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Abstract

Mountain glaciers and the polar ice sheets exert a critical control on water resource avail-
ability, drive sea level change, and impact global ocean circulation. These and other impacts
are controlled by surface meltwater that flows through the glacier hydrologic system to the
base of the ice and drives seasonal and long-term changes in ice flow velocity. This thesis
presents numerical models for the production and transport of meltwater runoff across the
surface of melting glaciers and ice sheet.

First, a surface energy balance model is developed that improves on existing models by
utilizing high resolution satellite data to capture spatial variations in surface melt. The
model is applied to Kaskawulsh Glacier and Nàłùdäy (Lowell) Glacier in the St. Elias
Mountains, Yukon, Canada using six years of in-situ meteorological data. By validating
model outputs against in-situ measurements, it is shown that modelled seasonal melt agrees
with observations within 9% across a range of elevations.

In order to determine how surface meltwater is transported through moulins, we de-
velop the Subaerial Drainage System (SaDS) model. SaDS is a physics-based, finite-
volume numerical model that calculates supraglacial runoff in both a distributed sheet and
through supraglacial channels. The benefit of this approach is that a connected network of
supraglacial channels and lakes naturally emerges without using prior information about
the channel network, for example from satellite-derived maps. In synthetic settings and
when applied to the Greenland Ice Sheet, model outputs show realistic and varied moulin
flux rates, and modelled supraglacial lake and channel locations match those mapped from
satellite images. These results demonstrate that SaDS is a promising tool to provide moulin
inputs for subglacial and ice dynamic studies.

These models represent significant steps forward in their respective domains. Together,
these tools will be valuable components of future modelling work, including for studies
that aim to constrain how climatic variables control sea level contributions from glaciers
and ice sheets.
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Chapter 1

Introduction

1.1 Overview

Glaciers and ice sheets cover 10% of the Earth's surface and represent the largest reservoir
of freshwater on Earth [143; 75]. With such a signi�cant volume of water, glaciers and
ice sheets e�ect both human and natural systems, including impacting water resource
availability, natural hazards, sea level change, and downstream ecosystems [143]. Glacier
hazards, including �oods, debris �ows, and the potential for damaging sea level rise receive
considerable attention beyond the glaciological community [e.g. 56; 127].

Along with the human and natural implications of glacier change, glaciers represent
a uniquely interesting and important application for mathematical modelling. At the
simplest level, glaciers are nonlinear and complex systems. We need numerical models to
understand these systems since alpine glaciers and polar ice sheets are di�cult to access,
especially when some important physical processes occur under hundreds (or thousands) of
meters of ice. Given that glaciers and ice sheets represent a signi�cant source for sea level
rise throughout this century and beyond, predictive models are critical to inform decision
making in response to climate change.

Numerical models of glacier systems encounter multiple challenges. There is a disparity
of scales between the scale of the relevant physical mechanisms, which can be tens of meters
or smaller, and the scale of the domain, which can be hundreds or thousands of kilometres.
Ice �ow models routinely couple thermal and mechanical processes (ice deformation and
sliding), yet a truly comprehensive model would also have to include hydrological processes
at the surface and the bed, fracture mechanics, and frontal ablation processes, including
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calving. These challenges, and the importance of understanding these systems, makes
numerical modelling of glacier systems particularly interesting and relevant.

1.2 Background

Glaciers are best thought of as complex systems including not just the ice itself, but also
liquid meltwater, snow, �rn, bedrock, and proglacial outputs. This section traces the path
of liquid water generated at the melting glacier surface through the glacier system in order
to explain how surface melt and the �ow paths taken by water on the glacier surface
in�uences glacier �ow velocities and dynamics. This relationship between surface melt
and glacier velocity is important since climate-driven acceleration and retreat of glaciers
contributes to sea level rise [76] and terminus position changes of lake-terminating glaciers
can impact the frequency of glacial lake outburst �oods [61].

