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Abstract

The recent thinning, acceleration and retreat of tidewater glaciers around Greenland

suggests that these systems are highly sensitive to a change in climate. Tidewater

glacier dynamics have already had a significant impact on global sea level, and, given

projected future climate warming, will likely continue to do so over the coming century.

Understanding of the processes connecting climatic change to tidewater glacier response

is, however, at an early stage. Current leading thinking links tidewater glacier change

to ocean warming by submarine melting of glacier calving fronts, yet the process of

submarine melting remains poorly understood. This thesis combines modelling and

field data to investigate submarine melting at tidewater glaciers, ultimately seeking to

constrain the sensitivity of the Greenland Ice Sheet to climate change.

Submarine melting is thought to be enhanced where subglacial runoff enters the ocean

and drives energetic ice-marginal plumes. In this thesis, two contrasting models are used

to examine the dynamics of these plumes; the Massachusetts Institute of Technology

general circulation model (MITgcm) and the simpler buoyant plume theory (BPT).

The first result of this thesis, obtained with the MITgcm, is that the spatial distribution

of subglacial runoff at the grounding line of a tidewater glacier is a key control on

the rate and spatial distribution of submarine melting. Focussed subglacial runoff

induces rapid but localised melting, while diffuse runoff induces slower but spatially

homogeneous melting. Furthermore, for the same subglacial runoff, total ablation by

submarine melting from diffuse runoff exceeds that from focussed runoff by at least a

factor of five.
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BPT is then used to examine the relationship between plume-induced submarine

melting and key physical parameters, such as plume geometry, fjord stratification, and

the magnitude of subglacial runoff. It is shown that submarine melt rate is proportional

to the magnitude of subglacial runoff raised to the exponent of 1/3, regardless of

plume geometry, provided runoff lies below a critical threshold and the fjord is weakly

stratified. Above the runoff threshold and for strongly stratified fjords, the exponent

respectively decreases and increases. The obtained relationships are combined into a

single parameterisation thereby providing a useful first-order estimate of submarine

melt rate with potential for incorporation into predictive ice flow models.

Having investigated many of the factors affecting submarine melt rate, this thesis turns

to the effect of melting on tidewater glacier dynamics and calving processes. Specifically,

feedbacks between submarine melting and calving front shape are evaluated by coupling

BPT to a dynamic ice-ocean boundary which evolves according to modelled submarine

melt rates. In agreement with observations, the model shows calving fronts becoming

undercut by submarine melting, but hints at a critical role for subglacial channels in

this process. The total ablation by submarine melting increases with the degree of

undercutting due to increased ice-ocean surface area. It is suggested that the relative

pace of undercutting versus ice velocity may define the dominant calving style at a

tidewater glacier.

Finally, comparison of plumes modelled in both MITgcm and BPT with those observed

at Kangiata Nunata Sermia (KNS), a large tidewater glacier in south-west Greenland,

suggests that subglacial runoff at KNS is often diffuse in nature. In addition to

the above implications for submarine melting, diffuse drainage may enhance basal

sliding during warmer summers, thereby providing a potential link between increasing

atmospheric temperature and tidewater glacier acceleration which does not invoke the

role of the ocean.

This thesis provides a comprehensive investigation and quantification of the factors

affecting submarine melting at tidewater glaciers, a complex process that is believed

to be one of the key influences on the current and future stability of the Greenland Ice
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Sheet. Based on the magnitude of modelled melt rates, and their effect on calving front

shape, the process of submarine melting is a likely driver of retreat at slower-flowing

tidewater glaciers in Greenland. For melting to influence the largest and fastest-flowing

glaciers requires invoking a sensitive coupling between melting and calving which is as

yet obscure. It should however be noted that modelled melt rates depend critically on

parameters which are poorly constrained. The results and parameterisations developed

in this thesis should now be taken forward through testing against field observations

- which are currently rare - and, from a modelling perspective, coupling with ice flow

models to provide a more complete picture of the interaction of the Greenland Ice Sheet

with the ocean.
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Lay Summary

The Greenland Ice Sheet is a vast mass of ice located in the North Atlantic. The ice

sheet contains sufficient ice to raise global sea level by 7 m, should it all melt. Over

the past few decades, both air and ocean temperatures around Greenland have risen,

and the ice sheet has been losing mass at an increasing rate, contributing significantly

to sea level rise.

Ice loss from the Greenland Ice Sheet occurs through two mechanisms. First, during

summer, warm air temperatures melt the ice sheet surface. Second, parts of the ice

sheet (called tidewater glaciers) flow directly into the ocean where ice is lost due to

melting by the ocean (called submarine melting) and due to the production of icebergs.

The recent increase in ice loss from Greenland is due to both increased ice sheet surface

melting and increased flow speed of tidewater glaciers; the latter meaning that more

ice is lost from the ice sheet into the ocean.

These changes are clearly climate-driven, and given that over the coming century

the atmosphere and ocean around Greenland are projected to warm further, there

is clear potential for further ice mass loss. Accurate predictions of the future sea

level contribution from Greenland require a good understanding of the link between

mass loss and climate, yet the processes driving increased flow of tidewater glaciers are

particularly poorly understood. It is thought that increased submarine melting due to

increased ocean temperature may play an important role, yet we currently understand

little of this process. This thesis therefore aims to contribute by studying the interaction

of tidewater glaciers with the ocean.
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During summer, meltwater from the ice sheet surface penetrates through the ice sheet

and emerges into the ocean from beneath tidewater glaciers, several hundred metres

below the ocean surface. The emerging surface meltwater (called subglacial discharge)

rises towards the ocean surface as a buoyant plume after entering the ocean, driving

high rates of submarine melting. Plumes are therefore a key link between the ocean

and ice, and in this thesis, numerical modelling is used to examine the dynamics of

these plumes and the submarine melting induced.

Many of the important factors affecting plume dynamics are investigated, and the

relationships between these factors and the rate of submarine melting are quantified.

