W Durham
University

AR

Durham E-Theses

Characteristics of Supraglacial Channels and Drainage
Networks on Antarctic Ice Shelves

CHEN, JIAO

How to cite:

CHEN, JTAO (2023) Characteristics of Supraglacial Channels and Drainage Networks on Antarctic Ice
Shelves, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk,/14981/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.



http://www.dur.ac.uk
http://etheses.dur.ac.uk/14981/
 http://etheses.dur.ac.uk/14981/ 
http://etheses.dur.ac.uk/policies/

Academic Support Office, Durham University, University Office, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://etheses.dur.ac.uk

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
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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 than
0.4 and channel width-to-depth ratios range from 2.5 to 5. They also indicated that the
meandering of channels on ice is driven by channel curvature itself, which results in a
flow instability leading the non-uniform melting rates along channel walls. In a more
recent study, Fernandez and Parker (2021) presented several laboratory measurements on
meltwater meandering over ice. Their results demonstrated that the sinuosity growth of
supraglacial channels results in interaction between vertical (i.e., depth of channel) and
lateral (i.e., displacement of channel wall) incisions, which means that the faster the
channel cuts vertically, the less time it takes to migrate laterally and the slower the
sinuosity grows. This study also points out that future research on supraglacial channel

meandering should focus on how meanders affect channel and planform morphologies.

2.2.4 Seasonal and interannual evolution of channel networks

Supraglacial channels are characterized by pronounced seasonal evolution with
fluctuations in air temperature and meltwater production, and their morphology can
change rapidly over short timescales (i.e., weeks to months) (Tedesco et al., 2013; Bell et
al.,, 2017; St Germain and Moorman, 2019; Spergel et al., 2021; Yang et al., 2021).
Antarctic supraglacial channels generally exist in the melt season during the austral
summer (i.e., November to March). During this period, surface ice, snowpack and firn in
the ablation zone can produce high volumes of meltwater because of the high
temperatures. When there is sufficient meltwater on the surface, the supraglacial channels

become gradually active and deliver the water to other places such as moulins, lakes and
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crevasses. As mentioned in Section 2.1.2, supraglacial channels evolve through incising
vertically, so they can only persist when the channel is cutting down faster than the
surrounding ice is melting. However, surface ice, firn and snow will be frozen by low
temperatures in the winter months. That means supraglacial channels in cold winters may
be refrozen or even removed from the ice surface, or a portion may remain to be re-used
in the next melt season despite there being no active flow in them (Yang et al., 2018; St
Germain and Moorman, 2019; Hill and Dow, 2021). Consequently, channel discharge and
termination (e.g., moulin, lake) inputs will form a temporal pattern as well which is likely

to impact the basal sliding and subglacial effective pressure (Hill and Dow 2021).

Recent research has investigated seasonal changes of supraglacial channels and there has
been a number of studies that aim to develop “dynamic” models to simulate the drainage
system on ice (Kingslake et al., 2015; Koziol et al., 2017; Gleason et al., 2021; Hill and
Dow, 2021). These models represent the flow in supraglacial channels (i.e., spillway
models) across ice sheets, but also have more complex mathematical calculations. Koziol
etal. (2017) applied a supraglacial hydrology model that combined surface water routing
with supraglacial lake drainage through channels on the west Greenland Ice Sheet. Their
results indicated that the partitioning of meltwater (i.e., water stored in lakes, channels,
moulins, crevasses etc.) can vary with the intensity of the melt season, and interannual
variations mainly depend on the nature of the supraglacial drainage system (i.e., the initial
channel depth and heat transfer function) and the sensitivity of the subglacial system (i.e.,

fracture area and crevasses extent).

2.3 Methodological approaches used in studies of supraglacial channels

2.3.1 Mapping supraglacial channels using satellite remote sensing

Most studies of supraglacial channels have been conducted by employing various remote
sensing methods. Optical imagery produced by satellite or Uncrewed Aerial Vehicle

(UAV) platforms has been widely utilized to extract supraglacial channel networks on the
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Greenland Ice Sheet (Yang and Smith, 2012; Smith et al., 2015; King et al., 2016; Yang
et al., 2019a; Yang et al., 2019b; Lu et al., 2020a). Multispectral methods usually apply
the Normalized Difference Water Index (NDWI), especially the NDWI adapted for ice
(NDWTIice) to discriminate between surface meltwater features and background snow/ice,
followed by additional processing techniques (e.g., gabor filter, morphological operations)
to highlight the contrast between supraglacial channels and other features (Yang et al.,

2015a).

In general, channels with a large width (e.g., >15 m) can be visible in coarse- or moderate-
resolution imagery, but narrower channels cannot be identified easily (Yang and Smith
2012). Landsat-7/8 images with 30 m resolution are usually used to map large
supraglacial channels on the Greenland and Antarctic ice sheets (Poinar et al., 2015;
Kingslake et al., 2017). Yang et al. (2019b) used both Sentinel-2 and Landsat-8 imagery
to map supraglacial rivers in Greenland, and their results showed that Sentinel-2 images
perform better than Landsat-8 images in delineating narrow (less than 15 m wide) and
continuous channels. The growing availability of high-resolution imagery (e.g., IKONOS,

WorldView-1/2) provides new opportunities to study supraglacial channels.

2.3.2 Modelling supraglacial flow routing

In addition to optical satellite imagery, elevation data have also increasingly been used in
supraglacial hydrology research (Crozier et al., 2018; Yang et al., 2019a). Most channel
networks on ice can be modelled from Digital Elevation Models (DEMs) by using flow
routing algorithms and velocity parameterizations to calculate flow paths and travel times,
respectively (Clason et al., 2012; Banwell et al., 2012; Yang et al., 2018; King et al., 2016;
Lu et al., 2020a). Clason et al. (2015) employed a spatially distributed model for
prediction of moulins formation and lake drainages on the Leverett Glacier in Southwest
Greenland during the 2009 and 2010 ablation seasons. Their results indicate that the
model performs effectively in simulating the spatial variability of mechanisms for

transferring meltwater from the surface to the bed. Both the model and previous

16



observations suggest that in the lower part of the catchment (< 1000 m a.s.l.), the primary
mechanism for transferring surface meltwater to the bed is through the development of
moulins. Koziol et al. (2017) applied the Surface Routing and Lake Filling (SRLF) model
to simulate surface drainage in west Greenland for three melt seasons, and they found
more than 95% of available melt in the model may enter the englacial drainage system
mainly by moulins, crevasses and hydrofracturing events. Hill and Dow (2021) presented
the Subaerial Drainage System (SaDS) model that combines distributed runoff across the
glacier surface in the bare-ice ablation zone with discrete flow in supraglacial channels.
Their SaDS model was successfully applied to a partial region in Greenland and the

results match well with the drainage system derived from a satellite-derived map.

Ideally, all the depressions in DEMs can be regarded as potential meltwater sinks.
However, some of these depressions are DEM errors which will affect the accuracy of
results produced by meltwater routing models (Lindsay and Creed, 2006). Yang et al.
(2015b) noted that although DEMs are useful for extracting large-scale fluvial networks
on the Greenland Ice Sheet, it is greatly affected by the depression-filling thresholds and
not suitable for identifying the location of moulins. Xing et al. (2020) compared the
accuracy of channels extracted using four different Greenland DEMs (i.e., the Greenland
Ice Map Project (GIMP)1/2 DEM, TanDEM-X, and ArcticDEM). Their results showed
that TanDEM-X performs best while GIMP1 performs the worst, and that medium to
high-resolution DEMs have great potential for application in supraglacial hydrology.
Recently, the Reference Elevation Model of Antarctica (REMA) which provides a high
resolution (8 m) terrain map has been released by Howat et al. (2019). With typical
elevation errors of less than 1 m, the REMA is a powerful tool for Antarctic research on

supraglacial lakes and channels.

2.4 Antarctic supraglacial hydrology and its impacts

Surface melting in Antarctica is primarily influenced by weather and climate variability

and is the primary source of nearly all surface water with minor contributions from rain
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and condensation (Bell et al., 2018). Recent work shows that surface meltwater is
observed to be more widespread in Antarctica than previously thought (Kingslake et al.,
2017; Stokes et al., 2019; Corr et al., 2022; Figure 2.6), and it represents a potentially
important component of ice sheet mass balance (Bell et al., 2018). For example, Corr et
al. (2022) recently mapped all observable supraglacial lakes and channels in West
Antarctica using Sentinel-2 imagery, and they found 10,223 lakes and 255 channels on
the West Antarctic Ice Sheet and Antarctic Peninsula, with a total area of 119.4 km?.
Stokes et al. (2019) mapped the supraglacial lakes on the margins of East Antarctica
during the melt season in January 2017 and found that there were over 65,000 lakes (about
1,300 km?). These lakes primarily occur on ice shelves, where the most intense surface
melting in Antarctica is observed (Cook and Vaughan, 2010; DeConto and Pollard, 2016).
Recent studies have shown that Antarctic hydrological systems mainly occur in the
following forms: (i) meltwater flowing along the steep slopes and forming supraglacial
channels (Bell et al., 2017); (ii) accumulation in depressions and developing a lake/pond,
sometimes also fed by channels (Stokes et al., 2019); and (iii) forming a lake after

percolating into the sub-surface (Bevan et al., 2017).
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Figure 2.6 Examples of supraglacial channels and lakes on Antarctic surface melt map

(Bell et al., 2018).

Meltwater on grounded and floating ice can be stored in impermeable surface depressions,
and supraglacial lakes and channels form (Pitcher and Smith, 2019). The influences from
supraglacial channels go beyond water transport, and there are four ways that they
potentially affect the melt rate, ice stability, and ice dynamics (Figure 2.7). Firstly, surface
meltwater may decrease the albedo of surrounding ice and accelerate the surface melting
(Pitcher and Smith, 2019). Secondly, surface crevasses can also accumulate meltwater
and the stored water can initiate or enlarge the ice fractures on ice shelves, termed
hydrofracturing (Vieli et al., 2007; Banwell et al., 2014; MacAyeal et al., 2015; Bell et al.,
2018; Leeson et al., 2020). Thirdly, when meltwater penetrates through moulins or
crevasses and reaches the base of the ice sheet, it can act as a lubricant, making it easier

for the ice to slide (Stevens et al., 2015; Tuckett et al., 2019; Smith et al., 2021). Last but
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not least, if the channels take the water directly off the ice sheet (rather than percolating
into the snow-firn and refreezing), they carry mass off the ice sheet (Smith et al., 2015;
Pitcher and Smith, 2019) contributing runoff to sea-level rise and potentially mitigating
hydrofracturing (Bell et al., 2017). Therefore, mapping supraglacial channels and
understanding how they redistribute meltwater is increasingly important in predicting

future mass loss (Bell et al., 2018; Pitcher and Smith, 2019).

