Qp).

2.3.2. Modelling dirty ice conditions
The need to improve models based on DEB parameters to assess dirty ice was

evident by their overestimation of melt when considering thick layers, and
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underestimation of melt when considering thin layers, with errors highest when
considering thin layers (Mattson et al., 1993). As many EBMs do not consider
discontinuous layers, even when estimating ice melt beneath a thin layer
(Nicholson and Benn, 2006), the typical modelling approach is not applicable
when considering dirty ice ablation (Fyffe et al., 2020).

Fyffe et al. (2014) successfully used a combination of modelling techniques to
assess the ablation over a glacier surface whilst taking into consideration
differences in surface condition (i.e. debris-covered, dirty, and clean ice). This
allowed models to run with higher accuracy in instances where debris cover
was very thin (0.01 m) and likely very patchy; a reality that has not been
considered in standard DEB models (e.g. Reid and Brock, 2010). This was
based on the same fundamental energy balance equations (Section 2.3.1.1)
and found that melt rate under debris was sensitive to modifications to the
albedo and debris thermal conductivity input parameters. It was noted that the
development focus for models that consider glaciers with different surface cover
should be on better understanding and replicating ablation across the bare ice

to the effective thickness region of the Ostrem curve (Fyffe et al., 2014).

However, dirty ice conditions are associated with several complexities that are

not considered in models. For example,t he f or mati on of,iedweat he
fragmented ice surfaces that form during ablation processes (Cooper et al.,

2018), may lead to ice melt overestimation in modelled outputs (Brock et al.,

2007), as it was observed that modelled melt closely matched field observations

in conditions where high wind speeds removed the weathering crust. These

features are commonly associated with dirty ice conditions, and so are a source

of modelling error if not considered.

2.3.3. Common assumptions used in modelling of debris-covered and
dirty ice
Common assumptions associated with modelling debris-covered or dirty ice
systems are noted below:
1 a continuous debris layer (this is most applicable to DEB models and,
therefore, these models do not consider dirty ice conditions),
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1 heat conduction is the dominant heat transfer mechanism through the
debris,

1 a steady temperature profile within each calculation layer within the
debris,

1 snowlice surfaces are at 0°C,

1 debris properties are temporally and spatially constant throughout the
modelled period,
energy input from precipitation and condensation is neglected,
meltwater leaves the debris immediately after being generated (without
pooling) and has no impact on energy exchange processes (e.g.
refreezing),

i conduction of heat within the ice is omitted.

2.3.4. Summary of modelling studies

Studies that model ablation under debris cover typically overlook ablation under
thin or discontinuous layers (Nicholson et al., 2021), with only a small number of
modelling approaches to investigate dirty ice published (e.g. Fyffe et al., 2014).
However, fundamental models used in these studies are based on simplistic
assumptions that, although allowing a general pattern to be modelled, greatly
reduce the accuracy of model outputs. Additionally, the conditions represented
by these assumptions are rarely observed in nature. Conducting a detailed
investigation into the evolution of particle properties during particle-ice

interaction should help inform input parameters in dirty ice modelling.

2.4. Justification of research plan

A review of the literature demonstrated that the laboratory approach for
investigating debris-covered and dirty ice is heavily unexplored. However, this
methodology is crucial in understanding the detail of the physical processes
associated with dirty ice conditions and particle-ice interaction. Additionally,
information gathered from experiments could feed forward into improving

modelling of dirty ice.
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One of the purposes of the literature review was to identify experimental areas
for further investigation in the context of the broader literature. The three

primary themes were as follows (as defined in Chapter 1):

1. The role of particle properties in influencing particle-ice interaction,
2. The behaviour of volcanic particles within ice,

3. The behaviour of microplastic particles within ice.

It is evident that fieldwork, modelling, and remote sensing approaches are
weighted towards an investigation into evolved debris-covered ice, rather than
dirty ice. This has led to the accumulation of uncertainties in models when
considering dirty ice, and a lack of precision when determining the effective
thickness of debris layers within the natural system. It would be useful to
consider the ablation under dirty ice conditions in a controlled setting to further
aid our understanding of these complex systems. This may provide
understanding of how these areas on Earth will respond to future climate

change.

Building on a knowledge gap identified by Juen et al. (2013), this thesis aims to
provide an insight into the thermal properties of a variety of debris types.
Conducting this in a laboratory environment has the benefit of reducing
complexities involved. The success of using laboratory techniques has been
demonstrated within this literature review, although there is substantial scope
for further development due to the small number of these studies. Using
automated techniques (e.g. time-lapse photography) such as in Mdller et al.
(2018) and Evatt et al. (2016) would enable a thorough insight into particle-ice
interaction. Although Moller et al. (2018) benefited from using an automated
method, results included complexities with conducting work in the natural
system and only assessed the behaviour of volcanic particles. This was also a
limitation of Evatt et al. (2016), where only meteorite particles were considered.
It would be valuable to combine the benefits of laboratory experiments and
automated techniques to build a comprehensive understanding of the behaviour
of a variety of particle properties and types, to help inform future research. This

is the first theme of this thesis work. Laboratory experiments will predominantly
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involve single particles on or within an ice system, although an array of single
particles and scattering of particles will also be investigated. This combination of
particle configuration will allow an isolated assessment of particle-ice
interaction, before building up to a representation of the natural system with a

scattering of particles.

As identified by field studies, the thermal and optical properties of volcanic
material vary considerably between glaciers, and across individual glaciers. The
second theme of this study will investigate the behaviour of single volcanic
particles and a scattering of volcanic particles, with the removal of additional
complexities such as background ice melt. This will allow direct comparisons
between results from this theme and the first theme of the thesis (i.e. particle
properties) to help understand the dominant particle properties involved in
volcanic patrticle-ice interaction. This will allow for the application of knowledge

obtained from the particle properties theme to natural scenarios.

Finally, it is evident that there is a gap in knowledge as to how microplastic
particles interact with ice. Multiple fieldwork campaigns have confirmed the
presence of these particles in remote regions, and so it is crucial to gain an
understanding of the behaviour of the particles once within the system.
Therefore, the final theme of this study will investigate microplastic particle-ice
interaction. This may inform the development of field studies and investigation
of microplastic particles within the natural system. The combination of these
three themes will enable the proposed experiments to provide insight into some

features and processes observed in the natural system.
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3. Methods

A review of the literature demonstrated a gap in knowledge of dirty ice and
microplastic contamination in the cryosphere. In fact, it was noted that ice
consi der asdikely dirly m eeality (e.g. Adhikary et al., 2000). Therefore,
a series of laboratory experiments were conducted to investigate the role of
particles on influencing ice ablation in conditions comparable to dirty ice. This
addressed the lack of laboratory research techniques identified in the literature.
Insights from Chapter 2 informed the basis for the experimental design
conducted in this study (e.g. bubble-free ice, time-lapse imagery, infrared-free
illumination, etc.). Initial experiments involved single particles in a series of
control experiments to isolate particle-ice interaction and to explore fundamental
particle properties (e.g. thermal conductivity, albedo, density, and diameter,
Chapter 4). These technigues were developed to investigate a variety of surface
particle distributions and an assessment of particle types (e.g. volcanic and

mi croplastic particles, Chapters 5 and 6,
transpar ent-fiee)ice bloeks webelcrieated, @and particles were
placed on the ice surface or embedded within the ice. These were illuminated
with an 80 watt (W) white Light-Emitting Diode (LED), and time-lapse
photography captured the ice response to particle-heating every five minutes.
Rates of particle movement were deduced from time-lapse images and
calculated by measuring the distance moved relative to a fixed point. In
addition, in-person visual observations were made, and standard photography

carried out.

The experiments were not an analogue system because real particles were
used on the surface of real ice. However, some differences to the natural
system (i.e. optically transparent ice, infrared-free illumination, and absence of
diurnal cycles) were applied to reduce complexities and to allow fundamental
properties to be isolated and examined in detail. Although many variables were
broadly controlled (e.g. particle properties, illumination), the accuracy of control
required for some variables exceeded what was possible in the laboratory
environment (e.g. ice temperatures). However, these serendipitous experiments

provided insight into many processes that may have otherwise not been found
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in a fully controlled system and allowed a wide range of behaviours to be

observed.

3.1. Method development

This section describes the development of the experimental approach: both the
characteristics of the ice used (i.e. optically transparent or opaque) and the type
of artificial radiation source were investigated through a literature review and
series of control experiments (Appendix 5 and 6). The control experiments were
carried out in a chest freezer, and the full experimental setup is described and

illustrated in Section 3.2.

3.1.1. Creation of optically transparent ice

Optically transparent ice blocks were used in most experiments to allow
particle-ice interaction to be investigated in a less complex setting than the
natural system. This isolated particle behaviours from external complexities and
allowed the role of particle properties in influencing particle-ice interaction to be
assessed. Additionally, the use of optically transparent ice enabled cross-
sectional time-lapse photography to capture the response of the ice and
particles to a radiation source without any obstructions (e.g. bubbles) that would

have otherwise reduced image quality (Section 3.2.3).