Submarine melting is found to increase linearly with the ocean temperature, and

sublinearly with the magnitude of subglacial discharge. Since subglacial discharge

originates from melting of the ice sheet surface, submarine melting will vary with both

ocean and air temperature.

The spatial pattern of submarine melting at a tidewater glacier is found to depend

strongly on how the subglacial discharge emerges from beneath the glacier. Rapid but

localised melting of the calving front occurs if all of the subglacial discharge emerges

from a single subglacial channel, while more widespread but weaker melting occurs

if the subglacial discharge is spread across the width of the tidewater glacier. Using

observations of plumes from a time-lapse camera, it is suggested that the latter situation

prevails at a tidewater glacier in south-west Greenland.

This thesis finally considers how spatial variability in submarine melting at a tidewater

glacier may shape the front of the glacier, creating chimney-like incisions in the ice, and

resulting in glacier fronts which are undercut near their base. It is suggested that this

undercutting increases total submarine melt volumes due to increased ice-ocean surface

area, providing a positive feedback between submarine melting and glacier front shape.

Undercutting of a calving front by submarine melting may increase the production of

icebergs and is therefore integral to understanding the effect of the ocean on tidewater

glaciers.

This work provides a comprehensive quantification of the factors affecting submarine
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melting. Based on this understanding, it is suggested that submarine melt rates

have increased by ∼50% in recent decades. This increase may have been sufficient

to result in tidewater glacier acceleration at slower-flowing glaciers, where submarine

melt rates are comparable to the ice flow velocity, but the role of submarine melting at

Greenland’s largest and fastest-flowing glaciers, where ice flow velocity substantially

exceeds submarine melt rates, remains unclear. The drawing of more definitive

conclusions on the importance of submarine melting is at present precluded by a lack

of observations of submarine melting with which to verify the modelling undertaken

in this thesis. Therefore, better observational constraints are much needed to improve

understanding of the effect of the ocean on the Greenland Ice Sheet, and ultimately to

reduce uncertainty on future sea level rise.
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Chapter 1

Introduction

The polar regions perhaps assume greater global significance today than ever before.

These regions stand at the front line of climate change, with change in these regions

now attaining sufficient magnitude as to be societally relevant on short timescales. The

polar regions contain the two great ice sheets of Greenland and Antarctica, numerous

ice caps, glaciers and seasonal sea ice. Excepting Antarctic sea ice, each of these

cryospheric components are diminishing in volume and extent, and increasingly so in

recent decades. Arctic sea ice annual extent decreased at ∼4% per decade over the

period 1979-2012 (Vaughan et al., 2013) while ice sheet mass loss contributed ∼14 mm

to sea level in the period 1992-2012 (Fig. 1.1; Vaughan et al. (2013)). Globally, ice

caps and glaciers (most of which lie in the polar regions) contributed ∼0.8 mm/yr to

sea level in the period 1993-2009 (Fig. 1.1; Vaughan et al. (2013)). Collectively, loss of

global ice accounted for ∼40% of the observed sea level rise of 3.2 mm/yr in the period

1993-2010 (IPCC , 2013).

These changes are certainly driven in part by atmospheric warming; global mean surface

temperature increased by 0.85◦C in the period 1880-2012, with the three decades

preceding 2012 successively the warmest decades since at least 1850 (Fig. 1.2; IPCC

(2013)). Ocean warming is also thought to play a role in ice mass loss, with evidence

suggesting that the subsurface ocean surrounding the Greenland Ice Sheet warmed by

1
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Figure 1.1: Cryospheric contributions to sea level change from 1991 to 2012, reproduced

from Vaughan et al. (2013).

1.5-2◦C between the mid-90s and mid-00s (Rignot et al., 2012). Even supposing that

international efforts to restrict atmospheric warming to 2◦C above pre-industrial levels

are successful, we will see further substantial change in the polar regions in coming

decades (IPCC , 2013), not least due to the polar amplification which sees greater

warming at high latitudes (e.g. Hansen et al., 1997).

Given the rapid changes occurring in the high latitudes, there is a pressing need to

understand the processes linking atmospheric and oceanic warming to ice mass response

in the polar regions. Through this understanding we may constrain future evolution

of the polar regions, and better inform policy decisions on climate change mitigation

and adaptation. This thesis contributes by studying the interaction between glaciers

and the ocean, thought to be a crucial link between climate, ice mass loss and sea level

change.

1.1 Ice sheets and tidewater glaciers

The present-day world has two ice sheets located in Antarctica and Greenland. The

Antarctic Ice Sheet extends from the south pole to 60◦S and contains 27 million km3

of ice, equivalent in water volume to approximately 60 m of sea level (Fretwell et al.,

2013). The Greenland Ice Sheet stretches from ∼60◦N to 82◦N in the north Atlantic



CHAPTER 1. INTRODUCTION 3

Figure 1.2: Observed surface air temperature change from 1901 to 2012, reproduced from

IPCC (2013). White boxes indicate a lack of data while plus signs within boxes indicate

significant trends.

and is about one tenth the volume of Antarctica, containing 7 m of potential sea level

(Bamber et al., 2013). Differing climatic settings lend the two ice sheets contrasting

character. The Antarctic, with the exception of the peninsula, is extremely cold with

only a small fraction of the ice sheet experiencing temperatures above zero during the

summer (e.g. Lenaerts et al., 2012). Over much of its periphery, the Antarctic Ice

Sheet thus extends into the ocean and forms vast floating ice shelves. In contrast, the

Greenland Ice Sheet experiences significant melting during the summer (e.g. van den

Broeke et al., 2016) and the ice sheet extends into the ocean only in topographically

confined fjords, with a significant proportion of the ice sheet terminating on land.