Bedrock

Figure 2.7 Meltwater propagates to the glacier bed through crevasses and moulins.

(Source: www.AntarcticGlaciers.com)

Satellite observations (Arthur et al. 2020a, Dirscherl et al., 2021b; Spergel et al., 2021;
Dell et al., 2022) and climate modelling (Lenaerts et al., 2017; Agosta et al., 2019; Arthur
et al., 2022) are the two main approaches corresponding well with in situ observations to
investigate the surface melting in Antarctica. Much of the current literature on Antarctic
ice shelves (e.g., Nivlisen, Roi Baudouin, Riiser-Larsen, Bach and Nansen) pays
particular attention to the widespread meltwater on ice shelves given that ice shelves help
to hold back the ice flow from ice sheet and so any structural disruption to them may have
consequences for inland glacier flow (Kingslake et al., 2015,2017; Dell et al., 2020, 2022;
Dirscherl et al., 2021b; Lenaerts et al., 2017; Bell et al., 2017, 2018; Arthur et al., 2022;
Moussavi et al., 2020; Dirscherl et al., 2021b). Kingslake et al. (2015) modelled the

drainage of supraglacial lakes across Nivlisen Ice Shelf and which extended for ~ 70 km.

20


http://www.antarcticglaciers/

They indicated that the surface drainage from some large lakes located near the grounding
line is the most rapid, and the discharge from lake to channel is controlled by whether the
drainage is stable or unstable. Kingslake et al. (2017) found aerial photographs from 1947
showing that supraglacial lakes and streams on Roi Baudouin Ice Shelf were present 68
years ago. Dirscherl et al. (2021b) investigated the dynamics of surface hydrological
features on Riiser-Larsen Ice Shelf during the melt season from 2015 to 2021. Their
results showed that the highest extent of supraglacial lakes on Riiser-Larsen reached ~85
km? and lakes expanded further across the ice shelf in years with the highest lake
occurrence, while lakes cluster closer to grounding lines, blue ice or nunataks in years
with lower lake coverage. According to Bell et al. (2017), active drainage networks
including lakes and channels on the surface of Nansen Ice Shelf exported a large fraction
(~ 259 to 806 m®) of meltwater into the ocean between 2006 and 2015. The terminus of
these supraglacial channels is a 130 m-wide waterfall that had the potential to export a
whole year’s worth of surface meltwater in seven days. It is worth noting that Bell et al.
(2017) proposed a new discovery of Nansen Ice Shelf hydrology. They found that water
has been exported by drainage systems through dolines and waterfalls during the last 100

years and this pattern may help to reduce the impact of warming temperatures on ice shelf.

Generally, supraglacial channels and lakes form an interconnected hydrologic network
which will deliver and store surface meltwater, but the nature of the drainage system is
often unclear, with most studies focusing solely on the detection of meltwater and, in
particular, lakes (Banwell et al., 2014; Stokes et al.,2019; Arthur et al.,2020b; Dirscherl
et al., 2021b). Kingslake et al. (2017) conducted the first continent-scale observation of
Antarctic surface drainage systems by optical satellite imagery between 1947 and 2015.
They found widespread supraglacial lakes and channels across the ice sheet and some of
them have persisted for decades. The surface drainage systems consisting of channels and
lakes on Amery Ice Shelf are able to deliver meltwater from grounded ice onto and across
ice shelves up to 120 km. Arthur et al.(2020b) observed extensive supraglacial lakes on
Shackleton Ice Shelf from 2000 to 2020 by applying optical satellite imagery. Their
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results indicated that supraglacial lakes presented obvious seasonal variations in area and
depth. Moreover, Leeson et al. (2020) found most supraglacial lakes on Larsen B Ice Shelf
between 1979 and 2002 refreeze but a few still drain water in winter. Notably, their results
also showed there are no significant changes in lake characteristics including lake number
and area during this period, which means water has been drained off the shelf by an active
supraglacial drainage network. Considering the intrinsic connection between supraglacial
channels and lakes, it is critical to understand the evolution processes and morphometric
characteristics of supraglacial channels in Antarctica and particularly on ice shelves (Bell

et al. 2018, Rintoul et al. 2018, Stokes et al. 2019).
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3.Study sites

Surface meltwater in Antarctica is becoming increasingly extensive during the short melt
seasons of November to February. Although there is a growing interest in Antarctic
hydrological processes, most studies have focused on the extensive supraglacial lakes.
Little attention has been paid to supraglacial channels that have an important role in
delivering meltwater across the ice surface, often connecting lakes. This chapter will first
give an overview of the five Antarctic ice shelves selected for this study and then

introduce the detail of previous studies conducted at these sites.

3.1 Overview of the investigated Antarctic ice shelves

As noted above (Section 2.4), supraglacial channels are an important component in the
Antarctic hydrology system and play a key role in ice dynamics. On the one hand,
meltwater transported by the channels can flow into the moulins or surface crevasses
which may modulate subglacial water pressure and basal sliding (Pitcher and Smith,
2019). On the other hand, large volumes of water from the ablation zone can directly drain
off the margin of ice shelves, which may affect ice-sheet mass balance and runoff, which
contributes to sea level rise (Corr et.al, 2022). However, little attention has been paid to
the evolution and characteristics of supraglacial channels. In this study, five ice shelves
located in the EAIS (i.e., Riiser-Larsen, Nivlisen and Roi Baudouin ice shelves) and the
WAIS (i.e., Bach and Nansen) were selected to provide an important opportunity to

advance the understanding of Antarctic supraglacial channels (Figure 3.1).

The ice shelves investigated in this study are displayed in Figure 3.1 and have been chosen
for four main reasons: firstly, these ice shelves are characterised by a range of surface
melt conditions and features, such as atmospheric temperature and ice velocity (Table
3.1), resulting in a wide variety of surface meltwater distribution; secondly, recent
evidence suggests that supraglacial lakes and channels are widespread and well-

developed based on previous observations from optical satellite imagery, and these
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channels display a range of different drainage characteristics, which would potentially
provide new insights regarding the controls on supraglacial channel networks (Bell et al.,
2017; Arthur et al., 2020a; Dirscherl et al., 2021b; Arthur et al., 2022; Corr et al., 2022;
Dell et al., 2022); thirdly, five ice shelves were chosen from across the Antarctic Peninsula
and both East and West Antarctica, which allow investigation of different geographical
location and allow comparison between settings; fourthly, increasing quantities of
remotely sensed data including satellite imagery and high-resolution DEM data are

available for all the sites.
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Figure 3.1 Supraglacial channels on selected Antarctic ice shelves: (a) Riiser-Larsen, (b)

Nivlisen, (c¢) Roi Baudouin, (d) Nansen, I Bach using Landsat-8 true colour composites.

Table 3.1 Overview of the studied Antarctic ice shelves.

Attributes Area Location Mean annual Mean ice velocity
(km?) temperature (°C) (myr")
Bach 4,540 72°S,72°W -1.8 76
Nansen 2,000 75°S,163°E -8.2 110
Nivlisen 7,600 70°S,11°E -10.0 100
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Riiser-Larsen 48,180 72°8S, 15°W -15.6 200
Roi Baudouin 33,000 70° S, 24°E -9.9 220

* Mean annual temperature datasets were obtained from the British Antarctic Survey

(https://legacy.bas.ac.uk/met/READER/), and the Mean ice velocity data were produced

by Shen et al (2020).

3.2 Ice shelves in East Antarctica

Three ice shelves (Riiser-Larsen, Nivlisen and Roi Baudouin) in Dronning Maud Land,
East Antarctica, with well-known supraglacial meltwater dynamics are used as study sites.
The Nivlisen Ice Shelf (70°S, 11°E: Figure 3.1b) lies in central Dronning Maud Land and
is mainly fed by the Potsdam Glacier. It is 123 km wide and 92 km long, occupying a
total area of about 7,600 km?. The ice thickness of Nivlisen Ice Shelf ranges between 150
m to 700 m from the calving front to the grounding line (i.e., where the ice shelf begins
to float) in the southeast, and it has an average ice shelf flow speed of nearly 100 m yr .
The Roi Baudouin Ice Shelf (70° S, 24°E: Figure 3.1c) in eastern Dronning Maud Land
has an area of approximately 33,000 km? and is separated by the Derwael Ice Rise into
its western and eastern parts (Eisermann et al., 2021). It extends along the coastline in a
southwest-northeast direction for about 350 km, with a width of about 50 to 100 km. The
Riiser-Larsen Ice Shelf (72°S, 15°W: Figure 3.1a) extends ~400 km between Cape
Norvegia and Lyddan Island, in western Dronning Maud Land. It covers ~48,180 km?
and has an ice velocity generally below 1 m d' (Dirscherl et al., 2021b). The grounding
line of Riiser-Larsen Ice Shelf is developing parallel to the calving front for hundreds of

kilometres.

3.3 Ice shelves in West Antarctica

The two ice shelves investigated in West Antarctica are Bach Ice Shelf (72°S,72°W:
Figure 3.1e) and Nansen Ice Shelf (75°S,163°'E). The Bach Ice Shelf has an area of ~4540

km? and is located in the southwest Antarctic Peninsula region, and ice flows at an average
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speed of 76 m y™!. The Bach Ice Shelf has a maximum thickness of 821 m. The Nansen
Ice Shelf (70°S,11°E: Figure 3.1d) is located along the edge of the Ross Sea, covering an
area of 1,800 km? in Victoria Land. The Priestley and Reeves Glaciers are two primary
glaciers that feed Nansen Ice Shelf, and the ice shelf thickness of Nansen ranges from

1000 m at the grounding line of Priestley Glacier to 120 m at the ice shelf terminus.
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4. Methods

This chapter introduces the data and methods used in this study. The overarching approach
taken in this project is to use remotely sensed data to map supraglacial channels on the
five selected ice shelves in Antarctica (Section 3), and to conduct a quantitative analysis
of the characteristics of the supraglacial channel networks. The first section of the
methods (Section 4.1) demonstrates the data sources and general approaches to extracting
hydrological features using satellite imagery. Processes for delineating the supraglacial
river networks are presented in Section 4.2. The final Section 4.3 illustrates the

procedures for calculating fluvial properties of supraglacial channels.