Liquid water has a unique thermodynamic behaviour in how the density
responds to falling temperatures (Tanaka, 1998). It follows the general rule of
thermal contraction, whereby the density increases with decreasing
temperature, but this reaches its maximum value at a temperature of 4°C
(Tanaka et al., 2001; Meng et al., 2015; Okajima et al., 2018). At temperatures

below this, density decreases with decreasing temperatures: this concept is

known as the édmaxi mum density anomal yo.

a frozen top layer in natural systems due to cold water rising, causing top-down
freezing (Figure 3.1). However, this natural way of freezing traps air bubbles
from the atmosphere within ice. Therefore, natural ice typically contains

impurities and bubbles causing the ice to become opaque as light is refracted,
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reflected, and scattered at interfaces where refractive index changes (Carte,
1961).
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Figure 3.1. Diagrams showing (a) the stable thermal structure within water and (b) the
maximum density anomaly reprinted from International Journal of Heat and Mass Transfer, vol.
49, Cawley, M. F., McGlynn, D., and Mooney, P. A., Measurement of the temperature of
density maximum of water solutions using a convective flow techniqued pg. 1764, Copyright

(2006), with permission from Elsevier.

A series of method development experiments were conducted to consider the
appropriate technique to create optically transparent ice (experiments M1-M16,
Appendix 5). Containers used in initial method development experiments were
cylindrical with a diameter and depth of approximately 215 mm and 95 mm,
respectively. However, these produced optically distorted cross-sectional
images when viewed perpendicular to the cylinder axis and so were replaced
with cuboid containers that measured 200x200x100 mm (Figure 3.2). The
containers were placed in an upright freezer operating at temperatures between
-10 C and -20 C and left for a 7-10-day period (and so was a time-consuming
process). Minor modifications throughout the freezing period were made to
increase the freezing speed once sufficient ice had formed, such as placing a

gap in the roof insulation (Figure 3.2b).
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A variety of techniques were utilised in the method development experiments
(Table 9.5, Appendix 5). These demonstrated that three approaches were best
used in combination: the use of side insulation to engineer a lateral thermal
gradient and encourage freezing in a horizontal direction, top insulation to limit
top-down cooling, and a magnetic stirrer to, (1) disrupt the thermal stratification
and prevent top-down freezing, (2) provide warmth in the region of the stirrer to
limit freezing, and (3) prevent gas bubbles settling on the water-ice interface
and being incorporated into the vein network within the ice. Deionised water
was used in the method development experiments to reduce the number of
impurities within the water, although this was later modified to tap water after
comparisons confirmed no significant differences between deionised or tap
water ice. The experiments indicated that foam insulation was most efficient as
top insulation (compared to wool or bubble wrap) as it created ice with minimal
air bubbles (aside from in the proximity of the magnetic stirrer). Bubble wrap
was sufficient as side insulation and was placed on one side of the container to
encourage impurities and trapped gases to concentrate at one end of the ice
block. This was placed on the side containing the magnetic stirrer so that this
region froze last, allowing the magnetic stirrer to be in use for much of the

freezing process.
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Figure 3.2. Cross-sectional diagram indicating the final experimental set-up for creating
optically transparent ice, where (a) indicates initial placement into the freezer and (b) shows

modification to the set-up once freezing had begun.

3.1.2. Creation of ice containing embedded particles

Optically transparent ice blocks containing embedded particles were required
for five experiments in Chapters 4 and 5 (P17a, P17b, Mp6, M13, and M18).
Particles used in these experiments had a lower density than water; therefore,
to ensure that these froze within the ice (rather than at the ice surface), the
freezing process was split into two stages. Both stages utilised the same
techniques of a magnetic stirrer with side and top insulation, within an upright
freezer. The first stage involved pouring a depth of approximately 25 mm of tap
water into a cuboid container that contained the particles that were to be
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embedded. A magnetic stirrer was used as standard procedure to disrupt the
thermal stratification, but this was on a low setting (i.e. a stir setting of four-five
out of a maximum setting of ten) to disrupt the smaller volume of water.
Therefore, the particles were frozen into the top surface of this small volume of
water. When this was nearly fully frozen (except for around the magnetic
stirrer), additional water was poured into the container to fill to the appropriate
level (i.e. 50-80 mm depth); this marked the start of the second stage of
freezing. Water was cooled to near freezing point prior to pouring so that it did
not melt the ice. The remainder of the freezing process followed the same steps

as for creating optically transparent ice.

3.1.3. Creation of opaque ice

Opaque (i.e. bubble-rich) ice blocks were used in three experiments (P48,
Mpl17, Mp19) as a control. These were created by placing a cuboid container
filled with tap water in an upright freezer operating at temperatures between -10
and -20°C with no control of freezing and the water left unstirred. This created
an opaque ice block with a fractured surface. Bubbles concentrated in the
centre of the ice block, with an optically transparent perimeter (except for
vertical trails of air bubbles). These were inferred to be bubbles trapped in the

vein network of the ice.

3.1.4. Artificial radiation source

A crucial step in the experimental design process was the selection of a suitable
artificial radiation source. This was first assessed through determining the
electromagnetic spectrum of solar radiation and understanding how the
absorption spectrum of water differs between each state.

3.1.4.1. Solar radiation spectrum

Solar radiation transfers heat to the Earth and is emitted in the form of
electromagnetic energy (Cuffey and Paterson, 2010). This is across 0.2-4 nm
wavelengths (Figure 3.3) and covers the ultraviolet, visible, and infrared regions

(Benn and Evans, 2014; Tawfik et al., 2018). However, approximately half of the
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energy is concentrated in the visible band at wavelengths of 0.4-0.7 mm

(Cubash et al., 2013).
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Figure 3.4. Solar irradiance (W m2mm?1) curve for the top of the

surface with a solar zenith angle of 60" and a spectral resolution of 50 cm-1. This indicates
absorption and scattering regions (not including aerosol or cloud interaction). Absorption bands
are highlighted in grey, whilst atmospheric windows are white regions under the curve (adapted
from Liou, 2002). Reprinted from Introduction to Atmospheric Radiation (2" Ed), Liou, K. N.,
Absorption and Scattering of Solar Radiation in the Atmosphere, pg. 86, Copyright (2002), with
permission from Elsevier.

3.1.4.2. Water absorption spectra

Unlike many other tri-atomic molecules (e.g. COz), water molecules exhibit a
bent, triangular structure (Figure 3.5, Liou et al., 2002; Maurellis and Tennyson,
2003; Finney, 2015). This feature adds complexity to the mechanisms by which

water molecules absorb and re-emit electromagnetic energy.

Figure 3.5. Structure of a water molecule. Circles represent hydrogen and oxygen atoms, and

black lines represent the covalent bonds between them. +/- symbols indicate electric charge.
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A water molecule has three vibrational modes and three rotational modes and

can either rotate or vibrat EBigureB.6,8ioupstretct
2002). These modes enable energy changes to occur, and the unique structure

of the molecule allows for extensive movement. This results in absorption of

electromagnetic radiation over a broad range of wavelengths (from ultraviolet to

far infrared). Unlike molecules with linear structures, such as carbon dioxide

(CO2), water can additionally stretch in an asymmetric manner, adding further

complexity to the absorbance spectrum.

Figure 3.6. Modes of vibrational (a-c) and rotational (d-f) movement of a liquid water molecule.
Red and grey circles denote oxygen and hydrogen atoms respectively. Four modes are
highlighted: (a) symmetrical stretching; (b) asymmetrical stretching; (c) bending; and (d-f)
oscillating. Drawn by author with information taken from Liou (2002) and Maurellis and
Tennyson (2003).
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Water on Earth exists naturally in three different states: gas (water vapour),
solid (ice), and liquid (water). As such, the wavelengths of solar radiation

absorbed by water will depend on the state (Figure 3.7).

Absorbance

A A A A A A
4000 300 2E00 X = 320 J000 2800
Wavenumber, cm

2.50 2.63 277 2.94 3.12 3.33 3.57
Wavelength (um)

Figure 3.7.The infrared absorption spectrum for gaseous, solid, and liquid water (Chaplin,
2022).

(a) Gaseous water (water vapour)

Water vapour is a greenhouse gas (Schneider et al., 2010) and the largest

absorber of solar radiat Mymeetaln20i3he Eart ho s
Tennyson et al., 2014). These molecules absorb approximately 70% of

incoming solar energy, with the strongest absorption bands in the infrared

region (Maurellis and Tennyson, 2003). The vibrational modes (i.e. Figure 3.5 a-

c) are responsible for absorption in the near- and mid-infrared regions, whilst

the rotational modes (i.e. Figure 3.5 d-f) are responsible for absorption in the

far-infrared and microwave regions (Liou, 2002).

(b) Solid water (ice)

The absorption spectrum of optically transparent ice has been well-documented
(Eisenberg and Kauzmann, 1969; Askebjer et al., 1997; He and Price, 1998;
Warren, 1982; Warren et al., 2006; Warren and Brandt, 2008). Although there
are small discrepancies between published values in the visible region of the
spectrum, the overall trends are as follows:

1 Strong absorption in the ultraviolet region (<1.7 nm).
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1 Weak absorption in the visible region. Minimum values have been
estimated between 0.3-0.5 nm, with suggested values of 0.47mm
(Grenfell and Perovich, 1981), 0.39 nm (Warren et al., 2006), 0.39-0.47
mm (Warren, 1982; Warren and Brandt, 2008), 0.41-0.45 mm (He and
Price, 1998), and 0.3-0.4 nm (Askebjer et al., 1997).