Ice sheets gain mass predominantly through snowfall and lose mass by melting of ice

and calving of icebergs (Fig. 1.3). Melting may take place on the ice sheet surface or

where the ice sheet is in contact with the ocean, with the latter process referred to as

submarine melting. Meltwater generated at the ice sheet surface may leave the ice sheet

as liquid water or be retained on the ice sheet by refreezing in the snowpack (Cuffey and

Paterson, 2010). In Antarctica, the balance of mass is mostly a competition between
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Figure 1.3: A schematic illustration of the processes determining ice sheet mass balance,

reproduced from Tedstone (2015).

snowfall, iceberg calving and submarine melting (Rignot et al., 2008). Mass balance

of the warmer Greenland Ice Sheet is dominated by the processes of snowfall, surface

melting, refreezing, iceberg calving and potentially submarine melting (van den Broeke

et al., 2016).

The motivation for this thesis comes from the changing mass balance of the Greenland

Ice Sheet in recent decades. A time series of GrIS mass balance from 1958 to 2015

(Fig. 1.4) is suggestive of an ice sheet which was in approximate dynamic equilibrium

before 1990 and which has lost mass at an increasing rate since 1990, with a peak sea

level contribution of 1.2 mm/yr in 2012 (van den Broeke et al., 2016). The negative

mass balance since 1990 results partly from decreasing surface mass balance (Fig. 1.4),

which accounts for snowfall, surface melting and refreezing, with the downward trend

driven largely by increased surface melting (van den Broeke et al., 2016). Increases in

iceberg calving and submarine melting, collectively referred to as discharge (Fig. 1.4)

also contribute significantly to mass loss (Enderlin et al., 2014). From 2000 to 2008, the

negative mass balance of the ice sheet can be equally attributed to decreased surface

mass balance and increased ice discharge (van den Broeke et al., 2009); while over the
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Figure 1.4: Contemporary Greenland Ice Sheet mass balance determined from regional

climate modelling and satellite observations of ice motion, reproduced from van den Broeke

et al. (2016). Surface mass balance (SMB) accounts for snowfall, surface melting and

refreezing. Discharge (D) accounts for calving of icebergs and submarine melting. Overall

mass balance (MB) is calculated as SMB - D. Note that due to lack of observations,

discharge is assumed constant pre-1995.

longer period from 1991 to 2015, surface mass balance assumes a slightly greater role,

accounting for ∼60% of ice loss (van den Broeke et al., 2016). While the dominant

driver of decreased surface mass balance is clear (increased atmospheric temperature

drives increased surface melting), the processes responsible for increased ice discharge

remain poorly understood.

Discharge of ice into the ocean from the Greenland Ice Sheet occurs through tidewater

glaciers (Figs. 1.5 and 1.6). These are topographically-confined streams of ice which

transport mass rapidly from the interior of the ice sheet into the ocean, where the ice

is lost either by submarine melting or by calving of icebergs. Tidewater glaciers have a

typical width of ∼1-10 km, thickness of ∼200-1000 m and flow at ∼1-50 m/d. There are

over 200 tidewater glaciers distributed around Greenland, with high concentrations in

the south-east and north-west of the ice sheet. Tidewater glaciers often flow into long

and narrow fjords (Fig. 1.5) which can be choked with icebergs and sea ice (Fig. 1.6).
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Figure 1.5: A typical section of Greenland coastline, in this case south-east Greenland.

Topographically confined tidewater glaciers flow into deep and narrow fjords. Imagery from

Howat et al. (2014) and Howat (2017).

Where tidewater glaciers meet the ocean, they either form an approximately vertical

wall of ice (calving front) extending from above the ocean surface to the ocean bottom

(Fig. 1.6) or, for a few large tidewater glaciers in northern Greenland, a floating ice

tongue or shelf.

In recent decades, tidewater glaciers around Greenland have retreated, accelerated, and

thinned (Pritchard et al., 2009; Moon et al., 2012; Murray et al., 2015). In combination,

these changes have increased ice discharge from the Greenland Ice Sheet by ∼35%

since 1995 (Fig. 1.4) such that submarine melting and iceberg calving now drains ∼550

billion tonnes of ice from the ice sheet each year (Enderlin et al., 2014; van den Broeke

et al., 2016). The widespread and synchronous response of tidewater glaciers (Murray

et al., 2015) suggests these changes have been driven by a climate forcing. Atmospheric

warming could drive change by increasing surface melting which may in turn lubricate

tidewater glacier flow, as postulated by Sugiyama et al. (2011) based on evidence from

a glacier terminating in a freshwater lake. Ocean warming could drive change by

increasing submarine melting and iceberg calving (Straneo and Heimbach, 2013). At



CHAPTER 1. INTRODUCTION 7

Figure 1.6: Kangiata Nunata Sermia is the largest tidewater glacier in south-west

Greenland. The calving front is approximately 5 km across and extends hundreds of metres

below the ocean surface, which is in this image covered by icebergs and bergy bits. Image

from 27/9/2016.

present, ocean warming is the leading candidate as a driver of change (e.g. Vaughan

et al., 2013), although we understand little of the processes linking the ocean and the

ice sheet or of the significance of these links. Given the potential importance for the

future evolution of the ice sheet, this thesis focusses on the interaction of the ocean

with the Greenland Ice Sheet, and in particular on the process of submarine melting.

1.2 Outline of thesis

This thesis aims to improve our understanding of the effect of the ocean on the

Greenland Ice Sheet through investigation of the process of submarine melting. It

uses numerical modelling to assess the likely magnitude of submarine melting and the

variability in submarine melt rates driven by various physical processes. Both idealised

and real systems are considered, seeking to reach conclusions which are relevant to

tidewater glaciers both in Greenland and elsewhere. This thesis aims to assess the
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importance of submarine melting to tidewater glacier dynamics, contributing to the

identification of the drivers of recent Greenland Ice Sheet mass loss and building the

understanding needed to constrain future evolution of the ice sheet. The work presented

in this thesis can be divided into three broad themes.