1.2.1 Mass balance and melt

A glacier's mass balance is determined by the di�erence between accumulation (mass gain)
and ablation (mass loss). Typically, the dominant source of accumulation is snowfall.
Avalanching, wind-blown snow, hoar frost, and rain may also contribute to accumulation
[16]. The dominant sources of ablation are surface melt, calving, and basal melt, with
smaller contributions by sublimation, evaporation, and snow redistribution by winds [16].
When a glacier is in balance with the climate its long-term average mass balance should
be zero.

Mass balance and surface melt rates have wide implications. In some regions, glaciers
provide an important water resource as summer melt provides a steady source of water
in what might be an otherwise dry season. For example, 8�20% of the Bow River's �ow
through Calgary in the summer is attributed to glacier melt in the Rocky Mountains [13],
providing an important source for downstream demands [144]. In the context of a warming
climate, �ow in rivers stemming from glacier runo� will increase at �rst as glacier melt rates
increase. However, as glacierized area decreases, a turning point will be reached where the
decrease in area becomes more important than increasing melt rates. This is called �peak
water�. After this point, �ow will decrease until the glaciers disappear [70]. Understanding
the timing of peak water is critical for communities who rely on glacier runo�.

Changes in mass balance can also shift natural hazard risks. Terminus retreat driven by
mass loss combined with increased melt rates can lead to the development or enlargement
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Figure 1.1: Connections between ecosystems and glaciers in the Gulf of Alaska region.
From [112].

of moraine-dammed lakes, increasing the risk of potentially catastrophic outburst �oods
[61].

Natural systems are also impacted by mass balance and melt rates. (Figure 1.1). For
example, freshwater runo� from glaciers and ice�elds accounts for 47% of the freshwater
discharge into the Gulf of Alaska, with 10% of this coming from recent rapid glacier mass
loss [102]. Glaciers are also a source of nutrients to downstream ecosystems, impacting
salmon productivity [112].

Perhaps the most commonly reported consequence of increasing mass loss from glaciers
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Figure 1.2: Greenland sea level rise projections to 2100 from the Ice Sheet Model Intercom-
parison Project 6 (ISMPI6) project [59]. (a) Ice sheet model ensemble mean projections
with model spread for di�erent climate forcing scenarios (shaded areas and bars on right).
(b) Speci�c results for each model and climate scenario. From Goelzer et al. [59]

and ice sheets is increased rates of sea level rise. Globally, glacier ice has the potential to
raise sea levels by more than 60 m [143; 75]. While only a small fraction of this mass is
expected to melt in the near future, approximately two-thirds of current sea level rise is
due to melting glaciers and ice sheets [88]. The rate of cryospheric sea level rise, especially
from the polar ice sheets, is expected to increase throughout this century, although there
is considerable uncertainty in the magnitude (Figure 1.2) [59].

1.2.2 Supraglacial hydrology

Once meltwater is produced at the glacier surface it �ows through the supraglacial drainage
system (Figure 1.3). The mode of supraglacial drainage depends on where the meltwater
is generated. In the accumulation zone, water percolates through snow and �rn layers
overlying the ice. Meltwater can refreeze within the �rn layers to form ice lenses and slabs,
which also impacts water routing and storage, or meltwater can percolate to the base of
the snowpack and �ow downhill as saturated �ow [27; 97].

In the ablation zone, �ow begins as sheet-like �ow across the bare ice surface. Flow
eventually accumulates into a network of streams, rivers, and lakes [27; 134]. Flow in
supraglacial rivers is complicated by the fact that viscous heat dissipation and friction
against the river bed melts the underlying ice. This additional melt means that supraglacial
rivers increase in �ow rapidly along their length and causes rivers to evolve throughout
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Figure 1.3: Overview of glacier hydrology. Supraglacial hydrology above the equilibrium
line altitude (ELA) is dominated by snow, �rn, and slush. Below the ELA, hydrology
is dominated by supraglacial rivers, lakes, moulins (vertical shafts that let water drain
from the surface to the bed), and crevasses. The subglacial drainage system transports
subglacial water across the grounding line for marine-terminating glaciers, and across the
terminus for land-terminating glaciers. From Chu [27].

the melt season [27; 115]. As the ice surface melts it also lowers, acting to reducing the
cross-sectional area of supraglacial streams and rivers. Large rivers can balance surface
lowering by cutting downward through melt along the bed, while smaller streams with
insu�cient incision rates melt out as surface melt progresses, leaving only larger rivers to
transport meltwater [153].