1 Moderate absorption in the near-infrared (1-3 nm). This increases
exponentially from the minimum at approximately 0.4 mm to a peak at 3.1
mm (Askebjer et al., 1997). The strong absorption at 3.1 nm is thought to
be a result of the O-H stretching mode (Eisenberg and Kauzmann, 1969;
Askebjer et al., 1997).

1 Strong absorption in the infrared region (3-150 mm). Rotational
absorption is responsible for this.

1 Weak absorption in the microwave region (>1 cm).

(c) Liquid water (water)

Ligquid and solid water have a comparable absorption spectrum (Warren et al.,
2006), where absorption is strong in the infrared region (although shifted to
slightly lower wavelengths compared to solid), and weak in the visible region
(Eisenberg and Kauzmann, 1969). Infrared absorption is particularly prominent
at the 2.8, 4.7, 6.1, 14.2 and 51.8 nm wavelengths. The minimum absorption is
also in the visible region near the ultraviolet boundary (Warren et al., 2006). The
wavelength of this absorption minimum is debated; Warren et al. (2006)
suggested a wavelength of 0.39 nm whilst Pope and Fry (1997) have suggested

a wavelength of 0.42 mm.

3.1.4.3. Determining the artificial radiation source

Although there are many types of illumination, in practice, no source can
perfectly replicate the range of wavelengths of the ground-level solar spectrum.
The Sun acts as a blackbody radiator at a temperature of 5777 K (calculated
from the Stefan-Boltzmann equation, Igbal, 1983; Tawfik et al., 2018), and few
light sources can reach these higher colour temperatures. Ground level

radiation is at its highest intensity (~1500 W m? um-?) in the visible wavelengths
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(Figure 3.4 and Figure 3.8), although there is still a noticeable amount of energy
in the near-infrared region. Therefore, to replicate natural ground-level solar
radiation, there are several requirements: (1) illumination would need to be
heated to 5777 K and exhibit a blackbody pattern; (2) filtering of the near-
infrared region would be required to mimic the wavelength bands that are
absorbed by water vapour and other atmospheric gases; and (3) illumination
would have to cover 0.3-2.5 um wavelengths, extending over three
electromagnetic regions. Combining these three requirements is difficult.
Therefore, to isolate the behaviour of particle-ice interaction to allow a detailed
assessment of the micro-processes involved, it was decided to utilise the visible
wavelengths of the solar spectra in experiments. These correlate with the peak
of ground-level solar radiation and do not interact with optically transparent ice

(Grenfell and Perovich, 1981; Warren et al., 2006).
1
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Figure 3.8. Relative absorption of natural sunlight across the visible wavelengths, measured by
a PG100N UPRtek handheld spectrometer held directly in the beam of illumination.

In the initial stages of method development, (i.e. experiments M17-M27,
Appendix 6), a Philips halogen bulb was investigated. This was used in
combination with a water filter to remove infrared radiation (as water vapour
does in the atmosphere). Control experiments demonstrated that the entire ice
block melted without the use of a water filter due to radiation-ice interaction
(Figure 3.9). However, subsequent experiments experienced bulk ice melt even

50



with use of the water filter as ice-radiation interaction was not entirely removed
(likely from the water filter warming with continued infrared radiation absorption
and re-radiating energy into melting ice). Additionally, there was limited particle-
ice interaction when an 8 mm chrome steel particle was placed on the ice
surface (experiment M24). Interpretation of the results suggested that the
halogen bulb illumination may not have been interacting sufficiently with the
particle (due to a low power density) to initiate particle-induced ice melt.
Consequently, alternative radiation sources were investigated.

1
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Figure 3.9. Relative absorption of a halogen bulb used in method development experiments,
measured by a PG100N UPRtek handheld spectrometer held directly in the beam of

illumination.

The use of a water filter to remove excess infrared radiation from the halogen
bulb resulted in predominantly visible radiation interacting with the particle
(although this was missing radiation in the blue wavelength range, and it had a
low power density). A complicated set-up was required to generate an
appropriate radiation spectrum (i.e. predominantly visible radiation) using the
halogen bulb, and so the use of a Light-Emitting Diode (LED) was investigated.
This would supply radiation across the entire visible wavelengths with a higher
power density than the halogen bulb and without the need for a water filter to

remove infrared radiation. Experiments M29-M31 with a LED successfully
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demonstrated that particle-induced ice melt could occur without independent ice

melt.

Method development experiments demonstrated that an 80-watt white LED was
the most suitable source of radiation. This matched peak wavelength bands
emitted from solar energy (i.e. the visible wavelengths, Figure 3.10) and did not
interact with the optically transparent ice. Therefore, the illumination spectrum
had a different distribution to the natural system but allowed isolation of the
particle heating effect by interacting with the particle and being unable to
interact with the ice (as the spectrum was within the transmission window for
ice). The LED was additionally combined with an equinox Gobo projector to
generate a focused light beam approximately 1 m from the ice block. This
produced a power density approaching typical solar values (32,000 to 98,000
lux): the LED specification states 8000 lux at 2 m, and so the illumination for the
experiments was estimated at approximately 32,000 lux, and the power density
at approximately 300 W m-2, comparable to natural sunlight (NASA, 2009).

1
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Figure 3.10. Relative absorption of the 80 W white LED radiation source used in laboratory
experiments, measured by a PG100N UPRtek handheld spectrometer held directly in the beam

of illumination.
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The method development experiments met the following key design criteria:

1 Optically transparent ice would be created to reduce ice-radiation

interaction and to allow cross-sectional imaging through the ice as a

method of data collection,

1 The chosen illumination would not be absorbed by the optically

transparent ice or water to cause direct heating but would be absorbed

by the particles.

3.2. Experimental set-up

Experiments were conducted within a closed chest freezer operating at

temperatures between -6 and +7°C (although typically within the -2 to +1°C

temperature range), using ice blocks approximately 200x200x50-80 mm in size

(Figure 3.11, Figure 3.12). A variety of particle distributions were used (e.g.

single particles, direct comparison of single particles, particle arrays, scattering

of particles, and embedded patrticles).
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(a) 80 watt white Light Emitting Diode
(LED) with projector as an artificial
radiation source

(b) RS-1316 dual data logger thermometer
with type ‘K’ thermocouple to monitor
proxy-ice temperature

(¢) Thermo Pro humidity and temperature
monitor to measure freezer temperatures

(d) Glass cover to prevent sublimation

(e) Clean ice block suspended approximately
0.5 m above freezer floor

(f) Plastic stand for ice block

(g) Angled mirror to prevent direct reflection
off the freezer floor back onto the ice
block

(h) Fan to disrupt the thermal stratification of
the freezer

(i) Chest freezer
(j) stand

(k) Canon (EOS D50D) camera taking time-
lapse imagery every five minutes

() Mirrors to act as a periscope system to
enable cross-sectional imaging of the ice
block

(m) Wire shelf

Figure 3.11. Schematic diagram showing the final experimental set-up.
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Figure 3.12. Photograph of final experimental set-up.

3.2.1. Preventing sublimation

Early experiments in the method development phase (i.e. M24-M26) suggested
that sublimation cooling could lower the ice surface temperature relative to the
rest of the ice, consequently restricting the effects of heat coupling from the
particle into the underlying ice. This was sufficient to stabilize ice above an
ambient environmental temperature of OAC
against melting. This was observed through the formation of ice pedestals
under surface particles as the particle prevented water molecules directly
underneath escaping from the ice surface (i.e. experiment M24). Consequently,
a glass cover was placed over the ice container to simulate a high humidity
environment and to minimise water molecule escape and the sublimation
cooling effect. This left a gap of approximately 50 mm between the cover and

ice surface.
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3.2.2. Temperature measurements

To monitor the temperature of the experimental system, temperature data were
recorded manually from a ThermoPro indoor humidity and temperature monitor
(model number: TP-55) within the freezer, and an RS Pro data logger
thermometer (RS-1316) and thermocouple (type K) at the base of the ice
(between the base of the container and the top of the plastic stand that
supported the ice, Figure 3.13). These two approaches were used to determine
the approximate temperature of the freezer and a proxy temperature of the ice
block, respectively. This was used in combination with an observational system
described in Section 3.7 to provide an assessment of the thermal environment
of the ice. Of particular interest was the thermal environment of the ice near the

particle.

RS-1316 duel data logger thermometer

400 mm O

>

A

Glass cover

Ice container

-

£1 _ =3 The end of the thermocouple was placed
g || Plastic stand between the base of the ice container and
fred the top of the plastic stand

200 mm

Figure 3.13. Cross-sectional diagram indicating the positioning of the thermocouple when

measuring proxy-ice temperatures.