4.1 Water detection using remote sensing approaches

Remotely sensed data, particularly satellite imagery, is nowadays the most prevalent data
source in polar studies. Numerous new approaches for surface water detection using
remote sensing data have been proposed, which can be divided into two main categories:
threshold-based methods (Yang et al., 2019b; Lu et al., 2020a; Moussavi et al., 2020; Lu
et al., 2021; Yang et al., 2021) and machine learning methods (Acharya et al., 2019;
Dirscherl et al., 2020; Yuan et al., 2020; Dirscherl et al., 2021a). In this study, supraglacial
water bodies were extracted by a water index threshold-based method that is simple to

implement and widely used.

4.1.1 Overview of remotely sensed data

The remotely sensed data used in this study consist of Landsat-8 Operational Land Imager
(OLI) imagery and the Reference Elevation Model of Antarctica (REMA) data (Table 4.1).

Landsat-8 Level 2 datasets were obtained from Earth Explorer (http://earthexplorer.

Usgs.gov/). The surface reflectance and land surface temperature of Level 2 products
have been atmospherically corrected, removing the need to do processing steps for
alleviating the atmospheric effects. REMA mosaic data were downloaded from the U.S.

Polar Geospatial Centre (https://www.pgc.umn.edu/data/rema/) (Howat et al., 2019),
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which provides the elevation information of each ice shelf at 8§ m spatial resolution.

Table 4.1 Landsat-8 OLI images information

Landsat-8 OLI REMA DEM
Ice Shelf
Row Path Date Scene ID (8 m)
Bach 111 219 24 Jan, 2020 36-11/12, 37-11/12
Nansen 113 61 02 Jan, 2022 15-35/36
Nivlisen 109 167 28 Jan, 2020 50-34/35
110 167
Roi Baudouin 109 154 22 Jan, 2022 49-42/43
Riiser-Larsen 111 178 09 Jan, 2020 49-27,50-27

4.1.2 Landsat-8 OLI imagery

Landsat-8 was launched by NASA on February 11 in 2013 and carries two instruments —
the Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS). It has
provided multispectral imagery since 30 May 2013, including 30-meter visible, near-
infrared, and shortwave infrared bands (15-meter panchromatic) by the OLI and land
surface temperature bands by TIRS. The Landsat-8 satellite has a large swath (185 km)
and seasonal coverage of the global landmass of a 16-day repeat cycle. Due to the
limitation of data availability and quality (e.g., limited satellite image acquisition time
and cloud cover), it is difficult to obtain imagery of different ice shelves in the same year.
The acquisition timing of satellite imagery in the year is of great importance. In this study,
Landsat-8 OLI level 2 images were collected on one date in January 2020 and 2022 (Table
4.1), because meltwater is considered to be their peak volume during this time of year,
and channel networks are at the near-maximum extent which would be easier to compare
their characteristics on different ice shelves (Nicolas et al., 2017; Stokes et al., 2019;
Arthur et al., 2022). The focus of the study was not to investigate temporal evolution,

which future work could address.
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4.1.3 REMA DEM data

REMA is a digital elevation data of Antarctica with 8 m spatial resolution, which is
generated from high-resolution optical satellite imagery acquired between 2011 and 2017
(Howat et al. 2019). The REMA mosaic data covers nearly 95% of the entire continent,
and it is the highest spatial resolution DEM available for Antarctica. REMA has been
widely used in Antarctic studies (Dunmire et al., 2020; Alley et al., 2021; Dong et al.,
2021; Spergel et al., 2021; Pratap et al., 2022). The elevation errors of REMA are less
than 1 m when comparing with airborne laser altimetry which provides more accurate
topographic information. REMA DEM data captures the elevation from a large time span
of images (9 May 2015 with a standard deviation of 432 days), which does not exactly
correspond to the timings of satellite imagery used in this study. Given that the elevations
are unlikely to change significantly in selected sites during the period of study, temporal

non-coincidence would not have a great influence on the results.

4.2 Delineation of supraglacial channel networks

4.2.1 Data pre-processing

Landsat-8 level 2 images have been officially corrected to eliminate the atmospheric
effects, and its projection system is Polar Stereographic which corresponds with REMA.
All satellite imagery was captured in low cloud cover (below the < 30% threshold)
conditions. Therefore, some pre-processing steps (i.e., atmospheric calibration and
reprojection) are not necessary. The first step in this study was to determine the scope of
the study area (or part of the ice shelf) to be analysed on the images. All the Landsat-8
imagery were acquired in January as the supraglacial meltwater features are easily
identified. First, the areas of the images with supraglacial lakes/channels could be
approximately defined by visual interpretation. Second, images including Landsat-8 and
REMA were cropped visually to the same area in ArcGIS 10.3 to a smaller area which

includes as much visible surface water as possible for the following analysis.
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4.2.2 Automatically delineation of surface water

This study employed automated mapping to obtain supraglacial channels on Antarctic ice
shelves for two main reasons: firstly, the automatic classification method (Yang et al.,
2015) adopted in this study is widely used to extract supraglacial channels on Greenland
Ice Sheet, and here this study applied it to the mapping of channels on Antarctic Ice Sheet
to confirm its feasibility and enrich the scope of the research. Secondly, although a limited
number of satellite images were used in this study, the selection of the study sites
encompasses ice shelves with varying area scales ranging from 2,000 to 48,180 km?, and
the size of the channel networks on their surfaces varies considerably. Therefore, the use
of automatic mapping allows for more efficient and consistently objective results in the
classification map of surface meltwater. In this section, the process of automatically
detecting surface water was divided into three parts (Figure 4.1): preliminary extraction,
refined extraction and then combine water features from the previous two steps, and
finally map the centrelines of supraglacial channel networks. The details of the method

are described in Sections 4.2.2.1 to 4.2.2.3 and are summarised in Figure 4.1.
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Figure 4.1 Supraglacial channel networks delineation scheme: the red box represents the
preliminary extraction based on a global threshold of normalized difference water index
forice (NDWlice), the blue box illustrates the process of refined detection of supraglacial

channels following Yang et al. (2015).

4.2.2.1 Preliminary extraction based on a water index method

This study adopted an automated mapping method to delineate the channels on ice. After
clipping the pre-processed Landsat-8 imagery into the areal extent, the next step was to
obtain all open water features present on the ice shelf. The normalized difference water
index (NDWI) is commonly used in terrestrial environments to extract water bodies from
satellite imagery (Yang et al., 2015a; Moussavi et al., 2016; Stokes et al., 2019; Yang et
al., 2019b; Arthur et al., 2020b; Moussavi et al., 2020; Corr et al., 2022). The NDWI result
can be computed with the normalized ratio of the Near-Infrared (NIR) and Green Bands,
Eq. (1) (McFeeters, 1996), and surface water in the NDWI image shows brightly which
is sharply contrasted with the dark background. The reflectance in NIR wavelengths of
surrounding terrestrial vegetation and soil (generally not relevant in Antarctica) is higher
than water, while the snow, bare ice and firn also have low reflectivity in NIR Band which
is easily confused with water in glaciological environments. Consequently, NDWI for the
combination of NIR and Green bands works best in terrestrial environments (Yang and

Smith, 2012).

For better discriminating water in supraglacial surroundings, the modified NDWI has
been proposed and termed the NDWI adapted for ice (NDWlice) (Yang and Smith, 2012).
NDWT ice uses the Blue and Red Bands, Eq. (2), instead of the NIR and Green Bands,
because there is an apparent difference between the reflectance of water and ice in the
Red Band and the high reflectance of water in the Blue Band. Compared with other
versions of the NDWI, NDWlice is found to detect surface water more accurately,
especially for areas containing slush and blue ice (Arthur et al., 2020b; Dell et al., 2022).
Bell et al. (2017) applied the NDWIice to Landsat-8 imagery and precisely distinguished
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the ice surface water and slush by setting the shallow (0.12 <NDWIice <0.14), medium
(0.14 <NDWTIice <0.25) and deep (NDWIice > 0.25) thresholds. As a result, this study

adopted NDWTlice as the basis for all further water delineations.

NDW] = &reen—NiR Eq. (1)
Green+NIR
Blue—Red
NDWlice = ——— Eq. (2)

Nivlisen Ice Shelf
0 5 10KM /",fb )

Nansen Iéé‘_SheIf
10 KM i R

(a) (b)
Figure 4.2 NDWIice images for (a) Nivlisen Ice Shelf and (b) Nansen Ice Shelf-

As shown in Figure 4.2(a), there are some obvious supraglacial channels and lakes
displayed as brighter pixels in the NDWIice image for Nivlisen Ice Shelf. Ideally, all
pixels of open water should be brighter than other objects in the NDWIice image.
However, the NDWIice image for Nansen Ice Shelf (see Figure 4.2 b) has generated some
confusion between water and exposed rocks, shades of flow stripes and surface fractures.
NDWIice values of rocks are even greater than those of water and appear brighter in the
image, which is due to the similarity of spectrum in the Red Band between bedrock and
water (Burton-Johnson et al., 2016; Arthur et al., 2020b). To avoid the misclassification
resulting from exposed bedrock, all rocks were masked by manually inspecting each

NDWI ice image. In detail, the bare rocks showing as bright pixels (i.e., misclassified as
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water) on the NDWlice image have been manually digitized and removed using the

ArcGIS tools. The processed NDWlice images were used to conduct further analysis.