The supraglacial river network has important implications for moulin inputs. A well-
developed river network with a high capacity leads to moulin inputs with high diurnal
amplitude, while a poorly-developed network leads to moulin input rates that are nearly
constant throughout the day, even as melt reduces or pauses overnight [153; 64]. These
di�erences likely have important implications for subglacial hydrology, although the e�ect
has not yet been fully tested.

5



1.2.3 Englacial hydrology

Between the surface and the bed, meltwater travels through the englacial drainage system,
which includes englacial conduits, moulins, and possibly water storage within permeable ice
(Figure 1.3) [52; 16]. Englacial conduits can form when supraglacial streams cut downwards
into the ice su�ciently that the roof closes over the channel [52; 73], or by exploiting existing
weaknesses, fractures, or permeable structures (e.g. crevasses) in the ice [16]. This system
is important as it controls the timing and location of the delivery of supraglacial runo� to
the bed. However, it is very di�cult to access and observe the englacial system given that it
is dangerous to ascend into and di�cult to constrain with geophysical instrumentation, so
numerical models of englacial conduit and moulins are only now beginning to be developed
[e.g. 3].

1.2.4 Subglacial hydrology

Geothermal heat and frictional heat at the bed, combined with high pressure lowering
the melting point of ice, melts basal ice [52]. Combined with water inputs from moulins,
signi�cant volumes of water can be found at the bed. For instance, Lindbäck et al. [91]
reported total subglacial runo� of 5:4 km3 from 29 May to 10 September 2010 for the
Isunnguata Sermia catchment (total area below1750 m aslof 3200 km2) and 6:5 km3 for the
Kangerlussuaq catchment (total area below1750 m aslof 2800 km3) beneath the Greenland
Ice Sheet. This water once again �ows down potential gradients towards the terminus. It
is hypothesized that subglacial �ow occurs through two primary modes. Slow �ow is
suggested to occur through a long, torturous series of linked cavities, or by Darcian �ow
through sediment, whereas fast �ow occurs through large conduits melted into the base
of the ice or carved into the underlying sediments [16]. Depending on water inputs, slow
�ow through linked cavities can have water pressures nearly as high as, or greater than,
the pressure of the ice overhead (called the overburden pressure). When su�cient �ow
accumulates to initialize channelization, subglacial conduits remove most of the subglacial
water and reduce pressure in the drainage system by drawing in water from the higher
pressure distributed system.

The timing, volume, and location of supraglacial meltwater inputs to the subglacial
system are important drivers of subglacial water pressure. At the beginning of the season,
surface melt begins towards the terminus and advances upglacier towards higher elevations
as the melt season progresses. The development of the subglacial drainage systems follows
the same seasonal progression since the delivery of surface meltwater to the bed drives
subglacial development. Moulin inputs allow the subglacial system to become channelized,
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with channels extending down potential gradients from moulin locations. This reduces
subglacial water pressure, draws higher pressure water away from the distributed system,
and decreases the sliding velocity. At the same time, the glacier becomes more responsive to
temporal changes in meltwater forcing [123]. Once the subglacial system is channelized, the
diurnal amplitude of melt forcing induces a diurnal cycle in subglacial water pressure and
therefore glacier velocity [e.g. 137]. Large spikes in meltwater inputs can fully pressurize
the subglacial channels, releasing water back into the distributed system and temporarily
increasing glacier velocity. Since the con�guration of the supraglacial drainage system is
the primary control on the location, timing, and volume of moulin inputs, understanding
supraglacial hydrology is important for determining the drivers of ice dynamics.

