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Jiao Chen

Characteristics of Supraglacial Channels and Drainage

Networks on Antarctic Ice Shelves

Abstract. Supraglacial channels that flow on ice shelves can store and transport large
volumes of meltwater to various locations (e.g., moulins, lakes, crevasses) during the melt
season, so they play an important role in glacial hydrology and ice shelf stability. However,
the current understanding of supraglacial channels is limited, especially the underlying
processes and the controls on their development and variability. This study uses multiple
remotely sensed data including satellite imagery and Digital Elevation Models (DEMs)
to measure supraglacial channels in Antarctica. Five contrasting ice shelves around the
margin of the Antarctic Ice Sheet are chosen as the study sites — Bach, Nansen, Nivlisen,
Riiser-Larsen and Roi Baudouin ice shelves. Supraglacial lakes and channels are mapped
by automatic delineation method during the melt season in 2020 and 2022, and key fluvial
metrics are calculated, e.g., number, length, width, depth, sinuosity, bifurcation ratio,
orientation, slopes and drainage density. Extensive supraglacial lakes and channels were
observed on all five Antarctic ice shelves during the peak of the melt season and most
were interconnected to form a total of 119 channel networks at different scales. The results
demonstrate that: (i) supraglacial channel networks often occurred in areas with low
elevations and near grounding lines, (ii) supraglacial channel networks on different ice
shelves exhibited different drainage patterns and hydromorphic characteristics, (iii) the
surface topography and structural glaciology of ice shelves affected the distribution of the
supraglacial channel network. Future work could focus on long-term observation of
supraglacial channels and exploring the applicability of terrestrial river-related research

methods (e.g., hydrological modelling) to supraglacial channels.
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1. Introduction

1.1 Overall aim

Supraglacial channels redistribute meltwater across the surface of ice sheets and ice
shelves, but the current understanding of their characteristics is limited. For example,
lakes fed by supraglacial channels have been linked to ice-shelf collapse, but channels
may also drain lakes and remove meltwater from ice shelves. The aim of this study is to
better understand the characteristics and drainage patterns of supraglacial channel

networks on Antarctic ice shelves.

1.2 Context and justification

Antarctica is the fifth-largest continent, which has an area of almost 14 million km? and
contains 30 million km* of ice (Campbell and Claridge, 1987; Council, 2011). The
Transantarctic Mountains separate the Antarctic Ice Sheet into two main domains
(Figurel.1): the East Antarctic Ice Sheet (EAIS) and the West Antarctic Ice Sheet (WAIS)
including the Antarctic Peninsula, and there are some different characteristics between
them (Liggett et al., 2015). The EAIS is cold and dry, and much of it is grounded above
sea level. In contrast, the WAIS lies largely below sea level, and its crust is thinner than
that of the EAIS (Fretwell et al., 2013). Antarctica is fringed with floating ice shelves
which cover approximately 1.561 million km?. These ice shelves are extensions of
grounded glaciers and are supplemented by accumulating surface snow and freezing of

marine ice below (Rignot et al., 2013).

As the most remote continent on Earth, Antarctica seems to be isolated but affects the
global climate system profoundly (Rintoul et al., 2018). For instance, the Antarctic Ice
Sheet was thought to be the major contributor to the global mean sea level that was

approximately 69 metres higher around 130,000 to 115,000 years (DeConto and Pollard,
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2016). As a result, the response of the Antarctic Ice Sheet to atmospheric and oceanic
warming will directly determine the amount and rate of sea level rise over the next few
centuries. In fact, the entire Antarctic ice sheet is melting at ever-increasing rates as
climate change accelerates (Khazendar et al., 2016; Bell et al., 2018; Shepherd et al., 2018;
Dirscherl et al., 2021b). Rignot et al. (2013) estimated the basal melting of 67 ice shelves
around the Antarctic continent. Their results indicated that the rapid melting was
happening on ice shelves in both East and West Antarctica, and that basal melting
represented a larger proportion of ice-shelf attrition in Antarctica than estimated in the

past.

EAlST

I
ANTARCTICA

Figure 1.1 Overview Map of Antarctica: the major ice shelves around the margin are

marked as grey areas (Abrahamsen 2012).