Next, appropriate thresholds were set for each NDWIice image of all study ice shelves to
discriminate between the water and non-water. Across Antarctic ice shelves, there is
commonly observed “ice slush” along supraglacial channels (Dell et al., 2022). Ice slush
is a transitional material formed when the pores of firn become saturated, and it usually
occurs in the ablation zone particularly around refrozen lakes and blue ice areas causing
it to have an albedo between water and snow (Figure 4.3) (Yang and Smith, 2012; Zatko
and Warren, 2015; Dell et al., 2022). As a result, it is necessary to determine the threshold
to classify water and slush. An NDWIice threshold of 0.25 was the most widely used in
previous studies (Bell et al., 2017; Williamson et al., 2017; Banwell et al., 2019; Arthur
et al., 2020b; Dell et al., 2020) which can better classify liquid water from slush and other
non-water features. However, the threshold of 0.25 was found to underestimate the liquid
surface water in this study (Figure 4.4b). Although most slush was not classified in the
result, many pixels of shallow streams that visually appears to be light blue and narrow
on the Landsat-8 imagery have been excluded. This phenomenon is also consistent with
the findings of Bell et al. (2017) which demonstrates that the NDWIice was sensitive to
the amount of surface melt during the melt season. To identify as many fine channels as
possible, this study decreased the threshold value starting at 0.25 at 0.01 intervals and
observed the resulting binary water mask to determine the threshold that would detect
more meltwater (Figure 4.4c, d). As shown in Figure 4.4, a lower 0.2 NDWlice threshold
was deemed satisfactory to provide a conservative estimate of the surface water for further

analysis.

33



4 KM

,_

rh\__’:

N

é Nivlisen Ice Shelf
$
&

slush

o
-, y

Figure 4.3 Ice slush along the supraglacial channels on Nivlisen Ice Shelf (Landsat-8

OLI 30 m imagery in true colour).




Figure 4.4 Binary water mask from different NDWlice thresholds: (a) NDWlice image
generated from Landsat-8 imagery, (b) 0.25 threshold value; (c) 0.23 threshold value; (d)
0.2 threshold value. The red polygons are the detected surface meltwater. The areas
corresponding to the green and yellow boxes in the graph are able to detect more surface

water as the threshold is reduced to 0.2.

4.2.2.2 Refined extraction of linear features by image enhancement

In the previous step, a NDWIice threshold of 0.2 was set to separate water from the snow
and ice, but some pixels belonging to water were still ignored because of the low contrast
between shallow or narrow flowing streams and surrounding land (Cooley et al., 2017;
Fengetal., 2019; Lu et al., 2020a). As a result, using a single global threshold of NDWIice
is unable to fully delineate the supraglacial channels. To address this problem, the Gabor-
PPO method proposed by Yang et al. (2015) was employed here to improve the detection
of supraglacial channels. This method aims to increase the contrast between linear or

curvilinear features and the image background in three steps.

Firstly, a band-pass filter (BPF) was applied to denoise the NDWIice image (Yang et al.,
2015). Secondly, a Gabor filter (3 x 3 moving window) was applied to highlight the cross
sections of channels. A two-dimensional Gabor filter is a sinusoidally modulated
Gaussian kernel function often applied to texture separation in image processing, and it
also helps enhance the detection of supraglacial channels whose cross-sections appear
Gaussian in imagery as they increase from low values at the edge of the channel
(shallower water), to the higher values (deeper water) in the centre (Yang et al., 2015a;
Yang and Smith, 2016). Thirdly, a morphological operator called Parsimonious Path
Opening (PPO) was matched to enhance the connectivity of supraglacial channels longer
than 20 pixels (600 m). After this enhancement process, channels on the ice surface are
better identified from the image background. Finally, a global threshold (i.e., out of 255
in a grey level image) was automatically determined based on the resulting image
histogram to generate a binary stream mask (Yang et al., 2015a) (Figure 4.5). The adopted
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Gabor-PPO method was implemented using MATLAB2017b. This enhancement
processing helps to delineate those curvilinear supraglacial channels, particularly

improving the completeness of the extracted channel networks (Figure 4.5).

Nivlisen Ice Shelf (a)
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Figure 4.5 Extracted surface water on Nivlisen Ice Shelf: (a) original NDWlice image; (b)
enhanced NDWlice image, (c) preliminary water mask (red) extracted by 0.2 NDWlice
threshold; (d) refined water mask (blue) extracted by enhanced NDWlice image.

4.2.2.3 Combining surface water masks

After the refined extraction of surface water (including supraglacial channels and lakes),
there were two binary open water masks: a preliminary result including lakes and deeper
channels, and a refined result containing continuous and shallow channels. An additional
processing step is needed to combine these two masks to produce the final water

delineation result. This scheme used the Merge tool in ArcGIS 10.3 to create the extracted

36



water map for each selected ice shelf (Figure 4.6), and it is clear to see that supraglacial
channels are better delineated when integrating the cross-sectional and longitudinal

information.

Figure 4.6 Supraglacial channels and lakes extracted by combining preliminary and
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refined water masks (a)Landsat-8 OLI imagery in true colour for the Niviisen Ice Shelf,
(b)blue polygons indicate the surface water overlaying the REMA DEM image (8 m

spatial resolution) with contours.

4.2.3 Mapping the centreline of supraglacial channel networks

To understand the fluvial geometry and connectivity of supraglacial channels, the
extracted water mask should be transformed into polylines to represent the river networks.
In this study, three popular automatic methods, the ArcScan tool (Bajjali, 2017; Lu et al.,
2020a), RivGraph (Schwenk and Hariharan, 2021) and Natural-Rule-Based-Connection
(NRBC) (Zeng et al., 2015), were tested to map the centrelines of supraglacial channels
including those that flow through lakes from the polygons of extracted water (see Figure

4.7).

Figure 4.7 Centrelines for partial supraglacial channel networks on the Bach Ice Shelf
mapped by different methods: (a) ArcScan tool;(b) NRBC;(c) RivGraph. Figure (d) shows

the result of the superimposition of the centrelines drawn by the above three methods.

Figure 4.7 shows the centrelines for some supraglacial channels on Bach Ice Shelf
mapped by different approaches. For comparison purposes, all methods are tested with
default parameters. Each method exhibits different characteristics, but almost all of them
incorrectly drew some circular centrelines at channel junctions, especially where multiple

channels occur. The result of the ArcScan tool retains a good level of detail in the
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centrelines of supraglacial channels, although some tributaries appear disconnected.
However, the NRBC method only mapped the centrelines of the trunk channels and did
not plot most of the tributaries. For RivGraph’s result, there are a lot of unnecessary spurs
as the channel crosses the lake. As shown in Figure 4.7(d), when the centrelines drawn
by the above three methods are superimposed on each other, their respective advantages
and disadvantages become more apparent. It was decided that the most appropriate
method to adopt for this investigation was the ArcScan tool in ArcGIS software, because
centrelines generated by the ArcScan tool retain more detail, have better continuity and

make fewer errors at channel crossings.

4.3 Hydromorphology of supraglacial channels

4.3.1 Supraglacial channel network ordering

The motivation for this study lies in exploring the characteristics of supraglacial channels
and their drainage networks. Thus, it is key to quantify the morphometric statistics of
channel networks on ice and their connectivity with lakes. Here the Strahler ordering
system was used to classify types of channels based on their number of stream junctions
(Strahler, 1957; Yang et al., 2016; Lu et al., 2020a). As shown in Figure 4.8(a), a channel
without any tributaries will be assigned as first-order, and a channel assigned second-
order has two first-order streams flowing into it. If two streams with different orders join
the same stream, it would be labelled as the same order as the higher order of these two
tributaries. Some studies used the automatic algorithm to label the numeric Strahler order
for vector channel networks (Maidment and Morehouse, 2002; Gleyzer et al., 2004;
Omran et al., 2016; Lu et al., 2020a). However, these methods were found to be unsuitable
for this study. This is because there are numerous multichannel segments in supraglacial
channel networks (see Figure 4.8(b)), and the automatic methods cannot classify the order
accurately. Given that the following analysis is all based on the order of river networks,
this study assigned the Strahler stream order manually in ArcMap 10.3 software to avoid

classification errors.
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Figure 4.8 Examples showing multichannel of supraglacial channel network and
manually labelled Strahler stream order (black numbers): (a) Strahler ordering system;
(b) multiple channels on Riiser-Larsen ice shelf, there are nine first-order (red) and three

second-order (yellow) channel segments in the example network.

4.3.2 Fluvial morphology

To calculate some fluvial metrics, the supraglacial channel networks with assigned stream
orders were further analysed at different scales (i.e., channel segments of fixed interval
or different orders, and whole river networks). Channel length, width, depth, slope,
bifurcation ratio and orientation were computed for all segments; drainage area and
drainage density were calculated for each supraglacial channel network.

Table 4.2. Fluvial metrics of supraglacial channels calculated in this study

Morphometry
Scales Definition Reference
metrics
a n™ order stream is always (Strahler,
Strahler stream Channel located downstream of the 1957 ;
order segments confluence of two (n-1) ™ Yang et al.,
order streams 2016 ;
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Width (m)

Depth (m)

30 m channel

width between banks on

both sides

segment

depth from surface to

bottom of flowing water

Surface slope

Bed slope

100 m channel

the surface elevation
difference divided by

horizontal distance

segment

the bed elevation difference

divided by horizontal

distance

Sinuosity

2000 m channel

segment

the ratio of the length
between two
points on a channel to the

straight-line distance

Length (m)

Bifurcation ratio

the path distance and area
between segment endpoints

(Confluences)

Channel
segments of

different orders

the ratio of the number of
channels for a given order

Ny to the number of
channels in the next higher

order NV, +1

Gordon et
al., 1992 ;
Gioia et al.,
2018 ;
Frasson et

al., 2019)

The compass direction that

that section of channel

Orientation
flows along
Downstream end | The area of the ice sheet
Drainage/catchment
of channel that drains into that point in
area
segments the channel
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the total length of channels