1.2.5 Ice �ow mechanisms

Glaciers are not simply static ice masses. They �ow downhill as individual ice crystals slide
relative to each other in response to driving stresses (primarily gravity) [16]. The relation-
ship between stress balance and �ow is nonlinear, usually described by Glen's Flow Law
[106]. Despite the nonlinearity, ice creep is relatively well understood and straightforward
to calculate.

Glacier �ow is made more complicated by the presence of liquid water at the bed. Su�-
cient subglacial pressure from accumulating water reduces friction at the ice-rock interface,
allowing the glacier to slide downhill. The total velocity is the sum of basal sliding and ice
deformation [16]. However, this process is subject to signi�cant uncertainty as it is di�cult
to access the subglacial environment to verify models. Subglacial pressure depends on the
con�guration of the subglacial drainage system, bedrock topography and glacier geometry,
and the �ow rate of water from the surface to the bed through moulins.

By taking this system-level view, we see that liquid water generated at the surface
travels through the supraglacial, englacial, and subglacial drainage systems and therefore
controls subglacial water pressure, basal sliding, and eventually ice �ow velocity. This
is important since changes in velocity impact sea level rise by driving ice discharge from
marine-terminating glaciers. Given these implications, signi�cant e�ort has been invested
in developing numerical models of meltwater production and transport through the glacial
system.
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1.3 Numerical models

1.3.1 Surface melt models

Surface melt models can be organized on a spectrum of increasing complexity. The most
basic melt models are degree-day (DD) and temperature index (TI) models that calculate
melt as a linear function of air temperature [e.g. 21; 117]. DD and TI models must be
calibrated with local air temperature and melt data to calculate the degree-day factor.
The simple formulation of these models makes them suitable for modelling surface melt
over large domains and for long periods of time. However, since they only depend on air
temperature, they lack spatial variations caused by changes in glacier aspect, slope, albedo,
and supraglacial debris.

These simple melt models can be improved by including direct solar radiation, called
Enhanced Temperature Index (ETI) models [e.g. 66; 14]. ETI models also must be cali-
brated with local data, but are more accurate than DD and TI models [67]. Since these
models include the e�ect of solar radiation, they include the e�ects of slope and aspect.
Bash and Moorman [14] used a high resolution UAV-derived map of surface albedo and so
their melt model correctly accounts for spatial variations in melt due to spatial patterns in
albedo. However, ETI models still require high quality in-situ data to calibrate the melt
factors. This data is only available in select locations, and there is no physical basis for
how melt factors transfer between regions.

Finally, melt can be modelled by physically-based surface energy balance (SEB) models.
SEB models calculate melt from the net balance of shortwave radiation, longwave radiation,
turbulent heat �uxes, and subsurface heat �ux [e.g. 5; 44; 47; 9; 14]. These models are
theoretically better positioned to accurately calculate surface melt since they attempt to
model the physical processes responsible for melt. However, in practice they have similar
performance to ETI models [14] because they have several parameters that are di�cult
to measure and calibrate, require a large amount of input data, and the turbulent �ux
parameterizations are not always accurate [47]. Nevertheless, owing to their physical basis,
SEB models are usually recommended over ETI models when su�cient meteorological data
is available to drive the model.

1.3.2 Supraglacial hydrology models

Despite the wide reaching implications of surface meltwater routing, there is not a consensus
on the best approaches (Table 1.1) and there remains room for improvement. As with melt
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models, it is convenient to organize supraglacial hydrology models by complexity. Table
1.1 compares several representative models that are described below.

Instantaneous runo� models

The most basic approach to route surface meltwater to the bed is to directly include climate
model surface runo� as a distributed input to the subglacial system [e.g. 36]. This approach
entirely neglects any time delay introduced by �ow through the supraglacial drainage sys-
tem and the spatially localized nature of �ow through moulins. These limitations should
be carefully considered when using this method since they may lead to signi�cant errors
in subglacial hydrology.