The ThermoPro temperature monitor had a temperature resolution and
accuracy of 0.1 C and +/-1 C, respectively, and a relative humidity resolution
and accuracy of 1% and +/-2-3%, respectively. The monitor updated
measurements every ten seconds, and so all data were representative of the
freezer at the given time of measurement. Relative humidity measurements
were also noted from the monitor, although analysis focused on temperature
data because an artificial high humidity environment was created directly above

the ice in most experiments (Section 3.2.4).
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The RS Pro data logger thermometer had a resolution and accuracy of 0.1 C
and +/- 0.05% + 0.5 C, respectively. Measurements were taken at random
points in the early experiments but taken systematically at approximately 30-
minute intervals (when possible) in later experiments. The thermocouple was
used as a proxy for ice temperature due to inaccuracy of data if placed within
the ice itself (e.g. exposure to radiation resulting in incorrect values). This would
have also created an additional object that may have interfered with the
particles (e.g. re-emission of radiation from the thermocouple itself) if
embedded within the ice. There were additional logistical difficulties in
embedding the thermocouple into the ice due to the complex method of creating
optically transparent ice.

Continuous logging of temperature was also taken over a single 22-hour period
to assess the freezer temperature cycle. This was measured using the RS Pro
data logger thermometer and measurements were taken at intervals of 20
seconds (Figure 3.14). This confirmed that freezer temperatures behaved in a
cyclic nature, with two ongoing cycles. The first cycle operated on a relatively
short timescale of approximately 30 minutes, where a total of 63 cycles
occurred over the 22-hour period (averaging at 2-3 per hour). This involved a
change in temperature of approximately 0.1-0.15°C and likely correlated with
operation of the freezer pump. The second cycle operated over a relatively long
timescale of 4.5-6 hours, where a total of four cycles occurred over the 22-hour
period. Both cycles were identified in the temperature data regardless of data
manipulation techniques (e.g. data were averaged over every 1 minute, every 5
minutes and every ten minutes), although the cause of these cycles was not

fully understood.
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Figure 3.14. Continuous temperature data logger measurements of the proxy-ice temperature
over a 22-hour period from experiment P49 (Chapter 4). The moving average was measured
over 15 points (representing 5 minutes) and was used to elucidate the key cycles within the
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3.2.3. Placement of particles on the ice surface

Particles were placed on the ice surface in the centre of the radiation beam
(approximately 79 cm?). The area chosen for each experiment was limited to a
specific sector of the ice to permit multiple uses of an individual block (each
used for approximately four experiments). Particle placement differed
depending on the planned distribution of particles. The standard approach was

placement at room temperature and in the centre focus of the radiation beam.

3.2.3.1. Single particles

To ensure the particle was placed in the centre of radiation, a white piece of
paper with a 10 mm hole in the centre was used to define the area of radiation
and to cast a shadow on the central focus point. This central point was marked
as an indentation on the ice surface using a metal screwdriver, and particles
were placed on the central mark at room temperature to prevent rolling on the
ice surface and away from the centre focus of the radiation. There was one
exception to this (experiment P49) where the particle was pre-cooled prior

placement.
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3.2.3.2. Multiple single particles

Multiple single particles were used to directly compare results from individual
particles, but to avoid particle-particle interaction. Placement depended on the
particle diameter and thermal conductivity as this related to the thermal sphere
of influence of each particle (and so informed the separation distance).
Experiments of this type typically investigated thermally conductive particles,
and so a minimum of one particle diameter (from edge-to-edge) was measured
between particles. This was to prevent particles (or the hydrological systems
created by the particles) interacting with one another, although this was not
always achieved. Close placement near the centre of the radiation beam
(marked on the ice surface) ensured equal distribution of radiation with a high-

power density.

3.2.3.3. Array of particles

Particle arrays were used in experiments that investigated the behaviour of a
group of particles. These experiments are presented in Chapter 4 and
investigated the role of particle diameter on particle-ice interaction (i.e.
experiments P36, P38, P39, P40, P42, P43). Multiple array formations were
used (e.g. triangle, square, and diamond) a
it allowed particles to experience an equal distribution of a high-power density
radiation and to be imaged clearly in time-lapse images with limited particle
overlap. Array configurations varied with 3x3 mm, 5x3 mm, 4x3 mm, 9x3 mm,
and 16x3 mm particle arrays investigated. These were placed in a flat
formation, so the vertical dimension of the array was the same diameter as the
individual particle (i.e. 3 mm) prior to clustering. The centre focus of radiation
was marked on the ice surface and particles were placed around this in the
same way as single particles (Section 3.2.2.1).

3.2.3.4. Scattering of particles

This involved a random distribution of particles on the ice surface and was

uti ' i sed most in the Omicr o}laadsMpi9ins & exper i
Chapter 6), and two volcanic particle experiments in Chapter 5 (i.e. V33, V34).

Particles were typically a small (<2 mm) size and so a sieve was used to scatter
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the particles randomly on the ice surface. Any larger particles investigated in
this configuration (e.g. 2-3 mm) were placed on the ice surface by hand. The
central focus of radiation was marked as an indentation on the ice surface prior
to particle scattering to ensure that all particles were in the beam focus.
However, it was acknowledged that particles may not all experience an equal

power-density of the radiation due to random scattering.

3.2.3.5. Embedded particles

Particle placement of embedded particles was not directly controlled as this
relied on the freezing behaviour of the ice. However, to ensure that the
embedded particle was at the centre of radiation, a piece of paper with a 10 mm
hole in the centre was used to identify the central focus of radiation. The
position of the ice and radiation source were adjusted to place the particle

under this point.

3.2.4. Time-lapse imagery

Time-lapse images were taken through a periscope system every five minutes
using a Canon (EOS 50D) camera to capture the response of embedded
particles and ice to radiation (Figure 3.11). This allowed calculation of particle
velocities and was used in combination with in-person observations and

photography.

3.3. Particles

Synthetic and natural particles were used in laboratory experiments to
investigate three themes: particle properties, volcanic particles, and microplastic
particles. The relevant physical properties and their magnitudes that most
influence ice ablation were determined from the literature, and the albedo was
calculated with reference to a known albedo (e.g. white paper) by measuring
the relative reflectance of each particle in a photograph taken in the same
conditions using ImageJ. The documented density values of the particles were
compared with test experiments where the particles behaviour in a beaker of

water at 0°C was noted. The observed behaviours (i.e. sinking or floating)

59



confirmed the relative density of particles cited in the literature and Table 3.2,
Table 3.4, and Table 3.6.

3.3.1. Particle properties (Chapter 4)

Five synthetic materials were chosen to investigate the properties of particle
thermal conductivity, albedo, density, and diameter (Table 3.1). Aside from
experiments that investigated the role of particle albedo, all particles were
painted black with matte Black 2 . Op&int to minimise the particle albedo,
increase the time efficiency of experiments, and provide calibration. Each

property was further categorised for clarification (Table 3.2).

Table 3.1. The patrticle properties of the synthetic materials used in experiments, and the ratio

relative to water density (1000 kg m-3) and ice thermal conductivity (2.1 W m K1),

Particle Thermal Density Diameter Albedo
conductivity (kg m-3)/ratio (mm)
(W m™ K')/ratio
Chrome steel 30-60/21.4 7000-8000/7.5 8 0.57
Brass ~100/47.6 8000/8 6 Black 0.12
Unpainted | 0.50
White 0.60
Polyoxymethylene | 0.37/0.18 1400/1.4 6 0.12
(delrin®)
Polypropylene 0.1-0.22/0.097 890-920/0.9 5 0.12
Polystyrene 0.03/0.01 960-1050/1 8 0.12

Table 3.2.Categorisation of particle properties.

. Category
:f;:z::y Low Intermediate High
Criteria Particle Criteria Particle Criteria Particle
Thermal Lower Polystyrene Higher than Chrome
conductivity | than ice - - ice steel,
brass
Albedo Absorbing | Matte black Partially Unpainted | Predominant | Unpainted
surface particles reflective particles reflective chrome
(e.g. <0.2) surface surface (e.g. | steel,
(e.g. 0.2- >0.5) white
0.5) particles
Density Lower Polypropylene, | Higher than | Delrin® Higher than Chrome
than polystyrene water, but water steel,
water close to the brass
boundary

3.3.2. Volcanic particles (Chapter 5)
Three types of volcanic particles were used in experiments in Chapter 5 (Table

3.3, Table 3.4). These initially involved cemented ash clusters from the 2010
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Eyjafjallajokull, Iceland, summit eruption (trachyandesitic in composition, 58-
60% SiOz2). Disintegration of clusters was observed and, whilst providing
serendipitous observations, were not suitable for use when assessing the
behaviour of single particles. Therefore, pumice from the May 18 (1980) Plinian
pumice fall eruption at Mount St. Helens, USA, and scoria from Volcan Sollipulli,
Chile, were used in subsequent experiments. The Mount St. Helens pumice
was used as intermediate albedo (IA) volcanic material. This was highly
vesicular, light in colour and rhyolitic in composition (James, 1998). The Chile
scoria was used as low albedo (LA) volcanic material. This was dark in colour

and basaltic-andesitic in composition (Hobbs, 2014). The particle diameters

varied between experiments but were similart o t hose used i n

subsection in Chapter 4 (i.e. 1.5 mm, 3 mm, 6 mm, and 12 mm) to allow
comparisons. Particles <1 mm in diameter were used when multiple particles in

a scattering configuration were investigated (as described in Section 3.2.3.4).

Table 3.3.The particle properties of dry volcanic material used in experiments, and the ratio
relative to water density (1000 kg m-3) and ice thermal conductivity (2.1 W m K-1). *Hobbs
(2014) and 2Klug and Cashman (1996).