I Quantifying the magnitude of and variability in submarine melting

This thesis seeks to use numerical methods to quantify rates of submarine melting

which provide a first order estimate of the importance of submarine melting to

tidewater glacier dynamics. Many of the factors potentially affecting submarine

melt rate are explored, including the magnitude of subglacial discharge at the

base of the calving front, fjord water temperature, fjord density profile, subglacial

hydrology and calving front shape. This thesis also seeks to encompass key factors

from the above list into a single parameterisation for submarine melting which

is suitable for representation of submarine melting in coarse ice sheet and ocean

models.

II Quantification of spatial variability in submarine melting

In this theme, the spatial distribution of submarine melting at a tidewater glacier

calving front is explored using both simple theoretical models and more complex

general circulation models. This thesis explores two drivers of spatial variability

in submarine melt rate: (i) vertical variation due to the dynamics of buoyant

plumes initiated by the drainage of subglacial discharge at the base of the calving

front, and (ii) horizontal variation due to differing patterns of water drainage at

the base of the calving front as a result of the subglacial hydrology. Recognising

the importance of subglacial hydrology to the process of submarine melting, the

subglacial hydrology at a tidewater glacier in south-west Greenland is constrained

using time-lapse photography of the glacier terminus.

III The effect of submarine melting on calving front shape

The previous theme assessed spatial variability in submarine melt, while consid-

ering only static vertical calving fronts. Differential rates of submarine melting at



CHAPTER 1. INTRODUCTION 9

two points on a calving front will change the shape of the calving front, with ver-

tical variability resulting in undercutting or overcutting of the calving front, and

horizontal variability creating incised chimneys and protruding headlands. During

the course of the work undertaken in this thesis, these calving front shapes have

been observed for the first time (Rignot et al., 2015; Fried et al., 2015), as discussed

in more detail in Chapter 2.

Building on the previous theme, this thesis therefore studies how calving front

shape changes in response to differential submarine melting, and how changing

calving front shape subsequently feeds back on and impacts submarine melt

rate. This thesis couples a dynamic ice-ocean boundary to a simple model for

vertical variability in submarine melt rate to study the process of calving front

undercutting. This last theme is particularly important because calving front

shape is thought to exert a significant control on the style and rate of iceberg

calving, and therefore on discharge of ice from the ice sheet.

This thesis finally seeks to bring the above three themes together to assess the

importance of submarine melting to tidewater glacier dynamics, particularly in relation

to the observed changes in tidewater glacier behaviour in Greenland in recent decades.

Implications for the future evolution of the ice sheet are discussed and methods for

implementing submarine melting in models of future ice sheet evolution are considered.

While this thesis focusses on Greenland, for example through choice of ocean conditions

for the models and in the discussion of the results, many of the conclusions will be more

widely applicable to tidewater glaciers in for example Alaska, Svalbard, the Canadian

Arctic and the West Antarctic Peninsula.

This thesis proceeds as follows. Chapter 2 provides a more detailed description of the

motivation and background for the thesis, including observed changes in Greenlandic

tidewater glaciers, the climatic setting of Greenland, a review of tidewater glacier

dynamics and a summary of research on submarine melting. With respect particularly

to the last two points, much research has been ongoing by numerous groups during the

course of this thesis; a reflection of the fast-moving and exciting nature of the research
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topic. Chapter 3 provides a brief overview of the methods employed in this thesis,

with more detailed descriptions left to the individual results chapters and supporting

information.

Chapters 4-7 describe the results of the thesis focussing on the three themes identified

above, with some chapters relevant across more than one of the themes. Finally,

Chapter 8 provides a synthesis of the results, identifying key conclusions, placing the

findings in the context of the literature and identifying avenues and recommendations

for future research.

1.3 Format of thesis

All of the results chapters have been written as standalone papers to make the results

accessible to the research community, and all have already been published. The

contributions of all of the authors on each of these publications are summarised at

the start of each chapter. The work undertaken in this thesis has also made important

contributions to two further publications on which I am a co-author. The published

formats of all of these papers are included as appendices.



Chapter 2

Background

The great current interest in the interaction of the Greenland Ice Sheet with the ocean

stems from the widespread and synchronous acceleration of tidewater glaciers around

Greenland during a period of ocean warming (Straneo and Heimbach, 2013). This

background chapter therefore begins by outlining tidewater glacier behaviour in recent

decades, and the climatic conditions under which changes at Greenland’s tidewater

glaciers have occurred. Drivers of tidewater glacier dynamics are then discussed, with

both ocean and other processes reviewed. This chapter then focusses on ice-ocean

interaction, summarising the current state of knowledge of fjord circulation, proglacial

plumes, and submarine melting and its possible links to glacier dynamics.

2.1 Tidewater glacier behaviour in Greenland

2.1.1 Regional behaviour during the satellite era

Satellite capabilities have revolutionised glaciology, facilitating the study of the remote

and difficult to access regions embodied by the ice sheets. Satellite imagery has

both high spatial resolution (<100 m), is available with good frequency (<1 month),

and provides ice sheet-wide coverage. From these products ice surface elevation,

glacier terminus position and ice flow speed may be extracted, permitting study of

processes and mass balance of individual glaciers and crucially, at the whole ice

11
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Figure 2.1: Behaviour of tidewater glaciers in Greenland over the past few decades. Left:

trends in tidewater glacier velocity reproduced from Moon et al. (2012). Right: change in

tidewater glacier terminus position between 2000 and 2010 reproduced from Murray et al.

(2015).

sheet scale. These ice-sheet scale datasets reveal that over the past few decades

marine-terminating glaciers have, in contrast to land-terminating glaciers, undergone

rapid change (Fig. 2.1). Broadly speaking, these changes have been widespread and

synchronous. However, significant regional, temporal and glacier-to-glacier variability

is also seen, confounding attempts to understand marine-terminating glacier dynamics.