Drainage density in a drainage catchment
Channel network
(km/km?) divided by the area of the

ice watershed

4.3.2.1 Width and depth of supraglacial channel

Widths and depths of all supraglacial channels were sampled at 30 m intervals along each
river segment using the FluvialCorridor toolbox (Roux et al., 2015). The measurement
interval was set to 30 m as the Landsat-8 OLI image has a spatial resolution of 30 m, thus
ensuring that all variations in width and depth are captured. The width was derived from
the polygons extracted from the water delineation maps. Depths of all supraglacial
channels and lakes were retrieved by using spectral band ratios that are widely used in
the literature (Smith et al., 2015; Moussavi et al., 2016; Pope et al., 2016; Yang et al.,
2021). This spectral band-ratio approach relies on the relative reflectance in two different
wavelengths, and the Band-1 (coastal) and Band-3 (green) bands of Landsat-8 OLI
imagery have been validated to be one of the best combinations to derive water depth
based on the dual-channel model (Eq.3) (Moussavi et al., 2016; Pope et al., 2016). The

empirical derivation of calibrated coefficients is as follows (Pope et al., 2016):
z=a+ bX + cX? Eq.(3)
X = In(Band,/Band;) Eq.(4)
where a = 0.1488, b = 5.0370 and ¢ = 5.0473, Band,/Band; is the ratio of the
reflectance of Landsat-8 OLI Band-1(coastal) and Band-3 (green), and z stands for the
derived water depth.
To evaluate and compare with other studies in the literature with the results of this study,

the depths of supraglacial lake from Arthur et al. (2022) were sampled in the same melt
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season (i.e., 2020) and the same locations (i.e., Nivlisen and Riiser-Larsen Ice Shelf) as
the reference. Arthur et al. (2022) estimated the depth of supraglacial lakes across the
EAIS by using a physically-based model which is also commonly used for deriving water
depth (Sneed and Hamilton 2011, Banwell et al. 2014). Some earlier studies suggested
that the spectral band-ratio method is expected to be more robust than a physically-based
model (Stumpf et al. 2003, Legleiter et al. 2009). Pope et al. (2016) compared several
approaches to estimate the depth of supraglacial lakes based on Landsat-8 OLI data. They
found that the empirical method (i.e., spectral band-ratio) with the ratio of coastal and
green bands of Landsat-8 performs well because the derived depth result has the high
correlation coefficients and lowest RMSE with field sample result (r = 0.9228,
RMSE=0.38). Figure 4.8 shows the comparison between depths derived from this study
(Depth_Br) and the reference study (Depth Re). As can be seen from Figure 4.9 (a) and
(b), a positive correlation is found between the Water depth Br estimated in this study
and the Water depth Rf, and the results are significant at the p = 0.05 level. Given the
differences in the timing of data collection, such water depths estimated by the spectral

band ratio method are considered reliable in this study.
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Figure 4.9 Correlation analysis of the depths derived from the reference study (Water

depth_Rf) (Arthur et al., 2022) and this study (Water depth_Br).
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4.3.2.2 Channel sinuosity

The channel sinuosity index (S7) is the ratio of the along-channel length and the straight-
line distance between segment endpoints (Lu et al. 2021). It is worth noting that the Si
depends on the length of the channel being measured, so the lengths of channel segments
should be used. According to Leopold et al. (1964), 20 times the width of the bankfull
contains at least one meandering wavelength, which means the segment length should be
measured at least 20 times the channel width (Gordon et.al, 1992). In this study, the
sinuosity of individual channel segments was computed at 2,000 m intervals by the

Stream Sinuosity Toolbox in ArcMap 10.3 (Frasson et al. 2019).

4.3.2.3 Bifurcation ratio

As an important metric of one stream ordering system, the bifurcation ratio demonstrates
the branching patterns of river networks. It was obtained by arithmetically averaging the
ratios by order. For example, B1> means the number of first-order channels divided by the

number of second-order channels.

4.3.2.4 Channel orientation

Channel orientation is a particularly useful metric to study the topographic influence on
the geometry of the channel network. After calculating the sinuosity and bifurcation ratio
of each supraglacial channel network, a channel orientation analysis was conducted by an
automatic procedure in ArcMap 10.3. The channels were subdivided into 100 m equal-
length segments and then the orientation of each segment was measured. Finally, a rose
diagram based on a statistical analysis of channel orientation of different orders was
drawn to show the overall trend of each supraglacial channel network (Whipple et al.,

2000; Ortega et al., 2014; Resmi et al., 2019; Banwell et al., 2021).

4.3.2.5 Channel slope and bed slope
In this study, REMA DEM data with 8 m resolution was used to obtain the surface
elevation profiles of supraglacial channels at finer spatial scales. To minimize slope errors,
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the surface slope was calculated for each 100 m segment (nearly 13 times the DEM pixel
size) from the elevation difference of its start and end points. The bed slope was computed
by subtracting the water depth from the DEM elevations to get the bed elevation and then

calculated for 100 m channel segments.

water depth

surface elevation

Le
o

Figure 4.10 Schematic diagram of channel surface slope and bed slope

4.3.2.6 Drainage basin and drainage density

Drainage density (D;) was defined as the ratio of total stream length within a network
and its catchment area, which illustrates the overall abundance of channel networks
(Horton 1945, Yang et al., 2016). To calculate D,, the convex hull method and DEM-
based method that have been most frequently used in generating drainage basins were
both applied by ArcGIS 10.3 for comparison (Tay et al., 2006; Smith et al., 2015; Yang et
al., 2018; Yang et al., 2019a; Lu et al., 2020a). DEMs are widely used to model
supraglacial drainage patterns by GIS tools following the procedure for hydrologic
analysis of terrestrial river networks. However, the accuracy of derived drainage basins
from DEM-based methods relies on the quality of data. Further, DEMs are sometimes
insensitive to the locations of moulins that also affect the whole supraglacial drainage
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pattern. The term “convex hull” of a non-convex set refers to the area within the boundary
of the route that a tight rubber ring follows as it warps around a non-convex object
(Turcotte et al., 1998). As noted by Tay et al. (2006), the channel network is a non-convex

set, while its drainage basin is convex (Figure 4.11).

(b)

Figure 4.11 Schematic diagram of convex hull method: (a) An example of a fourth-order
channel network (nonconvex set), the white dot indicates an outlet; (b) the convex hull of

channel network in Figure(a). (Tay et al., 2006)

Figure 4.12 displays the derived drainage basin of supraglacial channel network on the
Roi Baudouin Ice Shelf. It is obvious that the result from the DEM-based method has
generated some false subbasins in the middle of the area. The REMA DEM-based method
used here also failed to produce an accurate drainage area for other chosen ice shelves.
According to Yang et al. (2015b), there are certain limitations in modelling supraglacial
hydrology based on DEM methods. The causes of such errors can be attributed to three
aspects: first, the DEM data itself can have some inaccuracies and voids which may
influence the quality of results; second, filling depressions (e.g., moulins, crevasses) is
usually required during processing and the optimal thresholds can be hard to determine;
third, the supraglacial channel networks are complex and fragmented, and their seasonal
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changes in morphology impair the assessment of DEM accuracy. Moreover, REMA DEM
acquisition is not simultaneous with the Landsat-8 imagery used in this study. These
problems lead to the inaccurate delineation of drainage basins and thus affect the
calculation of Dg. Therefore, the supraglacial drainage basins obtained by the convex hull

method are deemed to be more appropriate and reproducible for the overall analysis.
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Figure 4.12 Drainage basin extracted by different methods for Roi Baudouin Ice Shelf:
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(a)Landsat-8 OLI imagery in true-colour for the Roi Baudouin Ice Shelf; (b)drainage
area derived from REMA DEM (solid-coloured patches), with supraglacial channel
networks shown in yellow; (c) drainage basin of the supraglacial channel networks
derived from DEM-based subbasins, (d) drainage basin generated from the Convex Hull

method.
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5. Results

5.1 Distribution of supraglacial lakes and channels

Extensive surface water on Antarctic ice shelves was observed in the selected melt
seasons in this study (Figure 5.1). The highest supraglacial meltwater extents were over
the Bach (~147 km?), Nivlisen (~111 km?) and Riiser-Larsen (~100 km?). Figure 5.1
provides the distribution of extracted supraglacial channel networks for the five selected
Antarctic ice shelves. There are three types of meltwater features in supraglacial channel
networks on the ice shelves: individual channels, individual lakes, and interconnected
channel-lakes. Individual channels are the single channels which may flow into crevasses
or moulins or are covered by the snow and thus not fully extracted from the imagery. As
the individual channels are short and narrow and have few influences on the whole
network, they were regarded as first-order channels (e.g., tributary without inflow) for
further analysis. Individual lakes are those where no channel inflow is found. Some
individual lakes can appear hollow because they are partially covered by ice and/or
accumulated snow (typically an ice lid). In fact, there is the possibility that some
individual lakes are fed by the channels. However, supraglacial channels less than 30 m
wide cannot be identified due to the spatial limitations of the Landsat-8 imagery (30 m).
Even the terminus (e.g., moulins, crevasses) of the individual channels are not included
in the combined results. Interconnected channel-lakes refer to the channels flowing into
a supraglacial lake. They consist of the whole supraglacial channel networks which

deliver the meltwater across the ice shelves.
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Figure 5.1 Supraglacial channels and lakes extracted on each studied ice shelf. The blue
polygons represent the surface water across the studied ice shelves. Underlying images
are REMA DEM data (8 m spatial resolution). Elevation contours at 50 m intervals are

depicted as well (dark grey lines with black numbers).
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The locations of supraglacial channels and lakes on Antarctic ice shelves are closely
associated with the topography of the ice surface, with meltwater tending to accumulate
in low surface depressions along the ice surface gradients. The active channels and lakes
on the surface of the ice shelves are widely distributed in low elevations (less than 100 m)
and near the grounding lines. REMA DEM data were used to observe ice surface
topography, and the mean values and the range of elevation where supraglacial channels
occur are shown in Table 5.1. Where the supraglacial channel networks exist, there is little
variation in elevation, with a maximum range of 48 m (Riiser-Larsen Ice Shelf) and a
minimum range of 9 m (Nansen Ice Shelf). Channels on the Nivlisen Ice Shelf reach the
highest mean elevation of 62 m, and those on the Bach Ice Shelf are at the lowest mean
elevation which is 23 m. It is worth noting from Figure 5.2 and Figure 5.3 that although
most supraglacial channel networks on the five Antarctic ice shelves are found in
topographic lows and flat areas, they span different ranges. Unlike the other four ice
shelves, most meltwater on the Nivlisen Ice Shelf is stored on the relatively high elevation
surfaces up-ice from the grounding line, which suggests there might be some factors to

control its development.

Table 5.1 The elevation information of the catchment of supraglacial channel networks.
Elevation refers to the entire ice shelf, whereas catchment elevation refers to the channel

drainage area.