Particle Thermal conductivity | Density Diameter | Estimated Albedo
(W m"' K")/ratio (kg m)/ratio | (mm) porosity (%)

Eyjafjallajokull | 0.3' 2500/2.5 Varied 0.29

cemented ash ]

Mount St. 0.1" 700-1200/0.95 | Varied 60-80? 0.38

Helens pumice

Volcan 0.21 1954/1.9" Varied 73! 0.14

Sollipulli scoria

Table 3.4. Categorisation of dry volcanic particle properties.

. Category
Sracr)::::“tay Low Intermediate High
Criteria Particle Criteria Particle Criteria Particle
Thermal Lower Eyjafjallajokull
conductivity | than ice ash clusters j j ] ]
Albedo Absorbing | Eyjafjallajokull | Partially Mount St.
surface ash clusters, reflective Helens
Volcan surface pumice ) )
Sollipulli scoria
Density Lower Dry Mount St. Higher Volcan
than Helens pumice than Sollipulli
water water scoria,
) ) wet Mount
St. Helens
pumice
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3.3.3. Microplastic particles (Chapter 6)

Polypropylene and polyethylene particles were used to investigate the

behaviour of microplastic particles with ice (Table 3.5, Table 3.6). These had

varied morphologies, e.g. spherical polypropylene particles, and polyethylene

particles with irregular morphologies. All particles had a low albedo to increase

the efficiency of particle-ice interaction, and any particles that were not

previously black were painted with matte Black 2 . Opaint. The plastics used

were split into three categories for ease of comparison:6 s mal | 6 pl asti cs
Omedi umé Al amm)i asnd( Dl arged plastics (>4 mi
overarching category of oOomicroplastics6 as

diameter (Evangeliou et al., 2020).

Table 3.5. The particle properties of plastic material used in experiments, and the ratio relative
to water density (1000 kg m-3) and ice thermal conductivity (2.1 W m-! K-1).1Patti and Acierno
(2020).

Particle Thermal conductivity Density Diameter Albedo
(W m™ K-")/ratio (kg m3)/ratio (mm)
Polypropylene 0.1-0.22/0.07" 890-920/0.9 5 0.12
Polyethylene 0.33/0.16 910-940/0.9 Varied, 0.18
although <5

Table 3.6. Categorisation of microplastic particle properties.

. Category
gf c:gg::y Low Intermediate High
Criteria Particle Criteria Particle Criteria Particle

Thermal Lower Polypropylene, i i i i

conductivity | than ice polyethylene

Albedo Absorbing | Polypropylene, ) ) ) )
surface polyethylene

Density Lower Polypropylene | Close to the
than boundary of | Polyethylene - -
water water

3.4. Experimental process

An experimental checklist was used to ensure consistency between
experiments (Appendix 7). This comprised a list of guidelines and noted proxy
ice temperature, freezer temperature and relative humidity at the beginning of

experiments (Figure 3.15), with subsequent readings taken throughout.
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Experiments ended following no changes for approximately 24 hours as

standard experimental practice, unless time constraints prevented this.

Photos of particle(s) Freezer and proxy ice lllumination source
taken tempeartures recorded turned on

Indent made on ice
surface to prevent initial
particle movement and
to mark centre of
illumination

Centre of illumination
beam identified

Particle placed on ice
surface

E.g. temperature
readings every 30
minutes, in-person

photographs,
observations noted in
laboratory book

Intermittent monitoring
throughout laboratory
access

Start automated time-
lapse imagery

Figure 3.15. The experimental procedure.

3.5. Data analysis

3.5.1. Extraction of data from time-lapse images

Qualitative and quantitative data were extracted from time-lapse images.
Automated photography occurred every five minutes to allow assessment of
particle movement through the ice. This, in combination with in-person
observations, noted key features that formed due to particle-ice interaction (e.qg.
melt pathway morphology, drainage events, formation of basal meltwater
ponds, etc.). A typical experiment generated 800-1000 images, and these were
analysed in chronological order. The particle movement within each image was
measured relative to a fixed point (this varied from experiment to experiment) to
allow calculation of the distance moved by a particle. Measurements were taken
from the particle base to the ice surface (Figure 3.16) and had a precision to 1
mm. Scaling of the images was determined from the known particle width and
was applied to the distance moved measured in the image, to convert to
distance moved in the laboratory. Analysis predominantly focused on vertical

distanced moved, although lateral deviations were also considered.
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Fixed point, e.g. =
ice surfac‘ ~ -2

o~

Measurement
from particle base

Figure 3.16. Example of extraction of vertical distance moved by a particle.

Photographs of the processes observed were a key tool for interpretation of
experimental results. These are documented throughout the thesis and have a
standard format with the number of hours from experiment start, time and date,

and a scale bar included for clarity.

3.5.2. Calculation of particle velocity data

Calculation of the particle velocity through the ice was a key contribution for
interpreting results as it was used as a proxy for ice melt rate. Four variations of
particle velocity were calculated to aid interpretation: (1) from a conceptual melt
model (theoretical data based on particle properties), (2) the overall velocity
from time-lapse images (manipulated data from observations), (3) the
incremental velocity from time-lapse images (observed data), and (4) the

6smoothedd moving average vVvel ¢gmanipulgtedf r o m

data from observations).
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3.5.2.1. Particle velocity from conceptual melt model

A conceptual model of ice melt was created to inform the hypothesis of many
experiments and predict the velocity of a moving particle through the ice
(equation 3.4). This included the following assumptions:

1. The ice was at pressure melting point (PMP).
2. All heat that coupled into the particle was coupled into the ice to cause
ice melt.

3. There was no ice-radiation interaction.

The model involved an input power density (Lpd [watts m~?]), assumed to have
no ice interaction as optically transparent ice does not absorb wavelengths
within the visible spectrum. Adding a particle into the system required
consideration of an absorption surface; this was the area that was
perpendicular to the direction of light (i.e. the projected area of the particle, Ap
[m?]). The amount of power that could be absorbed into the particle would
depend on the particle albedo (a). Therefore, energy that could be absorbed
into ice would be equal to 1-a. The power that could be coupled into a given

particle (Wp[watts]) is defined as:

7 P [3.1]

It was assumed that all heat absorbed by the particle would be coupled into the
ice. This would result in ice melt and would allow the particle to move

downwards through the ice (—), if sufficiently dense. This would allow

calculation of the volume melt rate of ice (m® s, equation 3.2):

OT 1 OTABOA D EA A—1 [3.2]

Considering the latent heat of fusion (Lt J m3) gives:

7, = [3.3]
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Combining equations 3.1 and 3.3 suggested that the particle diameter would
not have an impact on particle-induced ice melt rate, and that the particle-ice
interaction would only be dependent on the radiation power input and particle

albedo.

a)

[3.4]

Where: — = particle velocity (m s), Lpa = lamp power density (~300 W m2), a =

albedo of particle, Lt = latent heat of fusion of ice (3.06 x 108J m'3). When a =0

(black particle) the predicted particle melting velocity is approximately 1 nm s,

3.5.2.2. Particle velocity from time-lapse images

To calculate an overall mean particle velocity, the total distance of particle
movement was divided by movement duration. However, this did not consider
velocity variations during particle movement. Therefore, this was used in

combination with other velocity calculations to aid interpretation of processes.

Point-by-poi nt velocity (ter mescaldulateccateaane nt al Vv e
timestep using the standard velocity equation. Particle velocity values were

plotted for each particle to visually investigate how the velocity of a particle

varied with time and to allow comparisons between particles. The velocity data
were then smoothed to reduce noise from the dataset (from a lack of precision

in the extraction of distance-moved data described in Section 3.5.1). This was

ter med t he &és moot herebchedeby aalcuiating ®modingd wa s
average over a standard of 18 data points, although this differed in experiments
with uncharacteristically small or large datasets, i.e. 30 data points were used in
experiments P10 and P15 (Chapter 4). The data were then plotted onto a
summary graph to enable trends to be identified. Therefore, graphs did not

include the final nine (or 15, in the case of experiments P10 and P15) smoothed

vel ocity values due to O0zerob6 data points
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3.6. Experimental implementation issues

3.6.1. Unclear images

3.6.1.1. Bubbles

In many instances, gas bubbles within the ice restricted the view of particles in

thetime-l apse i mages and prevented extraction
Bubbles were particularly prevalent near the ice surface and impacted the view

of the smallest particles to a greatest extent. This issue further demonstrated

the need for optically transparent ice.

3.6.1.2. Condensation

Condensation of water vapour onto the chest freezer glass surface obscured
the view in the periscope system in several experiments and typically covered
the entire frame of images. To reduce this issue, a silicon seal was created and
a film of liquid water was placed within the seal to allow imaging through the
water (Figure 3.17). This did not appear to produce any optical distortion effects

in the time-lapse images.

Periscope mirror
system

Silicone seal to trap
layer of liquid water

,’,r‘" 3 \ A = i ’ * 208 UAR
\ / \ S o block | > | AW Condensation on
£ T y > g \R glass freezer surface
i ﬂmt‘ E 1 . v O A

| Canon (EOS
| D50D) camera |'%

Figure 3.17. Photograph of the silicon seal to reduce condensation effects.