Within the period of study permitted to date by satellite data, significant change

at tidewater glaciers is first seen in the mid- to late-90s, observed as a moderate

but widespread increase in flow velocity and terminus retreat focussed in south-east

Greenland (Rignot and Kanagaratnam, 2006; Jiskoot et al., 2012). The same region

underwent a pulse of very rapid change in the years 2000-2005, during which period ice

discharge and terminus retreat rate approximately doubled (Rignot and Kanagaratnam,

2006; Jiskoot et al., 2012). More recently, glaciers in the south-east appear to have
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stabilised, such that at a regional scale, flow speeds in 2010 were similar to 2005 (Moon

et al., 2012) and approximately a quarter of terminus retreat during 2000-2005 was

recovered by re-advance during 2005-2009. In contrast to those further south, tidewater

glaciers north of 69◦N on the east coast of Greenland showed little change in either

terminus position or flow velocity between 2000 and 2009 (Seale et al., 2011; Moon

et al., 2012). On Greenland’s west coast, a high concentration of tidewater glaciers is

found in the north-west, with only a few tidewater glaciers in south-west Greenland.

The behaviour of these west coast glaciers is steadier, with gradual acceleration in

ice velocity amounting to a 27% increase between 2000 and 2010 (Moon et al., 2012).

Around the north of Greenland, the major glaciers terminate in ice shelves, and showed

little change between 1996 and 2010 (Rignot and Kanagaratnam, 2006; Moon et al.,

2012).

The major regional changes at tidewater glaciers in Greenland are therefore a short but

rapid period of thinning, acceleration and retreat of tidewater glaciers in the south-east

in the early 2000s and a slower but more sustained response in the north-west (Fig. 2.1).

Together, glaciers in these two regions represent ∼80% of Greenland’s discharge of solid

ice to the ocean, and account for 86% of change in solid ice discharge between 2000

and 2012 (Enderlin et al., 2014). The described regional changes are well illustrated

by time series of solid ice discharge (Fig. 2.2). Overall, tidewater glacier acceleration

has increased total Greenland ice discharge from ∼460 Gt/yr in 2000 to ∼550 Gt/yr in

2012 (Fig. 2.2; Rignot et al. (2011); Enderlin et al. (2014)), contributing an additional

∼3 mm to global sea level since 2000.

Despite clear regional trends, significant variability exists both between and within

regions. The rapid pulse of retreat followed by stability in the south-east contrasts

with slow and steady retreat in the north-west. Within the north-west, and despite

increasing regional ice discharge, a third of tidewater glaciers showed no trend in velocity

and a quarter slowed over the decade 2000-2010 (Fig. 2.1; Moon et al. (2012)). Large

individual glaciers can also dominate trends in ice discharge from a region or indeed

from the ice sheet. Of the increase in ice discharge from Greenland between 2000 and

2012, 77% is accounted for by 15 glaciers while just 4 glaciers (Jakobshavn Isbrae,
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Figure 2.2: Ice discharge from the Greenland ice sheet from 2000 to 2012, reproduced

from Enderlin et al. (2014).

Kangerdlugssuaq, Koge Bugt, and Ikertivaq South) account for half (Enderlin et al.,

2014). Therefore, while we seek an understanding of tidewater glacier dynamics at

the ice sheet scale, it may be necessary to consider individual glaciers, particularly

considering how important a handful of glaciers are to the mass balance of the ice

sheet.

2.1.2 Behaviour of selected glaciers

A few well-studied large tidewater glaciers exemplify the described regional changes.

Greenland’s fastest-flowing and largest by ice discharge is Jakobshavn Isbrae, draining

to the west coast. From 1997, the grounded part of the glacier began thinning at

rates up to 15 m/yr and the 15 km floating ice tongue at rates of 80 m/yr, leading

to the disintegration of the ice tongue in the early 2000s (Thomas, 2004). Ice velocity

doubled between the mid-90s and 2003 (Holland et al., 2008a), and accompanied by

further thinning and grounding line retreat, continues to increase with velocities of 17

km/yr (nearly 50 m/d) recorded in 2012 (Joughin and Smith, 2013).

In the south-east, Kangerdlugssuaq and Helheim Glaciers typify the regional trend,

accelerating slowly from the mid-90s, with rapid change from 2003, velocities peaking
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Figure 2.3: Surface elevation change and ice velocity at Helheim and Kangerdlugssuaq

Glaciers since 1980, reproduced from Khan et al. (2014). Data are extracted from points

approximately 5-10 km behind the 2010 calving fronts.

in 2005 and a more quiescent phase since (Fig. 2.3; Christoffersen et al. (2012); Moon

et al. (2012); Khan et al. (2014)). Helheim and Kangerdlugssuaq thinned by 100 and

200 m respectively between 1998 and 2010, both undergoing velocity increases of 15-20

m/d (5-7 km/yr) by 2005 (Fig. 2.3; Khan et al. (2014)). Change at Kangerdlugssuaq

was particularly rapid; this velocity increase coming almost exclusively between July

2004 and April 2005 during which period the glacier also retreated 7 km (Luckman

et al., 2006; Joughin et al., 2008a). Helheim reached its furthest retreated position in

2005, a retreat of ∼7 km since the late 90s. Both glaciers have subsequently slowed

and somewhat stabilised, although Kangerdlugssuaq continues to undergo slow thinning

and retreat (Khan et al., 2014).

Contrasting examples are provided by Rink and Store Glaciers on the west coast, which

show anomalous stability relative to many glaciers in the region. Over the past few

decades, both have undergone little change in terminus position and show no trend in

ice velocity (Howat et al., 2010; Moon et al., 2014; Bartholomaus et al., 2016).
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2.1.3 Longer-term perspectives

It is important to place the behaviour of tidewater glaciers over the past few decades in a

(slightly) longer term context. While the spatial and temporal precision of observations

made before satellites is clearly poorer, a combination of archived photographs and

maps, proxies and geomorphic evidence offer valuable insight.

Using a combination of geomorphological evidence and archived photographs, Lea et al.