Riiser- Roi
Ice shelf Bach Nansen Nivlisen
Larsen Baudouin
elevation
Mean 171 300 81 122 120
(m)
Mean 23 35 62 35 48
catchment
Range 10~40 20~54 40~85 26~74 42~58
elevation
Std.
(m) 4.17 4.80 7.06 7.20 2.80
deviation
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The ice velocity data from Shen et.al (2020) was used in this study to examine the ice
speed where hydrology features (i.e., supraglacial lakes and channels) occur. Figure 5.4
shows that surface lakes and channels are observed across a wide range of ice velocities
on the studied Antarctic ice shelves. The red line in Figure 5.4 represents the mean annual
ice velocity over the channelized area, which deviates from the ice shelf mean ice velocity
by approximately +1.4% (Bach), +34.5% (Nansen), -9% (Nivlisen), -68% (Riiser-Larsen),
-62.5% (Roi Baudouin), respectively. Notably, a large number of lakes and channels
formed on slow-flowing ice surface. More than half of the hydrological features occurred
on ice flowing <100 m yr'! for the Bach, Nivlisen, Riiser-Larsen and Roi Baudouin ice
shelves, while over half of the lakes and channels on the Nansen Ice Shelf surface existed

in the areas at speeds of less than 150 m/yr.
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Antarctica.
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Figure 5.4 Estimated surface area distribution of supraglacial lakes and channels related

to ice velocity of each studied ice shelf.

5.2 Supraglacial channel networks and drainage patterns

A total of 119 supraglacial channel networks were found on the five Antarctic ice shelves,
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and the Strahler stream order of these supraglacial channel networks ranges from the first
to the fourth. A channel network is defined as a network consisting of main channels and
tributaries which connect to the main channel (Charlton, 2007). Figure 5.5 displays four
different channel networks on the Bach Ice Shelf. Channels in the low-order network (i.e.,
the highest stream order is first- or second-order) are fewer in number and shorter in total
length, which form a simple structure, while high-order channel networks including more
longer channels (i.e., the highest stream order > 3) exhibit complex drainage patterns (e.g.,

dendritic or parallel) and large length scales.
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Figure 5.5 Examples of supraglacial channel networks with different highest orders on
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the Bach Ice Shelf, ranging from first-order (Figure 5.5a) to fourth-order (Figure 5.5d).
The black arrow means water flow direction. Lower-order networks (i.e., the highest
order is first- or second-order) are shorter in length and have a simpler structure, while
higher-order networks are longer and have multiple channels which make drainage

patterns more complex.

Supraglacial channel networks quantified by the highest stream orders on each ice shelf
are shown in Table 5.2. While Nansen Ice Shelf supports 61 channels in total, the 16
networks are fragmented and only contain channels of two low orders: first- and second-
order. The channel networks on the other four ice shelves, i.e., Bach (45), Nivlisen (1),
Riiser-Larsen (26) and Roi Baudouin (31), are found to be up to third- or fourth-order.
There is the largest number of supraglacial channels (336 in total) on Bach ice shelf, and
channels on its surface formed 45 networks containing first- to fourth-order drainage. For
Nivlisen Ice Shelf, there was only one channel network composed of 47 channels with
three stream orders. Although the stream orders of supraglacial channel networks of the
five study sites are different, notable similarities can be observed. First-order channels
are the most common channel configuration which account for more than 50% of the total
number of channels for all five ice shelves. This result reveals that most supraglacial
channel networks on the Antarctic ice shelves during the melt season are low-order (<3)

channel networks despite the longer length of the high-order channel network.

Table 5.2 Summary number statistics of supraglacial channel networks

Highest Number of channels
Number of
stream
Ice Shelf channel order order order order
order in a All
networks 1 2 3 4
network

1 22 22 — — — 22
Bach 2 16 62 33 — — 95
3 5 36 18 17 — 71
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4 2 56 43 22 27 148

Total 45 176 94 39 27 336
1 7 7 — — — 7
Nansen
2 9 30 24 — — 54
Total 16 37 24 — — 61
1 0 — — — — 0
Nivlisen 2 0 — — — — 0
3 1 24 18 5 — 47
Total 1 24 18 5 — 47
1 20 20 — — — 20
Riiser-
2 3 8 5 — — 13
Larsen
3 3 134 66 63 — 263
Total 26 162 71 63 — 296
1 19 19 — — — 19
Roi
2 9 40 26 — — 66
Baudouin
3 3 65 34 25 — 124
Total 31 124 60 25 — 209

The observed supraglacial channel networks are nearer the grounding zone and can be
divided into two categories (Figure 5.6): dendritic and parallel drainage patterns. For
example, the supraglacial channels on Bach, Nivlisen, Riiser-Larsen and Roi Baudouin
ice shelves develop as dendritic drainage networks, suggesting that variations in elevation
for these areas are not significant. In general, parallel drainage networks are usually found
in areas with a pronounced slope or strong controls to the surface. The supraglacial
channel networks on the Nansen ice shelf display a typical parallel drainage pattern where

tributaries stretch out parallelly to the stem channel and then join it.
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Figure 5.6 The extracted
supraglacial channel
network for the studied ice
shelves: (a) Bach, (b)
Nivlisen, (c) Roi Baudouin,
(d) Nansen, I Riiser-Larsen.
Centrelines of different
colours demonstrate
corresponding Strahler
stream order which ranges
from the first to the fourth.
Underlying images are
REMA elevation data with
grounding lines of Antarctic
ice shelves. Low-order

channels generally have

Strahler stream order

short lengths and simple
grounding line structures, whereas high-

Elevation (m) order channels are longer
High : 1312.13

-Low: 0

and more branching.

5.3 Length, width, and depth of supraglacial channels

The length, width, and depth of supraglacial channels on the studied ice shelves are shown
in Table 5.3. As presented in Figure 5.7, the length of each channel segment was
calculated using the confluence points as the division points. The total length of the
channel network on Bach Ice Shelf reaches a maximum of ~489 km, followed by the Roi
Baudouin Ice Shelf (454 km), Riiser-Larsen ice shelf (421 km) and Nivlisen Ice Shelf
(286 km). The supraglacial channels on the Nansen Ice Shelf were summed to ~190 km,
which is the shortest of the five ice shelves. In terms of numbers, the Bach Ice Shelf has

the highest number of channels, and the Nivlisen Ice Shelf has the lowest number.
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Although there are more channels on Riiser-Larsen Ice Shelf than on Roi Baudouin Ice

Shelf, its total channel length is smaller than that of the Roi Baudouin Ice Shelf. Similarly,

the Nivlisen Ice Shelf has the least number of channels, but its total length is not the

minimum. This suggests that there are more channels of shorter lengths on the Riiser-

Larsen Ice Shelf, whereas the channels on the Nivlisen Ice Shelf are all longer.
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Figure 5.7 Total numbers and length of supraglacial channels on Antarctic ice shelves.

Table 5.3 Summary morphometry statistics of supraglacial channel networks

Ice Shelf
Riiser- Roi
Bach Nansen Nivlisen
Larsen = Baudouin
order 1 1793 3348 5918 1648 2439
Mean
order 2 1192 2528 4958 1295 1822
channel
order 3 993 — 10899 963 1596
length (m)
order 4 846 — — — —
order 1 136 112 110 85 95
Mean
order 2 138 135 131 124 115
channel
order 3 165 — 184 282 171
width (m)
order 4 135 — — — —
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order 1 1.5 0.8 1.3 1.1 1.3

Mean
order 2 1.8 0.8 1.6 1.5 1.4
channel
order 3 1.9 — 2.0 1.8 2.0
depth (m)
order 4 2.0 — — — —

Figure 5.8 shows the total length of supraglacial channels by different stream orders. It is
worth noting that the total length is the longest for the first-order channels on all five
Antarctic ice shelves and is inversely proportional to stream order. In addition, it is
observed that the mean length of supraglacial channels also decreases with stream orders,
apart from on the Nansen Ice Shelf, which demonstrates that the third-order channels on
Nansen ice shelf are long but few in number. The width and depth of supraglacial channels
were sampled at 30 m intervals along each channel segment. The mean width ranges from
85 mto 171 m and the mean depth ranges from 0.8 m to 2.0 m. Overall, both mean channel
width and depth increase from low to high stream order (Figure 5.9), but the variance in
width is more pronounced than that of depth. As a result, supraglacial channels on

Antarctic ice shelves tend to widen rather than deepen when the tributaries converge.
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Figure 5.8 The total length of supraglacial channels by different stream orders.
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Figure 5.9 Mean width and depth of supraglacial channel by stream orders (error bars
indicate one standard deviation). Significant increase in mean channel width with

increasing flow order, but only a small increase in depth.

5.4 Sinuosity of supraglacial channels

The calculation of sinuosity was based on the length of the supraglacial channel segments
which were divided by straight-line distances at 2000 m intervals. Table 5.4 displays the
mean sinuosity values of different stream orders for all five studied ice shelves, which
vary from 1 to 1.3 and are largely similar. There are some defined thresholds of sinuosity
values in the literature to discriminate different types of channels. Brice et al. (1978)
classified channels according to the degree of sinuosity, with values less than 1.05 referred
to as straight, those between 1.05 and 1.25 are sinuous and those above 1.25 are
meandering. It can be seen from the data in Figure 5.10 (a) that most supraglacial channels
on the studied ice shelves are straight, followed by sinuous and meandering channels.

Over the Nansen, Riiser-Larsen and Roi Baudouin ice shelves, the second- and third-order
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channels are more likely to be meandering. But for the Bach and Nivlisen ice shelves, the

majority of meandering channels are the first-order channels.
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Figure 5.10 Variation in the number of supraglacial channels with different degrees of

curvature.
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Table 5.4 Sinuosity ratio (Si) of supraglacial channel networks

Ice Shelf Bach Nansen Nivlisen Riiser-Larsen Roi Baudouin
stream order Si Si Si Si Si
1 1.1 1.1 1.2 1.1 1.1
2 1.1 1.0 1.3 1.1 1.1
3 1.0 - 1.3 1.0 1.2
4 1.1 — — — —

5.5 Bifurcation ratio of supraglacial channel networks

Bifurcation ratio (Rp) values were calculated for supraglacial channel networks
containing at least two stream orders (51 in total). Most of the mapped supraglacial
channels are braided networks. The numbers of channels of any order on each ice shelf
are plotted against their corresponding stream order in Figure 5.11. The position of linking
points on the lines indicates that the Ry, is variable. Here, mean Ry, and their standard
deviations were calculated from second- to fourth-order channels to clarify this variability
(Table 5.5). Generally, the Rb decreases in a downstream direction (i.e., high order) in
terrestrial river networks. However, although the number of channels on the studied ice
shelves decreases with increasing stream order, as seen in Figure 5.11 and shows a clear
consistency, the bifurcation ratios corresponding to these channels do not show a
regularity. The mean Ry, values for second- and third-order channels range from 1.2 to 3.6
which is closer to the lower range of 2.0 to 4.0 for terrestrial rivers (Horton 1945).
However, the mean Ry, value for the fourth-order channels on Bach Ice Shelf is only 0.8
+0.1, which indicates the number of third-order channels is less than that of fourth-order
channels in the network, which might be because there are multiple channels at fourth-

order.
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Figure 5.11 The number of supraglacial channels by different stream orders for networks

including at least two stream orders.