In addition to basal melting, one of the most significant phenomena of surface melting in
Antarctica is the increasing amount of water on the ice surface (Bell et al., 2018). Liquid
meltwater on grounded and floating ice can be stored in impermeable surface depressions,
and supraglacial lakes and channels form (Pitcher and Smith, 2019). Sometimes, surface
crevasses can also accumulate meltwater and the stored water may drain through ice
fractures on ice shelves, termed hydrofracturing (McGrath et al., 2012; MacAyeal et al.,
2015). Despite recent progress in studying supraglacial systems in Antarctica (Bell et al.,
2018; Arthur et al., 2020a), our understanding of the underlying processes and influences
of Antarctic hydrology remains somewhat limited, particularly in terms of supraglacial

channels.

It is hypothesized that the accumulation of meltwater on the surface of ice shelves can
play a critical role in the stability of an ice shelf (Banwell et al., 2013; Banwell et al.,
2014; Pitcher and Smith 2019). There are several possible mechanisms connecting
surface melting to ice shelf collapse, including ice shelf flexure resulting from meltwater
loading and drainage (Weertman, 1973; MacAyeal et al., 2015). DeConto and Pollard
(2016) added the effects of widespread meltwater on Antarctic ice shelves to their
predictive ice sheet model and found that surface meltwater could induce widespread
hydrofracture on ice shelves during this century, which may significantly increase the
contribution of the Antarctic ice sheet to sea-level rise. Therefore, it is urgent to better
understand the fundamental processes of supraglacial hydrology and the factors that
impact the production of surface meltwater. Current studies have typically focused on
supraglacial lakes and the controls on surface melting in specific locations during specific
times of the year (Langley et al.,2016; Stokes et al.,2019; Bell et al.,2018; Arthur et
al.,2020,2022; Kingslake et al.,2017). More recently, the drainage through supraglacial
rivers and streams has been observed in some locations in Antarctica, delivering
meltwater across the ice shelves (Kingslake et al., 2015; Bell et al., 2017; Banwell et al.,

2021). Furthermore, their termination points reveal the locations of moulins that may
3



indicate connections from the surface to the bed (Smith et al., 2015; Yang and Smith,
2016; Tuckett et al., 2019). However, there is still little known about their spatial
distribution and transport capacity of supraglacial channels. Although field studies are
difficult to conduct due to the lack of human and financial resources, advances in remote
sensing technology have made it possible to monitor dynamics without the limitation of

space and time (Arthur et al., 2020a).

1.3 Objectives

Given this context, this study was conducted around three specific research questions: (i)
What do the channels on the surface of the Antarctic ice shelves look like? (ii) Are there
any differences between supraglacial channels on different ice shelves? (iii) What factors
control the development of the drainage patterns of the supraglacial channel networks on

the Antarctic ice shelves?

According to the above research questions, the objectives of this study are to:

(1) Use multiple remotely sensed data to map supraglacial hydrology features (i.e.,
channels and lakes) in Antarctica over five different ice shelves;

(2) Quantify the morphology and drainage patterns of supraglacial channel networks over
the five different Antarctic ice shelves;

(3) Discuss the controlling factors on the formation of supraglacial channel networks on

the five ice shelves.

1.4 Thesis structure

This thesis will first give a background to the current understanding of supraglacial
hydrology (Chapter 2) including the basic conception of channel and channel networks
on ice surfaces (Sections 2.1 and 2.2). A brief introduction of commonly used data sources
(i.e., satellite imagery and digital elevation data) used in studying supraglacial hydrology

follows (Section 2.3), along with some background on the supraglacial hydrology in
4



Antarctica (Section 2.4). A general description of the study sites is then given (Chapter 3)
followed by details of the ice shelves selected in East Antarctica (Section 3.2) and West
Antarctica (Section 3.3). In the methods section (Chapter 4), the optical remotely sensed
image processing and supraglacial channel network delineation method are presented
(Sections 4.1 to 4.2), together with how the fluvial metrics and measurements were
quantified (Section 4.3). The supraglacial channel networks delineated using this method
are presented in the results section (Chapter 5), along with the analysis of the metrics
including the spatial distribution of channels, channel length, width, sinuosity, etc. The
impacts of surface topography and structural glaciology on supraglacial channel networks
are discussed in Chapter 6 together with limitations and future work. Key conclusions of

this study are given in Chapter 7.