(2014) show that Kangiata Nunata Sermia (KNS), the largest tidewater glacier in

south-west Greenland, had retreated ∼15 km from its Little Ice Age maximum by

1859. They further show that KNS retreated steadily at ∼100 m/yr between 1921 and

1968, interrupted by rapid retreat of 4 km in the late 1940s. There are periods of slow

advance in the 1970s and early 90s, with otherwise moderate retreat at ∼100 m/yr up

to the present day. At KNS then, retreat over the past few decades is not exceptional

within the past 150 years.

On the east coast, records and reconstructions exist for Kangerdlugssuaq and Helheim

glaciers. Andresen et al. (2012) reconstruct calving activity since 1890 at Helheim

glacier from ice-rafted debris in fjord sediment cores. This record shows low calving

activity pre-1930 and variable calving rate since, with particular spikes of activity in the

late 1930s/early 1940s and early 2000s. The latter spike agrees well with the satellite-

observed behaviour discussed above, while the former spike ties in well with historical

aerial imagery showing that Helheim glacier was more retreated in the 1930s than in

2003 (Khan et al., 2014). Between 1933 and 1981, Helheim recovered to its Little Ice

Age maxima both in terms of terminus position and surface elevation (Bjork et al.,

2012; Khan et al., 2014). In contrast, Kangerdlugssuaq glacier was close to its Little

Ice Age maxima in the early 1930s before the collapse of its 7 km floating tongue in

1932-1933 initiated thinning of >200 m by 1981 (Spender , 1933; Khan et al., 2014).

These studies suggest that a period of rapid change, similar to that seen in the early

2000s may have occurred in the 1930s/1940s.

At the ice sheet scale, Kjeldsen et al. (2015) suggest that many of the glaciers undergoing

dynamic change in recent decades underwent similar change in the early 20th century.
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They further suggest that the dynamic contribution of the ice sheet to sea level (that

is, the discharge of ice from tidewater glaciers) has remained relatively constant over

the past 110 years, suggesting that in agreement with the above evidence, the observed

changes over recent decades may not be unprecedented in the past century.

2.1.4 Drivers of change

While recognising variability from glacier to glacier, the synchronous and widespread

nature of changes at tidewater glaciers around Greenland is indicative of a common

climatic forcing. The challenge is to identify this forcing and understand exactly how

it affects tidewater glacier dynamics. The forcing could be atmospheric or oceanic, and

while atmospheric changes should not be dismissed (and indeed may help to amplify

ocean forcing), the current leading hypothesis concerns primarily the ocean, and it is

ice-ocean interaction which forms the focus of this thesis. As a result, Greenland’s

oceanic setting is now described.

2.2 Climatic conditions

2.2.1 Large-scale ocean setting

Greenland lies in the north Atlantic, spanning latitudes from 60 to 82◦N. The ocean

water around the coast of Greenland has influences from both polar and tropical regions,

and from the ice sheet itself (Fig. 2.4). Polar influences come from the east Greenland

current (EGC) which brings cold and relatively fresh polar water (PW) south from

the Arctic, hugging the east coast of Greenland in the Nordic seas and continuing

to follow the coast around Cape Farewell and into Baffin Bay (Fig. 2.4; Straneo

and Heimbach (2013)). The tropical influence comes from the Atlantic Meridional

Overturning Circulation (or Gulf Stream) which brings subtropical water into the North

Atlantic. This warm and relatively salty Atlantic water (AW) flows towards the south-

east coast of Greenland in the Irminger current, thereafter following the EGC around

the coast (Fig. 2.4; Rignot et al. (2012)). The lighter PW tends to occupy Greenland’s

200-300 m deep continental shelf immediately adjacent to the coast, with denser AW

found beneath PW in deep cross-shelf troughs and at greater depths further offshore
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Figure 2.4: Greenland ocean setting reproduced from Straneo et al. (2012a). Boxed

numbers indicate the typical temperature (◦C) of offshore Atlantic Water. Red acronyms

are HG - Helheim Glacier, KG - Kangerdlugssuaq Glacier, JI - Jakobshavn Isbrae, TF -

Torssukatak Fjord, 79NG - 79 North Glacier and PG - Petermann Glacier.

(Sutherland and Pickart, 2008; V̊age et al., 2011). Thus the warmest ocean water

around Greenland is the AW found at depth in south-east Greenland and subsequently

south-west Greenland, with northern Greenland more insulated by cooler PW (Straneo

et al., 2012a).

2.2.2 Fjord water properties

Greenland’s fjords (e.g. Fig. 2.5) are typically long (up to 100 km), narrow (∼5 km)

and deep (>1000 m in places). Many are choked with ice mélange: a mixture of

sea ice and icebergs. The waters found in Greenlandic fjords are generally similar to

those described on the continental shelf, with cold and fresh PW overlying warm and

dense AW (Fig. 2.5; Straneo et al. (2010); Inall et al. (2014); Gladish et al. (2015);

Bartholomaus et al. (2016)). The temperature of AW found in fjords varies with the



CHAPTER 2. BACKGROUND 19

Figure 2.5: Water temperature in Sermilik Fjord, adjacent to Helheim Glacier, reproduced

from Straneo and Cenedese (2015). Panels (a) and (b) show along-fjord sections from

August 2009 and March 2010 respectively.

distance from the source of heat in the Irminger sea (Fig. 2.4), with the warmest waters

(∼4◦C) found in Sermilik fjord in south-east Greenland (Straneo et al., 2010) and

progressively cooler AW found near Jakobshavn Isbrae (∼3◦C, Gladish et al. (2015)),

Kangerdlugssuaq (∼2◦C, Inall et al. (2014)) and Petermann (∼0◦C, Johnson et al.

(2011)).