Table 5.5 Mean bifurcation ratio (Rp) of supraglacial channel networks

Ice Shelf Bach Nansen Nivlisen Riiser-Larsen Roi Baudouin

R» Mean Std Mean Std Mean Std Mean Std Mean  Std
Rb12 19 02 16 04 13 0 2.8 24 1.8 0.5
Rb23 2.1 0.7 3.6 0 1.2 0.8 34 33
Rb34 0.8 0.1

5.6 Channel orientations

Figure 5.12 is a rose diagram showing channel orientation by Strahler stream order.
Channel orientations on Bach Ice Shelf tend towards the southeast between 112.5 and
157.5 degrees. The orientation of the channels on Nivlisen Ice Shelf is lightly dispersed,
with an obvious maximum to the northwest and some scattered orientations to the

northeast. For Riiser-Larsen Ice Shelf, supraglacial channels are preferentially arranged
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along the southwest and those on Roi Baudouin Ice Shelf flow in the northwest direction
between 247.5 and 292.5 degrees. Channels on the Nansen ice terminate near the margin
of ice, and the first-order channels flow in a southwest direction while the second-order
channels trend to the northwest. Notably, the whole channel network has one preferential

direction despite that there are some scattered stream orientations.

Strahler stream order Bach Iﬁe shelf Nansenh}ce shelf Nivlisen ice shelf

1 NNW NNE NNW NNE
2

3 NW NE NW

4
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Figure 5.12 Rose diagrams of supraglacial channels orientation for different ice shelves:
(a) Bach, (b) Nansen, (c) Nivlisen, (d) Riiser-Larsen, I Roi Baudouin. Colours represent
Strahler stream order. Each supraglacial channel network has a preferential orientation

and sometimes all orders align, but sometimes they are at opposing angles.

5.7 Surface and channel bed slopes

To explore the influence of surface topography on supraglacial channels, the water surface

and bed slopes were computed by different stream orders. To obtain the elevation
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difference between the up and downslope points from REMA DEM data, all the

supraglacial channel segments were split into 100 m sections along the flowing

orientation. Table 5.6 displays the surface slope of supraglacial channels by different

stream orders, and Figure 5.13 presents the variations of water surface and bed slope of

supraglacial channels on different ice shelves. The maximum surface slope of the first-

order supraglacial channels on Nansen and Riiser-Larsen ice shelves reaches 0.0009,

followed by Roi Baudouin, Nivlisen and Bach. For bed slopes, the Riiser-Larsen Ice Shelf

has the lowest mean (0.0001) and the Roi Baudouin has the highest (0.0015). Notably,

lower-order channels (i.e., first- and second-order) are generally steeper than high-order

channels.

Table 5.6 The water surface and bed slope of supraglacial channels by different stream

orders
Strahler Mean
Riiser- Roi
stream slope Bach Nansen Nivlisen
Larsen Baudouin
order (m/m)
bed 0.0007 0.0009 0.0006 0.0008 0.0015
Order 1
surface 0.0005 0.0009 0.0004 0.0009 0.0006
bed 0.0007 0.0001 0.0001 0.0006 0.0013
Order 2
surface 0.0005 0.0002 0.0003 0.0007 0.0005
bed 0.0004 0.0004 0.0001 0.0002
Order 3
surface 0.0003 0.0004 0.0005 0.0002
bed 0.0004
Order 4
surface 0.0004
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slope of supraglacial channels on Antarctic ice shelves.
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5.8 Drainage basin and drainage density

Drainage basins of the supraglacial channel networks for each ice shelf were estimated
by the convex hull method (see Section 4.3.2.6). Figure 5.14 shows that the shape and
size of drainage basins on ice shelves are different. The shape of the basin mainly depends
on the size of the basin and the length of the stem channel of the basin. Drainage basins
on the Bach, Nansen, Roi Baudouin and Riiser-Larsen Ice Shelf are elongated; such long,
narrow basins have longer lag times when the meltwater drains from their outlet to the
channels (Strahler, 1964; Pitcher and Smith, 2019; Das et al., 2022). In contrast, the
drainage basin on the Nivlisen Ice Shelf is circular which is characterised by a shorter lag
time and potentially higher peak discharge. Basin size also influences the lag time, and
the details of drainage area are displayed in Table 5.7. The Nivlisen Ice Shelf has the
largest basin area of 1,132 km?, which is followed by Roi Baudouin (984 km?), Bach (787
km?), Riiser-Larsen (539 km?) and Nansen (399 km?). Generally, a large drainage basin
indicates that water takes a longer time to flow through tributaries into the channel. The
highest D, values (0.78 km/km?) of the supraglacial channel network on Riiser-Larsen
Ice Shelf reveal fine drainage texture associated with faster routing (Yang et al., 2018),
and the lowest Dy of 0.25 km/km? for Nivlisen Ice Shelf shows that channels are more

widely spaced.

Table 5.7 The drainage area and drainage density (Da) of supraglacial channel networks

Riiser-
Ice Shelf Bach Nansen Nivlisen Roi Baudouin
Larsen
Drainage area (km?) 787 399 1132 539 984
D4 (km/km?) 0.62 0.47 0.25 0.78 0.46
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6. Discussion

6.1 Characteristics and drainage patterns of supraglacial channel

network on Antarctic ice shelves

This study presented three key questions in relation to supraglacial channels: (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? (iiil) What factors
control the development of the drainage patterns of the supraglacial channel networks on
the Antarctic ice shelves? This section will discuss the first two questions primarily based

on the results of this study, and the third question will be answered in Section 6.2.

In contrast to many previous studies on supraglacial hydrology on ice shelves, this study
connects supraglacial lakes and channels as a well-integrated network through the
Strahler stream order, rather than analysing them as independent features. Analysis of the
topological relationships between supraglacial channels and lakes suggests that most
lakes are interconnected with the channels. Some lakes are fed by the inflow channels,
some are linked with outflow channels, and some are connected to both inflow and
outflow channels (Figure 6.1). When supraglacial channels flow into a lake there are
usually two scenarios: (1) discharge can be temporarily detained before flowing out from
the outlet of the lake (Smith et al., 2015), (2) inflowing water penetrates the ice directly
from a hydrofracturing moulin at the bottom of the lake (Das et al., 2008, Tedesco et al.,
2013). Moreover, it is common to see the channels braid and form multichannel structures
in the network. All these interconnected channel-lakes increase the complexity of

supraglacial channel networks.
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Figure 6.1 Schematic diagram of interconnected channel-lakes. The left is part of
supraglacial channel network which is common on the ice shelf, and the right is the
centreline of the network, including the confluence nodes, inflow and outflow channel

nodes.

These connected channels and lakes form complete supraglacial drainage networks and
exhibit various drainage patterns. Supraglacial channels on four ice shelves (e.g., Bach,
Nivlisen, Riiser-Larsen and Roi Baudouin ice shelves) organize themselves into dendritic
drainage networks (see Figure 5. 6a, b, c, €). The branching patterns have been argued to
be an optimal state in the evolution of channel networks in the terrestrial environment
(Kwang et al., 2021) such that in the absence of topographic, lithological and tectonic
constraints, the most basic pattern of the drainage network should tend towards a dendritic
form. This result also indicates that there are no significant external constraints acting to
significantly perturb the elevation, slope or structure of the ice shelf, therefore allowing
the supraglacial drainage system to form the optimal dendritic state. However,
supraglacial channel networks on Nansen Ice Shelf display a parallel drainage pattern,
which suggests there are topographic or structural controls on the formation of channel
networks which force the drainage to follow particular routes. For terrestrial rivers, such
patterns would, for example, be seen where the lithology or structure of rocks, or the
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movement of tectonic faults, control topographic undulations and steer rivers (see Section

6.2).

Despite the different drainage patterns, supraglacial channel networks on Antarctic ice
shelves are all found to exist close to the grounding line where the ice has the lower
elevations, but where the ice shelves themselves do not collect significant depths of snow
and firn. By examining the supraglacial channel networks on investigated ice shelves, it
is concluded that a dendritic drainage pattern can be also recognised as the basic form in
supraglacial environments, with deviations from local ice shelf topography or structure
steer meltwater. Supraglacial channel networks on the investigated ice shelves in
Antarctica show different drainage patterns but exhibit some similar fluvial

characteristics to those of terrestrial rivers (Yang et al., 2016).

Figure 6.2 and Figure 6.3 present the results of the statistical correlation analysis between
the number of channels, mean length and the stream orders. Firstly, supraglacial channels
on all four ice shelves correlate significantly with numbers and stream orders. The
numbers of channels decline exponentially as the stream order increases, and the R?
values range from 0.74 to 0.98 which suggests compliance with Horton’s laws. However,
the mean lengths of supraglacial channels and stream orders show two different types of
correlations despite the fact that they are all dendritic drainage patterns. Over the Bach,
Riiser-Larsen and Roi Baudouin Ice Shelf, the mean length of channels shows an
obviously exponential downward trend with increasing stream order. While the
relationship between the mean length of channels and stream orders for Nivlisen Ice Shelf
is negative. The reason for the inconsistent correlations with mean length and stream
orders is that the supraglacial channel network on Nivlisen Ice Shelf was formed by long,
continuous channels with a relatively small number of tributaries with low stream order
(i.e., first- and second-order). However, channel networks on the remaining four ice
shelves contained a large number of short, low-order tributaries that join into the stem
channels, creating many confluence points and splitting the stem channels into segments
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of the same stream order but shorter in length.
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Figure 6.2 Correlation between number and stream order of supraglacial channels.
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Figure 6.3 Correlation between mean length and stream order of supraglacial channels.