3.6.2. Paint
Paint leaked off particles into meltwater when particles were not painted with
sufficient drying time prior to the experiment start. Although this was useful in

indicating drainage patterns and meltwater movement, it may have influenced
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the behaviour of particles by modifying the particle albedo. Additionally, it was
noted that there were issues with guaranteeing that all particles were painted
with the same thickness of paint to ensure that the thermal conductivity values
were not affected. This was a particular issue with the smaller particles (e.g. 1.5

mm) due to difficulties in handling the small sizes.

3.7. Thermal environment of ice in proximity to particles

The thermal environment of the ice close to particles emerged as a crucial

component of the experimental design. The ice was defined as being within one

of two environments: unstable, where illuminated ice melted independently of

particle-ice interaction, or stable, where ice remained indefinitely in a solid state.

Many experiments demonstrated the sensitivity of particles to the thermal

environment and so, for ease of experimental set-up and discussion, four

thermal environments were defined and investigated across a thermal range

(Figure 3.18). These were not categorised with definitive boundaries, except for

in the cases of o6unstabl ebd6 anehvironménabl e ( cc
was identified across a range of behaviour
hereinafter). These environments dictated the extent of ice that was pushed into

the O6unstabl e dicemteractiom. by particl e

The thermal environmentsowetevdeshrfibédi wd
temperatures moving enNrasentr, whidstoansosnellad
shiftd indicated temperatures movheng t owar
ideal thermal environment for particles was when the ice was stable as a solid

and all heat transfer coupled into melting, i.e. exactly at PMP as this was a

common assumption used in modelling techniques. However, this was not

feasible for most experiments as ice block creation was a resource-expensive

process and conducting experiments at PMP would destroy each ice block after

a single experiment. Therefore, many experiments were conducted within the

stable (warm) or stable (cool) areas of the thermal range of the ice to enable

particle-induced ice melt without total ice block destruction. The understanding

of the various thermal environments developed as experiments progressed;

however, these are defined here for clarity.
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Pressure melting point

Negative ¢ Positive .
Stable >
(cold) Stable (cool) Stable (warm)  Unstable

Heat is conducted away from The ice is stable in solid form, but heat input from the particle Ice is unstable in the solid
the particle within  the ; maintains melt in liquid form. The morphology and size of melt . state. Therefore, no refreezing
proximal ice along a thermal | extent indicates where a particle sits on the thermal range. : processes occur and if heat is

gradient before the ice | Dynamic equilibrium with melting and freezing. i coupled in by a particle the
temperature is brought to the ! | entire ice mass will eventually
PMP. Therefore, there is no | | melt.

ice melt. ! . Refreezing < melting.
Refreezing > melting. :

Figure 3.18. The definition of the thermal environments of the ice in proximity to the particles

across the thermal range experienced in laboratory experiments.

Determining the thermal environment was largely dependent on observations of
the ice (Figure 3.19). Observations were used in conjunction with temperature
data to: (1) interpret the outcomes of the experiments; and (2) inform whether
modification of the freezer temperature was required during an experiment. If
the latter was the case, then the environmentwa s c at e g warriisaehdl
This category would also apply to an experiment where a natural shift across

the thermal range was observed.

Unstable: ice is at PMP and is unstable in the solid state. Water is observed on the ice
surface as drainage channels form and the vein network within the ice is visible. All ice
eventually melts, regardless of the illumination source.
Stable (warm) I
o

Stable (warm): ice is below PMP and is stable in the solid state. Particle-ice interaction
can bring the proximal ice to PMP and cause ice melt in that region. The rate of ice melt
is high with meltwater produced remaining in a liquid state. The vein network may be
visible and drainage channels may form on the ice surface, although all melt will refreeze
when illumination is removed.

° Stable (cool): ice is below PMP and is stable in the solid state. Particle-ice interaction
:’b can bring the proximal ice to PMP and cause ice melt in that region. The rate of ice melt
is low with significant refreezing processes occurring. This causes the melt pathway to

Is)

& narrow and close at the ice surface when sufficiently far from the particle influence to
Stable (cool) L create a teardrop morphology. Refreezing of all melt when illumination is removed.
. Variable (positive shift): a shift across the thermal environment range with increasing
‘ temperatures. The shift in temperature may be a result of: (1) an in-person intervention
Variable or (2) a natural fluctuation. This enables ice melt.
(positive shift)
Variable (negative shift): a shift across the thermal environment range with decreasing
temperatures. The shift in temperature may be a result of: (1) an in-person intervention
Variable or (2) a natural fluctuation. This hinders ice melt.
(negative shift)
. Stable (cold): ice is stable in the solid state. Temperatures are too cold for particle-ice
interaction to occur as heat is conducted through the ice away from the particle proximity
Stable (cold) before the ice temperature is raised to PMP. No melt is observed, with the exception of
initial melt from temperature differences at particle placement.
© Gas bubbles — Ice surface

== Meltwater = lce (@ Particle

Figure 3.19. Cross-sectional schematic indicating the observational criteria for determining the

thermal environment in the proximity of a particle.
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4. An experimental investigation of particle properties to
determine the physical processes involved in particle-ice

interaction

This suite of 49 experiments assessed the role of particle thermal conductivity,
albedo, density, and diameter on influencing the behaviour of particle-ice
interaction. Experiments predominantly involved single particles illuminated by a
light emitting diode (LED) radiation source, although 11 experiments assessed
a direct comparison between particles and six experiments assessed an array
of particles (as described in Chapter 3). Experiment results are described in a
systematic and individual manner, in chronological order of experiment code.
Repeat experiments are described as a synthesis of findings to allow
comparisons to be drawn. The average freezer and proxy ice temperatures for

each experiment are recorded in Table 9.7, Appendix 8.

4.1. Thermal conductivity

Experiments P1b-P9 and P48-P49 investigated the behaviour of thermally
conductive chrome steel and brass particles within ice (Figure 4.1, Table 4,1).
All particles had a low albedo and diameters in the range 6-8 mm.

Negative Positive
Stable Stable (cool) Stable (warm) Unstable
(cold)
: T T T T T J '
Plb P7P8 P3 P2 P48 P49
P4 P6
P1a PS
P2a

PO = P9
j Variable (negative shift)

Pressure melting point

Figure 4.1. The thermal environment of particles in experiments investigating the role of particle
thermal conductivity in particle-ice interaction. Experiment position has been derived from

interpretation of observations, as described in Chapter 3, Section 3.7.
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Table 4.1. A summary of experiments investigating the role of particle thermal conductivity in
particle-induced ice melt, highlighting the types of particles used and associated thermal

environments as defined in Chapter 3.

Experiment Particle type Thermal environment

P1a 8 mm chrome steel Stable (cold)

P1b 8 mm chrome steel Stable (cool)

P2a 8 mm chrome steel Stable (cold)

P2b 8 mm chrome steel Stable (warm)

P3 6 mm brass Stable (cool)

P4 6 mm brass Stable (cool)

P5 6 mm brass Stable (cool)

P6 6 mm brass Stable (warm)

P7 6 mm brass Stable (warm)

P8 2 x 6 mm brass Variable: stable (cool) to
stable (warm)

P9 2 x 6 mm brass Variable: stable (warm) to
stable (cold)

P48 6 mm brass Stable (warm)

P49 6 mm brass Stable (warm)

4.1.1. P1: athermally conductive chrome steel particle

Experiment P1 assessed particle-ice interaction involving a thermally
conductive chrome steel particle with a high density, low albedo, and 8 mm
diameter. This was separated into two experiments, P1la and P1b, due to

external factors influencing particle-ice interaction.

Pla began as an open system with ice exposed to freezer conditions (e.g. the

freezer relative humidity). Aside from the initial 20 minutes of the experiment,

there was limited particle-ice interaction. It was observed that the particle sat on

a Opeakd of higher topography approxi mat el
This was indicative of a sublimation environment, where water molecules were

removed from the solid ice surface directly to the vapour phase, resulting in a

surface lowering. This process used latent heat to convert mass from the solid

phase to the vapour phase, removing heat from the system and cooling the ice

surface (Figure 4.2).
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OPEN SYSTEM

K . .
ney Ihe, patrtlcle a(l:ted ats a ;I)hysllcal Energy required for sublimation cooled
l Conduction (thermal T:;rner o (:sgaplng wt:)aller To ecu esk. the ice surface and restricted surface
pathway) umljser ;:Zap:mc; sublimation - pea melt, even in conditions above 0°C.
/N Water molecules
@ Farice SUBLIMATION
Solid = gas

DEPOSITION Latent heat of sublimation
Gas = solid ICE SURFACE =rF----- (pure ice at 0°C): 28.3 J kg"'.

/" ICE ./‘\ '/X
The rate of sublimation exceeded the rate of deposition. \ '/X

This was due to removal of sublimated water molecules

by convection generated by the surface particle, air flow Conduction of heat away from the particle base transferred
within the freezer, and water molecules settling on the heat through the ice along a thermal gradient and prevented
colder sections of the freezer walls. This resulted in an melt occurring as ice temperatures were unable to reach
overall cooling of the ice surface as more energy was pressure melting point.

removed compared to energy added to the system.

Figure 4.2. Cross-sectional diagram indicating the role of sublimation and surface cooling in

preventing ice melt. Values of latent heat of sublimation taken from Cuffey and Paterson (2010).