Instantaneous moulin inputs

Next, models may route meltwater instantaneously through moulins to the subglacial envi-
ronment. Typically, catchments are delineated from a digital elevation model (DEM), and
all runo� generated within each catchment is instantaneously routed through the outlet
moulin or river [e.g. 95; 11]. In this way these models capture the spatial localization of
�ow through moulins, however this approach neglects the time it takes for water to travel
across the surface and does not account for storage in supraglacial lakes. This method is
simple to implement, computationally e�cient, and requires minimal data, so it is suitable
for applications that span very large spatial domains and where short timescale (<1 day)
dynamics are not of interest.

Flow routing

Flow routing models further improve upon instantaneous moulin input models. Flow rout-
ing models route water generated in each cell of a DEM down the path of steepest descent
and calculate the travel time using a velocity parameterization (in practice, often tempo-
rally and spatially constant velocity). The �ow through catchment outlets is calculated by
summing the surface melt generated within each cell using the calculated time delay [e.g.
4; 33; 34].

This approach is better than instantaneously routing runo� since it accounts for the
time it takes for water to �ow from where it is generated to the catchment outlet. This
leads to reduced diurnal amplitude in moulin inputs, which likely impacts the diurnal
amplitude of subglacial water pressure. It can also account for more physical processes,
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Table 1.1: Summary of representative supraglacial hydrology and runo� models. Flow rout-
ing type models pre-calcualte �ow paths using a digital elevation model and use a constant
velocity to calculate travel times. Dynamic models explicitly calculate time derivatives of
water depth using a mathematical model.

Reference Model type Sheet �ow Channel �ow
Arnold et al. [4] Flow routing X x
Marshall and
Clarke [94]

Dynamic X x

Raymond and
Nolan [118]

Dynamic x X

Flowers and
Clarke [49]

Dynamic X x

McGrath et al.
[95]

Instantaneous runo� x x

Bartholomew
et al. [11]

Instantaneous runo� x x

Clason et al.
[33]

Flow routing X x

Leeson et al.
[87]

Dynamic X x

Kingslake et al.
[77]

Dynamic x X

Clason et al.
[34]

Flow routing X x

Smith et al.
[130]

Synthetic Unit
Hydrograph (SUH)

X X

Koziol and
Arnold [83]

Flow routing X X

Yang et al. [153] Rescaled Width
Function (�ow
routing)

X X

Gleason et al.
[58]

Dynamic (Hillslope
River Routing)

X X
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including di�erent �ow velocities across bare ice or snow and �rn, and the �lling and
draining of lakes [8]. However, �ow routing models have a few primary limitations. In
order to calculate continuous �ow paths, any sinks in the DEM must be �lled. This means
that lake basins must be pre-calculated and the �lling and draining of each lake needs to
be explicitly modelled, making it di�cult to account for changes in �ow paths throughout
the year.

Most �ow routing models have focused on slow, distributed �ow only. Yang et al. [153]
extended this approach by combing �ow through a connected network of supraglacial rivers
with distributed �ow in the areas between rivers. Runo� is routed in a distributed sheet
until it intersects a supraglacial channel, after which it is routed through the channel net-
work. Moulin hydrographs are calculated by using di�erent �ow velocities in each system
to calculate travel times and time-delayed �ow accumulation. The partitioning between
sheet and channel �ow is calculated from an arbitrary parameterization of the minimum
area threshold for channelization. The area threshold is parameterized to monotonically
increase throughout the melt season so that drainage system density decreases. This is
suggested to represent the melt out of small supraglacial channels, however direct mea-
surements to support this parameterization are not available. This model is a signi�cant
step forward, although it leaves room for models that use a physics-based approach to
determine changes in the drainage system.