6.2 The effects of surface topography and structural glaciology

Satellite remote sensing over multiple years indicates that most supraglacial channel
networks on ice shelves are persistent features year-to-year, generally forming from the
end of December and keeping active to early January, corresponding with the austral
summer months (Echelmeyer et al., 1991; Langley et al., 2016; Arthur et al., 2020b;
Banwell et al., 2021; Dirscherl et al., 2021b). As observed in this study, supraglacial
channel networks were generally located in the grounding zone that represents the
transition area from grounded ice of the interior ice sheet to the floating shelf ice. It is

characterised by the sudden change in slope or intense crevasses as seen from the satellite

imagery.
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In response to the question: ‘what factors control the development of the drainage patterns
of the supraglacial channel networks on Antarctic ice shelves?’ this study investigated
whether ice topography exerts control on drainage density by comparing the surface
elevation and slope of supraglacial channel networks with Dd. A scatter diagram (Figure
6.4) and a correlation analysis were used to determine the relationship. This result
indicates the linear regression (black line) coefficient of determination R? for Dd versus
Mean elevation is 0.48, showing a pronounced negative correlation (i.e., when the surface
elevation is higher, the channel distribution is sparser). This result is also supported by
previous studies (Smith et al., 2015, Yang et al., 2016). Yang et al. (2016) mapped 523
supraglacial river networks on the southwest Greenland ice sheet, and Figure 6.5 (b)
shows the relationship between drainage density and mean elevation of river networks
from their study. The R? for drainage density and mean elevation is 0.29 (p < 0.01),
suggesting drainage densities are lower at higher elevations. Furthermore, the correlation
coefficient R? between drainage density and slope also reaches 0.47, suggesting that 47%
of drainage density variance correlates with mean surface slope, which means the greater

the slope, the more densely distributed the channels.
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Figure 6.4 Drainage density versus mean channel elevation and mean surface slope.
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Figure 6.5 Drainage density of the 40 longest supraglacial river networks in relation to
(a) relief ratio; and (b) mean elevation. The black lines indicate the linear regression

coefficient of determination R°. (Yang et al., 2015)

Additionally, it is found that all the supraglacial channel networks develop along a
preferential direction (see Section 5.6). As seen in the images analysed from Landsat-8
OLI imagery (Figure 6.6 and Figure 6.7) for the five ice shelves on the Antarctic Ice Sheet,
there are some longitudinal structures (also called “flow stripes”, “flow bands”),
crevasses and surface fractures existing aligned parallel to the principal ice-flow direction
on the ice shelf (Holt et al., 2013; Kingslake et al., 2017). Given that these longitudinal
surface features also have a clear directional orientation, they are likely to have a greater

relationship with the flow direction of the supraglacial channels.

Take the Nansen Ice Shelf as an example, which has many obvious flow-stripes, fractures,
rumples and nunataks marking its surface (Figure6.7a). Supraglacial channel networks on
Nansen Ice Shelf close to the rumples and fractures become fragmented. Although there
are some longitudinal structures, supraglacial lakes occur in ‘branches’ at various angles
to those channels. This is possibly the result of the specific topography over which the ice
flows before it crosses the grounding line. For example, according to Section 5.2,
supraglacial lakes and channels were often found in low elevations and near the grounding

line and in surface depressions generated by nunataks and longitudinal flow structures.
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On the one hand, exposed rock (i.e., nunataks) may decrease the albedo and increase wind
speeds to create more heavily scoured ice surfaces (Stokes et.al, 2019). On the other hand,
grounded ice flow upstream can produce the downstream flow stripes and rumples,
making it easier for meltwater to accumulate. Moreover, Dow et al. (2018) reported the
calving event at Nansen Ice Shelf in 2016 was mainly driven by the basal channels
underneath the shelf. They also pointed out that basal channels can lead to ice surface
deformation, allowing supraglacial channels to divert into the transverse fractures, and
this discovery suggests surface topography of the ice shelf can be influenced by the basal

channel destabilization.

In summary, supraglacial channel networks prefer to occur in low elevations and flatter
marginal areas of the ice shelves in Antarctica, their drainage patterns and density
correlate with the local-scale surface topography. Where that surface topography is
significantly disrupted by ice structures formed as ice flows over inland topography or
around nunataks, the supraglacial channels will naturally follow those linear structures
on the ice surface with little chance of escaping laterally unless they intercept a cross-

cutting flow structure.
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Figure 6.6 Hillshade images from Landsat-8 OLI imagery for the studied ice shelves on
the EAIS: (a)Niviisen, (b)Riiser-Larsen, (c)Roi Baudouin. The blue polygons indicate

extracted supraglacial channels and lakes in this study.
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Figure 6.7 Hillshade images from Landsat-8 OLI imagery for the studied ice shelves on
the WAIS. a) Nansen, (b)Bach. The blue polygons indicate extracted supraglacial

channels and lakes in this study.
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6.3 Limitations of the current study

Due to constraints on time, materials and methodology, the findings of this study have

three major limitations that could be addressed in future research:

1.Firstly, Landsat-8 imagery with 30 m spatial resolution was used to map supraglacial
channels and lakes, and delineation results from such moderate-resolution satellite
imagery are enough to observe the well-developed channel networks on the ice surface
and capture their drainage patterns (Lampkin and VanderBerg, 2014; Yang and Smith,
2016; Bell et al., 2017; Kingslake et al., 2017; Tuckett et al., 2021). However, some small
and narrow channels which are less than 30 m wide have not been detected that may limit
the scope of the analysis in this study. For example, some fluvial metrics (e.g., channel

number, length and size) probably have been underestimated;

2.The second limitation concerns the evolution process of supraglacial channels. On the
one hand, supraglacial channel networks on different ice shelves only have been extracted
at the peak of the melt season when they reached their maximum extent. Therefore, the
lack of long-term observations would limit the analysis of meltwater drainage variations
(i.e., the time series of areal size, lengths, width, and depths). On the other hand, the
terminations (i.e., moulins, crevasses) of the supraglacial channels were not identified in
this study due to constraints in imagery resolution and time. Little is known about where
the meltwater is eventually transported by the supraglacial channels and how differences

in these terminations may affect the evolution of channel networks;

3. Thirdly, this study highlights the effects of surface topography and structural glaciology
on supraglacial channels but lacks the analysis of other influencing factors such as surface
melting, air temperatures and surface albedo. Local climatic controls would impact the
melt events and further affect the evolution of supraglacial channels and lakes (Banwell

etal., 2021; Arthur et al., 2020b; Tuckett et al., 2021). The meteorological data (e.g., near-
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surface temperature) and regional climate models (e.g., the Regional Atmospheric
Climate Model) would apply to investigate climatic controls on the formation of

supraglacial channels.

6.4 Improvements for future work

Given the above limitations, although the goal and objectives of the study are considered
to have been accomplished, some improvements could be done in future work to achieve

better results:

1.Satellite imagery with high spatial resolutions (e.g., Sentinel-2 imagery with 10 m
resolution) would be used to delineate the narrow channels (less than 30 m wide) for more

accurate observations of supraglacial drainage system,;

2.1dentify the terminations of supraglacial channels (i.e., quantify the number of channels
that flow off the ice versus into lakes versus into the ice) and analyse the drainage of

surface meltwater;

3.0bserve the morphology and evolution process of supraglacial channels concerning
possible controlling factors such as ice surface slope, structural glaciology and modelled
ice surface properties (i.e., snowfall, firn thickness, runoff) from publicly available

regional climate models (e.g., the Regional Atmospheric Climate Model).
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7. Conclusions

In this study, supraglacial channel networks on five Antarctic ice shelves: Bach (2020),
Nansen (2022), Nivlisen(2020), Riiser-Larsen(2020) and Roi Baudouin (2022) were
mapped from the Landsat-8 satellite imagery during the melt season in 2020 and 2022.
Quantification of the supraglacial channel networks was explored by calculating various
fluvial morphology metrics (e.g., length, width, depth, sinuosity, bifurcation ratio,
orientations, slopes, and drainage density). These results were analysed, together with

previous related studies, leading to the following key conclusions:

1.Widespread supraglacial lakes and channels were observed on all five Antarctic
ice shelves in the melt seasons of 2020 and 2022, and most of them were
interconnected to form channel networks at various scales (containing channels

from first- to fourth-order).

During the melt season, extensive lakes and channels were found on the ice surface, and
the majority of these were interconnected, with only a few existing independently. Key
fluvial metrics (i.e., number, length, width, depth, Si, Rb, orientation, slopes and Dd) were
measured for 119 channel networks. The results show that supraglacial channel networks
generally occurred in flat areas (bed slope < 0.001) with low elevations (<100 m) and
near the grounding lines, and the mean widths (85 ~ 282 m) and mean depths (0.8 ~ 2.0
m) of supraglacial channels both increase from low to high Strahler stream order, while
the mean lengths (846 ~ 10,899 m) decrease. Additionally, more than half of the channels
were straight and a few channels at higher stream order (stream order > 2) showed

sinuosity.

2.Supraglacial channel networks have configurations that are unique to each ice

shelf.
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Two drainage patterns were found on the surface of the studied ice shelves. Supraglacial
channel networks on Bach, Nivlisen, Riiser-Larsen and Roi Baudouin Ice Shelf developed
as dendritic drainage pattern which is also the most common and basic pattern for
terrestrial channel networks, but a more parallel drainage pattern was observed on Nansen
Ice Shelf. Moreover, only the channel networks on Nansen Ice Shelf were directly flowing
off the ice shelf and into the sea, while the channel networks on the remaining four ice
shelves all flowed into the supraglacial lakes or other terminations (likely percolating into
the snow/firn layer but possibly into crevasses or cryoconites) near the grounding lines.
There was only one large supraglacial channel network (total length reaches 286 km) on
Nivlisen Ice Shelf, while many channel networks of different scales (including channels

from first- to fourth stream order) were found on the other four ice shelves.

3.The structure of supraglacial channel networks is significantly affected by surface

topography and structural glaciology of ice shelves.

The results indicate supraglacial channel networks have a strongly preferred direction
which was broadly consistent with the ice flow direction and ice surface slope. Secondly,
supraglacial lakes and channels were often found in the surface depressions that generated
longitudinal surface flow structures (i.e., flow stripes and rumples). Thirdly, the drainage
density (Ds) shows obvious correlations with mean elevation and mean surface slope (i.e.,
when the surface elevation is higher, the channel distribution is sparser; and when the

surface is steeper, the channel distribution is denser).
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