A glass cover was placed over the container to offset sublimation cooling
processes, marking the start of experiment P1b. The hypothesis for experiment

P1b is shown in Figure 4.3.

80 WATT WHITE LIGHT-EMITTING DIODE

The particle would experience convective l l l
heat loss to the atmosphere. \
> ICE SURFACE
. . ICE
Key A low albedo surface would result in Submergence of the particle
strong absorption of incoming radiation. in meltwater would introduce
l Power input Therefore, a large amount of energy the heating of water, driving
would be available for ice melt. meltwater convection and the
Bl Water-filled melt pathway indirect melting of ice.
‘ Conduction (thermal 4
pathway) !
A high particle thermal conductivity would efficiently
v Convection (warm) transfer heat through the particle to the ice. It was
predicted that this would result in a rapid initialisation
v Convection (cold) of ice melt and subsequent direct ice melt at the
. particle base by heat conduction through the particle.
8 mm chrome steel particle |  Tho gense particle would move downwards in melt
produced.
Method development experiments (e.g. M30,
Appendix 5) indicated that particles with a high
density were capable of melting down to the ice
base. This was also expected in experiment
BASE OF CONTAINER P1b. e
Time progression »

Note: particle diameter is not to scale.

Figure 4.3. Schematic cross-sectional view of the hypothesised patrticle-ice interaction in

experiment P1b.

4.1.1.1. Results and interpretation
P1la showed that sublimation cooling could hinder particle-ice interaction.
Therefore, experiment P1b operated within a closed system to induce an

increased relative humidity environment (Figure 4.4). This trapped sublimated
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water molecules within the local area, causing deposition back onto the ice

surface.

The lid prevented water molecules escaping the local system and
so were deposited back onto the ice surface. CONTAINER LID

CLOSED SYSTEM

An equal number of water molecules sublimating and being deposited resulted in no net change in temperature.

8 mm chrome
steel particle \
DEPOSITION ./I./\' SUBLIMATION

Gas = solid Solid =2 gas

Addition of heat ( ICE SURFACE Removal of heat
ICE

Deposition = sublimation
Surface cooling was equal to surface heating and so there

was no additional energy change. Therefore, the ice surface

temperature reflected ambient freezer temperatures. Heat Sublimation peak under the
transfer from the particle into the ice resulted in ice melt as particle as the particle acted
the ice temperature was brought to pressure melting point as a protective cover.
(although the extent of this depended on the thermal

environment).

Conduction (thermal
pathway)

Meltwater
Water molecules

Particle

ol —E

Figure 4.4. Cross-sectional diagram indicating the influence of a closed system on sublimation

and deposition in experiment P1b.

Offsetting sublimation processes allowed the particle to directly transfer heat
into the underlying ice to raise the temperature to PMP, causing ice melt. This
confirmed the interpretations that sublimation cooling prevented ice melt in
experiment Pla as particle-induced ice melt was initiated approximately ten
minutes after the cover was placed on the ice container in experiment P1b.
Following this, downwards movement of the particle in meltwater was observed,
resulting in particle descent to reach the ice base within 23 hours (Figure 4.5).
This supported the hypothesis and was a result of the high particle density
(relative to meltwater). A full particle submergence was observed within two
hours, interpreted to remove heat loss mechanisms to the atmosphere and to
drive convection in the melt pathway. All energy absorbed was available to melt
the ice, resulting in ice melt and downwards movement to the base at a mean
particle velocity of 7.19 x 10" m s1. An initial high velocity (e.g. 5.0 x 10 m s1
measured for the first data point) suggested that initial movement was
associated with the effects of temperature differences between particle and ice

as it was placed on the ice surface at room temperature.
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Figure 4.5. Vertical distance moved and velocity of an 8 mm chrome steel particle in

experiment P1b.

4.1.1.2. Melt pathway

Once the particle was embedded within the ice, meltwater with a teardrop
morphology developed directly above the patrticle (representing the melt
pathway, Figure 4.6) and followed particle movement. The meltwater formed as
heat was conducted through the particle to the ice at the particle base, causing
ice melt. This process represents the direct heat transfer pathway, controlled by
the particle thermal conductivity. The high density of the particle allowed the
particle to move downwards into meltwater produced, causing the particle to sit
at the base of the meltwater. In addition to this direct heat transfer mechanism,
the warm meltwater moved downwards around the patrticle to the particle base
(meltwater convection) and continued to contribute to ice melt (due to the
inverse density-temperature relationship of water below 4°C, described in
Chapter 3). This represents the indirect heat transfer pathway. Therefore, two
heat transfer mechanisms controlled the rate of ice melt, and both were in the
vicinity of the melt pathway base. The downwards movement of warm water
(and upwards movement of cold water) created the teardrop morphology; the
colder water (although still above zero degrees) at the top was close to freezing
temperatures and so began to refreeze away from the particle sphere of

influence (i.e. the immediate region of ice melt, in the form of both direct and
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indirect heating mechanisms). The development of a teardrop morphology of
meltwater suggested that the ice was in a stable (cool) thermal environment,
whereby ice melt was a result of particle-ice interaction only and an entire

closure of the melt pathway was observed (Section 3.7, Chapter 3).

Steady changes in the melt pathway size and morphology were observed
throughout the experiment. The melt pathway reduced in height over a two-hour
period to extend a maximum height of 2 mm above the particle. This decreasing
volume meltwater was associated with a change in the angle of particle
movement (from an almost vertical trajectory to an angled trajectory). The
modification to trajectory orientation may have been controlled by the ice
structure (e.g. the vein network). Changes in the meltwater extent and
orientation of particle movement were suggested to be due to two processes:
(1) subtle temperature changes encouraging a higher refreezing rate, and (2)
meltwater entering the vein network allowing the particle to follow the vein
trajectory. These observations suggested that, although within a stable (cool)
thermal environment, it was likely that the P1b particle was close to the stable

(cold) boundary.
The melt pathway increased in size to form another teardrop melt pathway as

the particle continued to move downwards through the ice, likely reflecting

subtle changes in temperature (Figure 4.6).
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Figure 4.6. Images showing the fluctuation in melt pathway morphology at two stages (5 and 14
hours) in experiment P1b. (a) observational line diagram, (b) photograph and (c) interpretation
of the features.

4.1.1.3. Basal meltwater pond

The particle could no longer melt downwards when reaching the ice base and
so heat transfer remained in the local environment. This created a basal
meltwater pond that facilitated lateral particle movement that continued to melt
the basal ice. Lateral movement was suggested to be due to a combination of
heterogeneous convection systems within the basal meltwater pond, and
freezer vibrations pushing the particle along the ice base as it was perfectly
spherical with a smooth surface (i.e. low friction). Particle heat transfer was able
to melt ice approximately 2 mm away from the particle top; this was likely
because of heating by conduction at the particle base and convection moving
warm water to the container base. Therefore, expansion of basal meltwater was
predominantly horizontal with little vertical expansion, with a maximum width of
approximately 17 mm. This indicated that the sphere of influence of a

conductive and high-density particle was small and on the sub-10 mm scale in a
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stable (cool) thermal environment as heating was predominantly at the particle

base.

4.1.1.4. Summary

Surface cooling from sublimation processes hindered particle-ice interaction in
experiment P1a. However, a glass cover prevented sublimation in experiment
P1b, and the particle was able to efficiently melt the ice. The particle moved
downwards to the ice base with a mean particle velocity of 7.19 x 10" m st
(agreeing with the hypothesised outcome). However, refreezing processes and
interaction with the vein network modified the morphology of the melt pathway
and created an inclined particle trajectory. A closed melt pathway was indicative
of a stable (cool) thermal environment. Additionally, a basal meltwater pond
with a dome-shaped morphology formed when the particle remained at the ice
base. It appeared as if this had a heating influence of approximately 2 mm from
the particle top, suggesting a small sphere of influence for a high density and
thermally conductive particle in a cool environment. It would be useful to assess
this in repeat experiments and to inform understanding of the influence of the

vein network on sinking patrticles.

Experiment P2 was separated into two experiments in the same way as
experiment P1 (i.e. P2a and P2b); however, cold temperatures (e.g. a minimum
of -5.9°C, Table 9.7, Appendix 8) prevented particle-ice interaction in
experiment P2a, rather than sublimation cooling as observed in experiment
Pla. Experiment P2b followed from experiment P2a after a freezer temperature
adjustment. Condensation on the freezer surface obscured time-lapse images
and so results relied on in-person observations. As such, the particle velocity
could not be accurately calculated. However, experiment P2b confirmed key
results from experiment P1b: namely, that a particle with a high thermal
conductivity and high density could melt the ice sufficiently to melt downwards
to the ice base. In the case of P2b this occurred within 21 hours. However, the
melt pathway morphology differed due to drainage events of meltwater (likely
into the vein network), and refreezing/redeposition processes, ultimately
dependent on the ice temperature and particle thermal environment. This

resulted in the formation of a narrow (approximately 2-3 mm wide) drained melt

77



pathway that extended towards the ice surface, contrasting to the teardrop
morphology observed in experiment P1b. However, although this was open at
the ice surface, refreezing or vapour deposition processes occurred as the melt
pathway diameter was smaller than the particle diameter. However, the unclear
time-lapse images could not determine if narrowing processes occurred prior to,
or after, drainage, and so it could not be determined whether refreezing or
deposition processes were occurring. Similar to experiment P1b, the melt
pathway was inclined suggesting particle intersection with the vein network.
Additionally, a larger basal meltwater pond than expected developed (although
precise measurements could not be made), demonstrating the capability of a
thermally conductive particle with a high density to generate a significant
volume of meltwater even away from the direct heating zone. This contrasted
with results from experiment P1b, although this was likely a result of differences
in the thermal environment as the P2b particle experienced a stable (warm)
thermal environment. Repeat experiments to determine particle velocities and
assess the meltwater extent and possible drainage events in detail would be

useful.