Dynamic models

The most complete models are based on mathematical conservation laws. These dynamic
models have similar behaviour to �ow routing models, but are more �exible given their for-
mulation as partial di�erential equations. Dynamic models can directly model supraglacial
lake development since water �ows down potential gradients, the �ow velocity can depend
on the depth of �ow and surface slope, and �ow paths can change throughout the melt
season. They have been presented for distributed sheet �ow [e.g. 49; 87] and for �ow in
supraglacial rivers, including for rivers draining supraglacial lakes [e.g. 118; 77]. These
studies have yet to include both modes of supraglacial runo�.

Coupling distributed and channelized �ow

Few models to date have explicitly combined distributed and channelized supraglacial
meltwater �ow. In addition to Yang et al. [153] (discussed above), Smith et al. [130] derived
a synthetic unit hydrograph (SUH) from direct measurements of supraglacial stream�ow
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that can predict stream�ow through catchment outlets accounting for both modes of �ow.
However, the hydrograph is built up from generic, non-physically based basis functions.
This makes it di�cult to transfer the model to new catchments.

Koziol and Arnold [83] extended the Surface Routing and Lake Filling model [8] by
including draining of supraglacial lakes through moulins and channels that incise down-
wards. This model more completely captures supraglacial lake dynamics, including unsta-
ble drainage, but only includes supraglacial rivers that form during lake drainage events.

Gleason et al. [58] applied the Hillslope River Routing (HRR) model, a terrestrial
hydrology model, to a catchment on the Greenland Ice Sheet. This is a dynamic model
that calculates distributed and river �ow, but with some limitations due to its formulation
as a terrestrial hydrology model. HRR requires a high resolution, topologically connected
supraglacial river network map derived from high resolution satellite imagery. HRR also
does not include surface lowering due to surface melt or melt along supraglacial rivers, so
it does not account for seasonal changes in the drainage system.

These studies are all limited by the prior knowledge they require of the supraglacial
drainage system. Smith et al. [130] derived their SUH directly from in-situ discharge
measurements which are not widely available. Koziol and Arnold [83] requires maps of
supraglacial lakes, whereas Yang et al. [153] and Gleason et al. [58] also need high resolution,
topologically connected maps of the supraglacial river network. These maps are time
consuming to create and have only been developed for limited areas.

Finally, only Yang et al. [153] represented seasonal changes in the drainage system,
and this was done with a prescribed inter-channel width function. This approach is not
physically based, so it leaves space for more complete supraglacial hydrology models.

Summary of models

Existing supraglacial hydrology models show a range of complexity. The most complete
models represent both distributed and channelized �ow [130; 83; 58], while Yang et al.
[153] included seasonal changes in the drainage system. However, existing models heavily
rely on prior maps of the supraglacial drainage system and have yet to physically model
seasonal expansion and contraction of the channel network.

1.3.3 Englacial hydrology models

Given the inaccessibility of the englacial system and that the subglacial system modulates
any impacts on ice velocity, englacial hydrology models are in their early stages of develop-
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ment. For example, the (subglacial) Glacier Drainage System model (GlaDS) [145] models
the englacial system as a simple linear reservoir. More recently, Andrews et al. [3] suggest
that moulin shape can change by 30% daily and 100% seasonally, resulting in noticeable
changes in moulin water storage capacity and therefore subglacial channel dimensions.
These results suggest that more work needs to be done on developing englacial hydrology
models and in measuring moulins and englacial channels to validate the numerical models.

1.3.4 Subglacial hydrology models

Physically-based subglacial hydrology models already account for both distributed and
channelized �ow, including the Glacier Drainage System model [GlaDS; 145]; Subglacial
Hydrology and Kinetic, Transient Interactions [SHAKTI; 132]; and Gagliardini and Werder
[55]. See also de Fleurian et al. [40] for a comparison of models. These models provide
important fundamental tools for linking ice dynamics with subglacial processes.