2. Literature review

2.1 Supraglacial channels

2.1.1. Definition of supraglacial channels

The term ‘supraglacial rivers or streams’ has been used to describe channels that transport
water on glaciers and ice sheets (Pitcher and Smith, 2019). Supraglacial rivers are trunk
and perennial channels (Yang and Smith, 2016; Gleason et al., 2021) occupying the higher
stream orders in the channel network (Strahler, 1957; Yang et al., 2016), while
supraglacial streams are usually transient on multiyear timescales and rank in the lower
orders. Supraglacial rivers and streams can be collectively referred to as channels (as in
this thesis), and they play an important role in glacial hydrology and have potential
impacts on ice shelf stability (Pitcher and Smith, 2019). As shown in Figure 2.1,
supraglacial channels exhibit complex drainage patterns. Drainage through supraglacial
channels occurs in various locations and they can route surface meltwater into lakes,
crevasses, and moulins, and even into terrestrial hydrologic systems or the ocean (Yang

et al., 2021).

Possible lake with
basal fracture

drainingto bed A ifer/buried

lake

Figure 2.1 Supraglacial channels across bare ice and ice shelves (Bell et al., 2018).
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2.1.2. Formation and evolution of supraglacial channels

Previous studies have provided important information on the formation of supraglacial
channels (Cuffey and Paterson, 2010; Jarosch and Gudmundsson, 2012; Pitcher and
Smith, 2019). This process can be summarized in three stages: firstly, meltwater is
produced due to the increasing solar insolation early in the melt season. Secondly,
meltwater can percolate into the underlying snow and ice. Sometimes, an impermeable
layer of superimposed ice forms because of refrozen snow and ice. As the volume of
meltwater increases, the snow and firn saturation increase and surface drainage is
impeded. Thirdly, surface drainage begins to mobilize snow and firn which can result in
slush-flow activity and eventually supraglacial channel formation that follows the ice
surface slope or exploits structural weaknesses in the surface (e.g., crevasses, fractures,
etc.). It has commonly been assumed that supraglacial channelization is similar to the
formation of terrestrial rivers (Yang et al., 2016). However, limited knowledge is available

about the physical process of supraglacial channel development or routing.

Ice sheet surfaces with very little debris provide a more homogeneous environment for
channel development, but channels can still adjust rapidly and often show meandering
characteristics (Knighton 1985). Existing evidence shows that thermal erosion and glacier
flow generate a dynamic topographic control on the shape and size of supraglacial
channels (e.g., Knighton, 1985; Karlstrom and Yang, 2016). According to Kostrzewski
and Zwolinski (1995), channel evolution can be summarised as follows: first, large
changes take place in channel depth which is caused by thermal incision. Second, ablation
of the side walls leads to channel widening. Third, meandering begins to occur as flow
velocity varies with variable channel roughness. The main weakness of this simple model
is the failure to address the influence of external forcings, such as ice flow and associated
structural glaciology (fractures, rifts, crevasses, flow-stripes, etc.), which could alter
many properties including drainage patterns, gradients and length. More recently, several
authors have noted that the topography of supraglacial channels may be controlled by

internal thermal adjustments at length scales smaller than ice thickness, but that at greater
7



scales, subglacial topography determines channel morphology (Ewing, 1972; Karlstrom
and Yang, 2016; Pitcher and Smith, 2019). This view is supported by the basal-to-surface
roughness transfer functions (Figure 2.2), which indicates that when the basal
wavelengths are greater than ice thickness, the bedrock has significant influences on the
surface topography so supraglacial drainage basins are fixed in space. In contrast, fluvial
erosion dominates the topography when at smaller wavelengths (Budd, 1970;

Gudmundsson, 2003; Lampkin and VanderBerg, 2011).