Fjord waters are modified by the presence of a tidewater glacier. During summer,

meltwater from the ice sheet surface is discharged into the fjord, often flowing down-

fjord either at the fjord surface or at the PW/AW interface (Straneo et al., 2011;

Sciascia et al., 2013; Mortensen et al., 2014). Melting of the glacier calving front

freshens and cools fjord water, with the cooling effect particularly significant due to

the large latent heat of ice melt (Jenkins, 1999). By adding meltwater to the fjord

surface, melting of icebergs may stratify the fjord and, in locations with significant ice

mélange, keep the fjord surface close to the freezing point (Straneo et al., 2011; Gladish

et al., 2015). Through mixing of heat, iceberg melt may also result in along-fjord

cooling of AW, somewhat insulating glaciers from oceanic heat (Inall et al., 2014). In
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contrast, at fjords with little ice at the fjord surface, summer insolation can create very

warm but shallow surface layers (Stevens et al., 2016).

Key to this thesis is the potential for melting of tidewater glacier calving fronts by fjord

waters. Although fjord waters are relatively cold in a global context, the in-situ pressure

and salinity dependent freezing point of approximately −2◦C at calving fronts means

that the deep AW found in Greenlandic fjords (e.g. Fig. 2.5) represents a significant

source of heat available for melting of tidewater glaciers.

2.2.3 Temporal variability in ocean forcing

Subsurface waters around Greenland have generally warmed since the mid-90s, mani-

fested as a thickening and warming of the AW layer in west and south-east Greenland

(Fig. 2.6; Myers et al. (2007); Straneo and Heimbach (2013)). This change was driven

by increased inflow of warm subtropical water to the north Atlantic, which has in turn

been linked to large scale climate indices such as the North Atlantic Oscillation (Hur-

rell, 1995) and the Atlantic Multidecadal Oscillation (Polyakov et al., 2005). Ocean

reanalysis suggests a subsurface warming of 1.5◦C between 1994 and 2005 in south-east

and south-west Greenland and warming of 2◦C between 1997 and 2005 in central and

north-west Greenland (Rignot et al., 2012). On the west coast, the arrival of a warm

subsurface water mass migrating northwards up the coast from the Irminger Sea is seen

in 1997, generating subsurface warming of ∼1◦C in Disko Bay, adjacent to Jakobshavn

Isbrae (Holland et al., 2008a).

Hydrographic surveys from 1993 and 2004 inside Kangerdlugssuaq Fjord in east

Greenland show a thickening and ∼1◦C warming of the AW layer by 2004, although

surveys from 1991 are the warmest of all (Christoffersen et al., 2011, 2012). Data from

Ilulissat Icefjord and fjord mouth, adjacent to Jakobshavn Isbrae, shows that in 2009

and 2011-2013, fjord waters were as warm as in 1997, while 2010 was likely as cold

as the 1980s, displaying the potential for significant interannual variability (Gladish

et al., 2015). While data from the 90s and early 2000s from within fjords is sparse,

the good communication observed between fjords and the continental shelf in recent

years (Jackson et al., 2014; Gladish et al., 2015) suggests that the large scale oceanic
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Figure 2.6: Time series of Greenland ocean heat content, reproduced from Straneo and

Heimbach (2013): near-surface ocean temperature anomaly at Fylla Bank, west Greenland

(black) and modelled heat content anomaly of the upper 700 m of the sub-polar North

Atlantic (blue).

warming observed from the mid-90s will likely have propagated rapidly into fjords

enabling interaction between these warmer waters and tidewater glaciers.

Ocean reanalysis provides a longer term perspective, suggesting that ocean waters in

south-east Greenland were cold in the 50s and from 1970 to the mid-90s, and warm in

the mid-60s and from the mid-90s onwards (Straneo and Heimbach, 2013; Khan et al.,

2014). A record of near-surface water temperature in west Greenland is as warm from

1920 to 1935 as it is today (Fig. 2.6; Andresen et al. (2012)).

2.2.4 Temporal variability in atmospheric forcing

The past few decades have seen increasing air temperatures and surface melting on the

Greenland Ice Sheet. Following a ∼20-year period of relative stability, ice sheet annual

surface air temperatures warmed by 1.8◦C between 1994 and 2007 (Box et al., 2009).

Continuing the trend, regional climate models suggest that surface melting in the years

2007-2012, excepting 2009, was unprecedented in at least the previous 50 years (van den

Broeke et al., 2016). In particular, 2012 saw summer air temperatures three standard

deviations above the 1979-2011 mean, resulting in the ice sheet contributing a record

1.2 mm to global sea level in 2012 (Tedesco et al., 2013). With a dataset extending to

1840, Box et al. (2009) show that warming of similar magnitude (2.4◦C) also occurred
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between 1919 and 1932, coincident with the inferred warm ocean conditions described

above.

Atmospheric variability in past decades, and indeed over longer timescales, therefore

shows similar trends to oceanic variability. The tight coupling between atmosphere

and ocean makes it hard to isolate which forcing (or perhaps a combination of the two

forcings) is driving tidewater glacier dynamics.

2.3 Drivers of tidewater glacier dynamics

2.3.1 Evidence linking ice and ocean

At the broad scale, evidence for a link between the ocean and the ice sheet comes from

the coincident timing of ocean and glacier change. In south-east Greenland, both ocean

warming and the initiation of glacier change are observed in the mid-90s (Figs. 2.2 and

2.6; Rignot and Kanagaratnam (2006); Straneo and Heimbach (2013)). The slightly

delayed onset of glacier change in west and north-west Greenland is consistent with

the lagged ocean warming in the region from 1997 (Rignot and Kanagaratnam, 2006;

Holland et al., 2008a). Furthermore, the more quiescent phase of glacier dynamics

in south-east Greenland from the late-2000s coincides with a stabilisation of ocean

temperature, while the more sustained acceleration of glaciers in the north-west

occurred under continuing elevated ocean temperature (Fig. 2.2; Rignot et al. (2012);

Moon et al. (2012)).