1.4 Format of the thesis

This thesis focuses on mathematically modelling supraglacial meltwater production and
the supraglacial drainage system. It is organized as follows: Chapter 2 presents the paper
�Application of an improved surface energy balance model to two large glaciers in the St.
Elias Mountains, Yukon� [65] which has been published in the Journal of Glaciology. This
paper describes a surface energy balance model to calculate summertime glacier melt rates.
The model uses high resolution input data, including satellite-derived albedo, and a more
complete treatment of downward solar radiation to improve on existing models' capability
to calculate surface melt. The model is applied to Kaskawulsh Glacier and Nàªùdäy (Lowell
Glacier) in the St. Elias Mountains, Yukon, where the downstream water resources and
ecological impacts of increasing surface melt are important.

Chapter 3 develops �nite volume numerical methods that are applied to unstructured
triangular meshes. This chapter compares several gradient reconstruction methods in terms
of their accuracy and computational cost and describes how to apply one-dimensional �nite
volume methods on the network of triangle edges within the mesh. These methods are
suitable for developing supraglacial hydrology models as distributed �ow can occur in two
dimensions across the triangular elements, and a connected network of supraglacial streams
can form on edges.
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Chapter 4 presents the paper �Modeling the dynamics of supraglacial rivers and dis-
tributed meltwater �ow with the Subaerial Drainage System (SaDS) model� [64] which
has been submitted to the Journal of Geophysical Research: Earth Surface. This paper
describes the SaDS model, which was developed to improve upon existing supraglacial
drainage models. SaDS is a dynamic model that represents distributed �ow coupled with
�ow through supraglacial rivers using the numerical methods described in Chapter 3. The
model explicitly calculates the melt out or incision of supraglacial channels in order to
naturally form a river network without relying on existing satellite-derived drainage sys-
tem maps. Due to the model's mathematical formulation, SaDS represents seasonal and
interannual changes in the drainage system, including supraglacial lake �lling and drain-
ing. This paper shows that SaDS predicts moulin inputs with complex and heterogeneous
seasonal dynamics. SaDS represents a signi�cant step forward for supraglacial hydrology
modelling and is an ideal tool for studying how supraglacial hydrology controls subglacial
hydrology and therefore ice dynamics.
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Chapter 2

Application of an improved surface
energy balance model to two large
valley glaciers in the St. Elias
Mountains, Yukon

2.1 Introduction

The St. Elias Mountains, located along the Yukon-Alaska border, contain� 33 170 km2 of
glacial ice [114], and are home to one of the largest ice�elds outside of the polar regions [31].
Glaciers in the Yukon/Alaska region are experiencing consistently negative mass balances
(� 72:5 � 8:0 Gt a� 1 from 2002�19; 28), high thinning rates (e.g.� 0:4 to � 0:6 m w:e: a� 1

from 2000�07; 53), and rapid reductions in areal extent [10]. These high thinning rates
and strongly negative mass balance have caused the region to become one of the most
signi�cant contributors to global sea level rise, with only Arctic Canada expected to surpass
the region's contributions in the 21st century [68].

The retreat of mountain glaciers has signi�cant local hydrological implications. As
glaciers melt and retreat, meltwater runo� from glacierized basins typically increases until
a maximum runo� value is reached (�peak water�), beyond which runo� decreases [70]. The
timing and magnitude of peak water relative to current runo� varies globally and regionally.
Huss and Hock [70] showed that� 50% of glacierized basins globally have already passed
peak runo�, while Chesnokova et al. [25] showed that large, heavily glacierized basins in
the Yukon have likely not reached peak water, but some smaller basins likely have. The
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timing and volume of peak water is important for downstream communities who depend
on the water resources provided by mountain glaciers. Therefore, it is important to be able
to accurately model past, current and future glacier melt rates to predict water resource
availability.

Glacier surface melt rates are commonly modelled using surface energy balance (SEB)
models [e.g. 122; 44; 125; 47; 105; 14]. SEB models may be applied at both regional and
local (i.e. individual glacier) scale. At the regional scale, SEB models can be used to predict
ablation in regional mass balance models [e.g. 105]. Local scale models are often used to
assess the sensitivity of glacier mass balance to climatic variations [e.g. 108; 46; 44], and
to study in-depth the mass balance characteristics and melt volumes of individual glaciers
[e.g. 147; 92; 47; 14]. These glacier-scale models are an important tool to examine the
availability of meltwater runo� on the surface of glaciers, which has been linked to ice
dynamics [71; 150; 62].