Theoretical Basal-to-Surface Transfer

Ice Surface A

- Basal Surface

— — A —

> r_
2 Y ;
I‘;sx :ﬁgﬁ;n:t}t'éLounaﬂgd Basal structures with A High-frequency/
i between 3-8x ice thickness (h) short A components
transferred to surface attenuated

Figure 2.2 Schematic of the basal-to-surface roughness transfer function, where (h) is _for
ice thickness and (1) is for the surface and basal wavelength (not to scale). Components
with basal wavelengths (1) between 3 and 8 times the ice thickness (h) are most readily
transferred through the ice, while those longer or shorter than this range are highly

weakened (Lampkin and VanderBerg, 2011).

2.1.3. Spatial distribution of supraglacial channels

Supraglacial channels are widespread in different glacial surroundings during the melt
season and exhibit a diversity of drainage patterns (Figure 2.3). Most previous work on
supraglacial channels has concentrated on the Greenland Ice Sheet, which has well-
developed hydrological systems in the relatively large ablation zone compared to
Antarctica (Germain and Moorman, 2016; Smith et al., 2017; Yang et al., 2016a). In
addition, investigations of supraglacial channels have been carried out elsewhere, such as

in Antarctic Peninsula (Bell et al., 2018), Nepal (Benn et al., 2017), Switzerland (Willis
8



et al., 2002), and Alaska (Scott et al., 2010). Due to the high cost of fieldwork and the
difficulty of observing channels across a large scale, most studies of channels on ice in
Antarctica have only ever been conducted on small areas in the field, and often close to
Antarctic bases. Therefore, how supraglacial channels and drainage evolve and behave

remains poorly understood in Antarctica.

(a) = = __Greenland,2014 (b) Alaska,2015

-
> =

Figure 2.3 Examples of supraglacial channels: (a) supraglacial rivers are flowing across
the Greenland Ice Sheet. (Photo by Bernt Rostad). (b) an anchorage paddler in a
supraglacial river on Matanuska Glacier in Alaska (photo by Paxson Woelber). (c)
meltwater channels on George VI Ice Shelf, Antarctic Peninsula (Sentinel-2 imagery
processed by Julien Seguinot). (d) supraglacial channels meandering on Gornergletscher
glacier, Switzerland (photo by Tadeds Gregor). All images used here are distributed under
a CC-BY 2.0 license.



2.2 Supraglacial channel networks

2.2.1 Appearance and evolution of drainage network patterns

The drainage pattern is a fundamental concept in channel network analysis because it
represents the spatial relationships between stem channels and tributaries in the drainage
basin. Terrestrial rivers transport water and sediment from hillslopes to the catchment
outlet and form a unique drainage network due to the differences in underlying geology
and other natural factors (e.g., topography, climate and tectonic history) (Charlton 2007).
Drainage patterns can be classified based on their form and texture. The most commonly
occurring drainage patterns are dendritic, parallel, rectangular, and centripetal (Figure
2.4). The dendritic drainage pattern develops like a tree, which means the contributing
tributaries (i.e., branches of the tree) in this system usually confluence together to form
the stem channels (i.e., trunk of the tree). Compared with the dendritic pattern, tributary
streams of parallel pattern tend to join together at acute angles and extend more parallel
to the stem channel following the regional surface slope. For the rectangular drainage
pattern, channels form a perpendicular net in two directions and converge to the stem
channel almost at right angles. A centripetal drainage pattern is generated when channels
drain the water into a lake or depression from all directions. The rose diagrams of the
flow direction of channel segments also reflect the differences in angles when tributaries
join the stem channel in different drainage patterns. The orientations of flowing channels
in dendritic and parallel drainage patterns are more concentrated than that of rectangular
and centripetal patterns, which indicates there might be strong regional controls that

dominate the angle of channel junctions.
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Figure 2.4 Schematic drawing of typical drainage patterns: the black arrow indicates the
flow direction of stem channels, the rose diagram on the right-top corners shows the

orientation of channel segments and the length of the radius indicates the quantity.

The drainage pattern of a terrestrial catchment is dominated by the underlying geological
structure, topography, slope, climatic variables, etc. Among all these factors, the
geological structure is thought to have the most significant influence on the formation of
drainage patterns (Magesh et al., 2012). Channel networks with a dendritic appearance
are the most common and basic of all the drainage patterns, which typically suggest
homogeneous substrate and no strong geological controls. Where there are steep slopes

with some relief or parallel, elongate landforms, parallel drainage patterns develop.