4.1.2. P3: athermally conductive brass particle

Experiment P3 investigated the behaviour of a 6 mm black brass particle within
ice, placed on the same ice block as that used in P2b. The particle had a high
thermal conductivity, high density, and low albedo. The hypothesis for

experiment P3 is shown in Figure 4.7.
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Figure 4.7. Schematic cross-sectional view of the hypothesised particle-ice interaction in
experiment P3.

4.1.2.1. Results and interpretation

Exposure issues with the time-lapse camera limited time-lapse image quality
and so results relied on in-person observations. The P3 particle immediately
transferred heat into the ice to increase the ice temperature to PMP, causing ice
melt. This resulted in a downwards particle movement in meltwater with a mean

particle velocity of 2.35 x 10® m s to reach the ice base within eight hours.

4.1.2.2. Melt pathway

The melt pathway width initially approximated the particle diameter
(approximately 6 mm); this was indicative of conduction-driven ice melt as
increased convection-driven ice melt would likely result in a widened melt
pathway. Additionally, the presence of a strongly reflective region above the
particle was identified approximately five hours after the experiment start. This
was interpreted as gas space due to large differences in refractive indices
between gas and water (i.e. 1.30 and 1.00, respectively) and was indicative of
draining meltwater. This continued to drain as the particle moved downwards
through the ice to create a gas-filled channel within the ice. Similar to
experiment P2b, the melt pathway narrowed at the top to a minimum of
approximately 2 mm. In-person observations noted that this narrowed prior to

drainage, suggesting refreezing conditions. Although the melt pathway
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remained open at the ice surface, this was due to drainage processes removing
meltwater and preventing full refreezing of the melt pathway. Therefore, it was

deduced that the P3 particle experienced a stable (cool) thermal environment.

A similar drainage process was also observed in experiment P2b, conducted on
the same ice block. Therefore, it was interpreted that the drainage process
relied on the internal structure of the ice block (e.g. the vein network) and the
possibility of spaces for the water to drain into (e.g. between the ice block and

container, or from a leak in the plastic container).

4.1.2.3. Basal meltwater pond

The P3 particle melted the basal ice and moved laterally within the ice.
However, movement was not within meltwater; instead, the particle melted ice
through direct heat transfer between the particle and the ice with minimal
meltwater (likely a result of active drainage processes). This created a gas-filled
channel along the ice base (in addition to the gas-filled melt pathway extending

vertically through the ice, Figure 4.8).
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into the proximal ice to bring the ice temperature to PMP. Ice melt allowed the
particle to ‘erode’ its way along the ice base. However, drainage of meltwater
away from the region prevented the development of a basal meltwater pond as
observed in experiments P1b and P2b.

Figure 4.8. Images showing lateral movement of the P3 particle when on the ice base within a
drained melt pathway. (a) observational line diagram, (b) photograph and (c) interpretation of

the features.
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The particle remained stationary for approximately eight hours after reaching
the ice base. Heat transfer from the stationary particle created a basal
meltwater pond that had a width and height of approximately 10 mm and 8 mm,
respectively. This was dome-shaped in morphology and had similar dimensions
to the basal meltwater pond in experiment P1b, suggesting this morphology
was typical of a thermally conductive particle within a stable (cool) thermal

environment.

The P2b particle was also on the ice base from the previous experiment and
absorbed incoming radiation. Consequently, the P2b particle transferred heat
into the surrounding ice to create a basal meltwater pond whilst the P3 particle
was descending through the ice. P2b particle movement within the basal
meltwater pond caused lateral ice melt (a process also observed in experiment
P1b). The P2b basal meltwater pond eventually combined with melt from the P3
particle to form a larger volume of basal melt (approximately 120 mm in width
and 12 mm in height), topped by the P2b and P3 open melt pathways. This
resulted in meltwater filling the gas-filled melt pathway previously made by
lateral movement of the P3 particle along the ice base. The connected basal
meltwater pond was larger than that seen in experiments P1b and P2b and was
likely a result of combined heating effects from two particles (Figure 4.9). This
demonstrated the capability of multiple particles to form a hydrological

connection.
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Figure 4.9. Cross-sectional photograph of the dome-shaped basal meltwater pond created by

the P3 particle and the combined area of melt from the P2b and P3 particles.

To confirm that the presence of meltwater was a result of particle-ice
interaction, the illumination was turned off and the experimental system was left
for 24 hours. Observations demonstrated that all meltwater had refrozen in this
period, confirming that meltwater generated was through melting of ice from

particle heat transfer and that the ice was in a stable solid state.

4.1.2.4. Summary

Results from experiment P3 compared well with the hypothesised outcomes
(i.e. downwards movement of the particle to reach the ice base and create a
basal meltwater pond with a refreezing melt pathway). This experiment also
provided an insight into the hydrological connections that form between
particles, resulting in a greater extent of ice melt. This aided the method
development process and showed the need to shield particles from previous
experiments from illumination in future experiments when single particles were
investigated. Additionally, experiment P3 provided insights into drainage events,
confirming that these events were likely controlled by the ice structure itself.

This experiment type was repeated a further four times (experiments P4, P5,

P6, and P7) to confirm findings. These demonstrated a variability in results,

likely representing the complexities associated with particle-ice interaction and
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the importance of thermal environment as a control on particle behaviour (Table
4.2). Other complexities were also present, e.g. P4 exhibited a staggered
progression of ice melt, whilst experiments P6 and P7 experienced significant
drainage events that modified the internal structure of the ice systems.
Experiment P5 demonstrated steady downwards movement with refreezing
events. It was noted that refreezing of the melt pathway created gas bubbles
within the ice along the particle trajectory , i ndi cating ¢t he
and modifying the optical properties of the ice.
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Table 4.2. Summary of key features observed in experiments P4, P5, P6, and P7.

Experiment | Duration of | Particle Melt pathway morphology Basal meltwater pond Thermal environment
downwards | velocity
movement | (ms7?) Width (mm) Height (mm)
(hours)
P4 68-140 Teardrop. Photographs unclear dueto | 8 9 Stable (cool)
i camera focusing issues.
P5 17 1.03 x 10% | Teardrop, along an inclined trajectory 8 8 Stable (cool). Equilibrium
(lateral movement by approximately 3 system established with
mm). ice (i.e. a stable volume of
meltwater).
P6 12 1.87 x 10 | Open at ice surface and partially 75 10 Stable (warm)
drained when particle reached the ice
base.
P7 18 1.32 x 10¢ | Closed at ice surface and partially 16 (total of 90 | 8 Stable (cool)

drained. Photographs unclear due to
high number of bubbles within ice.
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The staggered motion in experiment P4 was likely a result of the particle
nearing the boundary of the stable (cold) thermal environment. Subtle
differences in the temperature caused an environment shift (e.g. from stable
(cool) to stable (cold), and vice versa), causing a shift in motion or static
behaviour. Observations indicated that stalled phases were longer than particle
movement phases (e.g. an average of 14 hours compared to 3 hours). There
did not appear to be any correlation with diurnal cycles as movement phases

were observed in both day and night periods.

Experiment P6 provided an insight into drainage and melt initialisation
processes. This demonstrated fluctuations in particle velocity where the velocity
was slower than 1 x 10 m s for the first 2.5 hours of the experiment and
increased throughout the experiment. The slower particle velocity during the
first 2.5 hours was associated with the top surface of the particle being exposed
at the ice surface. The patrticle velocity increased after the particle moved to a
depth below 6 mm into the ice (and, therefore, was fully submerged). This was
interpreted to be a result of removing heat loss mechanisms to the atmosphere,

allowing all absorbed energy to be available for transfer to the ice.

Experiments P6 and P7 demonstrated the complex nature of drainage events.
Downwards movement of the P6 particle to reach the ice base coincided with
the development of a strongly reflective region within the time-lapse images. It
was interpreted that this was from strong differences in refractive indices of ice
and gas caused by a gas-filled melt pathway. The evolution from water-filled to
a gas-filled pathway was due to drainage events, facilitated by the P6 particle
melting the basal ice and providing a pathway for drainage to spaces between
ice and container. Drainage in experiment P7 differed as drainage occurred
during particle descent, prior to the particle melting a drainage route at the
base. This could suggest that drainage of meltwater in this case was through
the vein network within the ice. Ultimately, P6 and P7 indicated that the
drainage events were complex as multiple processes were observed (Figure
4.10).
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Figure 4.10. Images showing the melt pathway development over six periods in experiment P6.

(a) observational line diagram, (b) photograph and (c) interpretation of the features.
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