Glacier-scale SEB models have generally been successful at modelling melt rates when
validated against in-situ observations, typically agreeing within� 10�30%, including those
applied to two small alpine glaciers in the Donjek Range of the St. Elias Mountains [147; 92].
However, recent models have four primary limitations:

1. The lack of a readily available high resolution (<500 m) surface albedo product. Mod-
els often rely on highly-averaged parameterizations based on modelled snow cover,
elevation, and mean clean ice albedo [e.g. 22; 92]. Surface albedo is one of the most
sensitive parameters in SEB models [108; 44], leading to large uncertainties in mod-
elled ablation (more than 35% uncertainty in the shortwave radiation component;
22).

2. Models sometimes neglect the possibility that the glacier surface may be shaded
by adjacent valley walls and steep topography, or fail to properly account for cast
shadows [110]. For example, this mechanism has been suggested by Thomson and
Copland [140] to be responsible for non-uniform surface lowering on White Glacier,
Arctic Canada. Shading has been included by a few energy balance studies [e.g.
5; 6; 7], but has not yet been combined with a high resolution, non-parameterized
surface albedo to achieve the most accurate representation of shortwave radiation
absorption.

3. Models often neglect to account for supraglacial debris. Su�ciently thick debris
cover drastically lowers surface albedo while locally insulating the glacier surface and
reducing melt rates [120; 135]. This is an area of considerable current research, with
much focus on debris-covered glaciers in the Himalayas [e.g. 85; 103; 99]. Steiner
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et al. [135] found that debris cover on Lirung Glacier, Nepal, locally reduced energy
�uxes transferred to the glacier surface by 10-100%. Without careful treatment of
debris cover, SEB models which take spatially variable surface albedo into account
will compute elevated melt rates over debris compared to clean ice due to the lower
surface albedo, leading to signi�cant model errors over these regions. Melt models for
debris covered glaciers highlight the large di�erence in melt rates over debris-covered
and dirty ice. For example, Fy�e et al. [54] found that supraglacial debris cover
reduced total melt volumes on Miage Glacier in the French Alps by 60%.

4. Models that assume the ice surface is at the melting point may overestimate melt
rates by � 10% [60; 113; 146]. A subsurface model is necessary to account for heat
conduction through ice to compute surface temperature. Of the models that include
a subsurface heat conduction model, the heat conduction is usually solved indepen-
dently from the energy balance [e.g. 60; 113; 146; 92]. However, these processes are
highly coupled, as the energy balance at the surface depends on the surface tem-
perature, controlled by upwards longwave radiation and sensible heat �ux, while the
subsurface temperature depends on the energy available for warming at the surface
along with the deeper thermal gradient driven by long-term ice temperature condi-
tions. More complicated models that account for supraglacial lake formation and �rn
densi�cation have solved these processes simultaneously [e.g. 24], but this approach
has not been adopted by most energy balance models.

We present an improved distributed surface energy balance model that addresses these
four limitations, and therefore allows for more accurate quanti�cation of the spatial distri-
bution of melt. We apply the model to Kaskawulsh Glacier and Nàªùdäy (Lowell) Glacier
in the St. Elias Mountains, Yukon, using in-situ meteorological data and validate outputs
against measured surface ablation. The improved model can be used to investigate the
meltwater volumes of individual glaciers with greater accuracy, and has the potential to
be upscaled to the entire St. Elias Mountains to quantify the controls on melt at regional
scale. Future application of the melt model in combination with a supraglacial meltwater
routing model may provide important evidence for constraining the drivers of glacier surges
in this region.

2.2 Study area

The St. Elias Mountains are a high elevation (up to5959 m asl:) mountain range located
in southwest Yukon and southeast Alaska (Figure 2.1). Glaciers in the St. Elias Mountains
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