Supraglacial channel networks consist of interconnected supraglacial channels and lakes.
Previous studies have reported that supraglacial channel networks also exhibit complex
drainage patterns and high drainage densities which are similar to terrestrial rivers (Smith

et al., 2015; Yang et al., 2016; Pitcher and Smith, 2019; Yang et al., 2019b; Lu et al.,
11



2020a). These studies also indicate that the topography of the ice surface is the dominant
factor in determining the type of supraglacial drainage pattern, with other potential factors
including ice surface albedo, roughness and longitudinal surface flow structures (e.g.,
flow stripes) (Rippin et al., 2015; Yang et al., 2016; Holt et al., 2013). Although operating
as interlinked hydrological networks, supraglacial lakes and channels are often
investigated as independent features, and most studies of supraglacial drainage patterns
have only focused on the Greenland Ice Sheet. However, despite recent observations of
supraglacial melting and the formation of lakes and channels (Langley et al.,2016; Stokes
et al.,2019; Bell et al.,2018; Arthur et al.,2020,2022; Kingslake et al.,2017), little is
known about drainage patterns of supraglacial channel networks in Antarctica and how

lakes and channels differ in their ability to store meltwater during network formation.

2.2.2 Stream order

Stream order is an important characteristic which helps to measure the relative size, and
therefore potential discharge, of channels (Figure 2.5). Moving up in size and volume,
streams are classified from first-order streams to high order streams, as devised by
Strahler (1957). The outermost tributaries are first-order streams, which flow into the
larger streams and normally have no sub-tributaries (Charlton 2007). A few fundamental
studies on supraglacial stream orders have been carried out. Smith et al. (2015) analyzed
supraglacial drainage patterns via mapping from remote sensing and field measurements
on the west Greenland Ice Sheet. The findings of this study suggest that Strahler stream
orders of supraglacial channels in the study area ranged from 1 to 5 and all the mapped
channels terminated in moulins, which means surface water drained efficiently via a well-
integrated surface drainage pattern. Stream order has also been used to delineate
supraglacial channels in geographic information systems (GIS). King et al. (2016) tested
a flow routing algorithm for delineating supraglacial channels from high-resolution (2 m)
ice surface DEMs on the Greenland Ice Sheet. They used the Strahler stream order as a

proxy for relative stream size and found the performance of the flow routing algorithm

12



getting worse as stream order decreases. However, few studies have drawn on stream

ordering to quantify supraglacial channel networks.

Figure 2.5 Strahler stream order (black numbers indicate the order)

2.2.3 Channel meandering

Most supraglacial channels exhibit meandering patterns which are superficially similar to
terrestrial rivers, although they are mechanistically distinct from each other (Karlstrom et
al., 2013). The formation and development of meandering channels are mainly affected
by the erosion and deposition of sediment (Song et al., 2016). Bank erosion and deposition
in terrestrial settings usually occur when variations in boundary shear stresses exceed the
threshold for sediment movement. However, current understanding indicates that
supraglacial channels lack a similar mechanism for the deposition of bank material
(refreezing of channel bank is ineffective during the melt season because of the long
duration of daily solar radiation) (Karlstrom et al., 2013). Moreover, very little sediment
(i.e., ice crystals or rocks) is transported in most supraglacial meltwater channels, which
suggests that sediment transport is not necessary for their meandering (Parker, 1975). This
led to the question: how do meanders form and evolve in channels on ice with the absence

of bank deposition?
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There are several possible explanations. Parker (1975) used a model based on linear
stability analysis and found that thermal erosion due to differential frictional heating is
the main factor contributing to meandering and that meander wavelength is determined
by the channel properties (i.e., width, depth). Marston (1983) challenged some of Parker’s
conclusions, suggesting that meanders do not migrate downstream. Karlstrom et al. (2013)
developed depth-averaged conservation equations based on Parker’s modelling and their
work validates the notion that meandering can form in supraglacial channels when the
Froude number (i.e., a ratio of inertial and gravitational forces on the fluid) is higher tha