Over the length of the east coast, examination of glacier terminus position change

suggests a distinct boundary in glacier behaviour around 69◦N, with glaciers south of

this boundary retreating significantly between 2001 and 2005 and those north showing

little change (Fig. 2.1; Seale et al. (2011)). The boundary at 69◦N was found to coincide

with a similar boundary in subsurface ocean temperature arising from the delivery of

warm ocean water to south-east Greenland in the Irminger current. Looking further

back, the initiation of retreat of Kangerdlugssuaq glacier from its Little Ice Age maxima

and the retreated position of Helheim glacier in the early 1930s occurred during a period
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of warm ocean temperatures in the upstream Irminger current (Fig. 2.4; Andresen et al.

(2012); Khan et al. (2014)).

The initiation of acceleration, thinning and retreat of Jakobshavn Isbrae in 1997 has

been attributed to a sudden subsurface ocean warming of ∼1◦C (Holland et al., 2008a;

Motyka et al., 2011). Assuming a linear relationship between ocean thermal forcing and

submarine melt rate of the floating tongue (which is supported by theoretical studies),

the sudden ocean warming in 1997 would have increased melt rates by 25% or ∼60

m/yr (Motyka et al., 2011). This increase approximately accounts for the observed

thinning of the ice tongue (Thomas, 2004), reducing buttressing of the glacier behind

and ultimately leading to the break-up of the ice tongue and further acceleration and

retreat (Holland et al., 2008a).

Further evidence for the importance of the ocean in tidewater glacier dynamics comes

from estimates of toward-glacier heat flux in proglacial fjords. Using fjord hydrography

and measurements of circulation velocity, estimates of toward-glacier heat flux amount

to >9 m/d of calving front melting at Yahtse Glacier (Bartholomaus et al., 2013) and

up to 17 m/d at LeConte Glacier (Motyka et al., 2013), both in Alaska, representing

a half to two-thirds of terminus ice flux. Using the same method, Rignot et al. (2010)

estimate that calving front melting may account for 20-80% of terminus ice flux at three

glaciers in west Greenland, while Inall et al. (2014) estimate a toward-glacier heat flux

of 10 m/d (or 30-60% of terminus ice flux) at Kangerdlugssuaq Glacier. Together, these

studies suggest that calving front melting by the ocean can play a very significant role

in terminus mass balance, indicating that change in ocean temperature could have a

significant effect on glacier dynamics. It is however worth stating that these heat flux

estimates should be viewed with some caution (Jackson and Straneo, 2016), as will be

discussed further below.

Aside from directly impacting glacier mass balance, melting of calving fronts by the

ocean may promote calving of icebergs. Idealised modelling studies suggest that

changing the calving front shape from vertical by ocean melting may increase calving

rate (O’Leary and Christoffersen, 2013; Wagner et al., 2016), therefore suggesting that
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Figure 2.7: Relationship between ocean temperature and satellite-derived frontal ablation

rate at two tidewater glaciers in Svalbard, reproduced from Luckman et al. (2015).

increased melting due to ocean warming would amplify calving and cause terminus

retreat. Compelling field evidence linking the ocean to calving at tidewater glaciers

comes from Svalbard, where Luckman et al. (2015) find very strong correlations between

subsurface ocean temperature and frontal ablation rate at Kronebreen and Tunabreen

(Fig. 2.7). Further background on the calving process is provided below. There is

therefore much evidence, at ice-sheet and individual glacier scales, and in idealised

numerical modelling, linking ocean warming to tidewater glacier acceleration, thinning

and retreat.

2.3.2 Confounding factors

Despite the strong body of evidence linking tidewater glaciers to the ocean, there are

also confounding factors and suggestions of a lack of feedback between the ocean and

ice. Firstly, the described close coupling between atmospheric and oceanic temperatures

means that much of the discussion on the coincident timing of oceanic warming and

glacier response applies equally to atmospheric temperature, complicating the isolation

of a dominant driver of glacier dynamics.

Statistical comparison of climate with glacier change does not elucidate a clear link. For

example, Jensen et al. (2016) found some regional correlation between climate and the
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annual area change of 42 marine-terminating glaciers around Greenland over the period

1999-2013, with glacier change in south-east Greenland correlating with sea surface

temperature and sea ice concentration, and glacier change in north-west Greenland

correlating with the magnitude of surface melting. For a larger glacier population of

199 and more frequent measurements of terminus position, Murray et al. (2015) find

no significant correlation of glacier change with any of air temperature, sea surface

temperature or sea ice concentration. They do, however, find a significant correlation

of glacier terminus position in south-east Greenland with subsurface Irminger current

temperature lagged by one year (Murray et al., 2015). These large spatial and

long timescale datasets do not therefore indicate a clear link between the ocean and

tidewater glaciers. This may be because no such link exists, or may be related to the

common use of sea surface temperature as a proxy for ocean temperature, when in

fact process understanding suggests glaciers are more likely to respond to subsurface

temperature (e.g. Jenkins, 2011; Luckman et al., 2015), which may differ from sea

surface temperature.

The lack of correlation of glacier dynamics with climate is embodied by the contrasting

behaviour of geographically close glaciers (e.g. Fig. 2.1). For example, Umiamako

Isbrae, located in west Greenland, retreated by 4 km and more than doubled in

velocity between 2000 and 2010 (Howat et al., 2010; McFadden et al., 2011). Store

Glacier, located ∼150 km south and connected to the same fjord system, and therefore

experiencing similar air and ocean temperatures, showed essentially no change in

terminus position or velocity over the same period (Howat et al., 2010). This glacier-

specific response to a similar forcing has been attributed to topography and specifically,

variations in fjord/glacier width and bed topography. Study of the terminus position

of 10 glaciers in north-west Greenland between 2001 and 2005 suggests that rapid

retreat is promoted by the loss of contact with lateral or basal pinning points and by

significant widening of the fjord during retreat (Carr et al., 2013), conclusions which

are also supported by flowline glacier modelling (Enderlin et al., 2013). Furthermore,

theoretical considerations (Schoof , 2007), flowline modelling of real glaciers (Nick et al.,

2013) and observations (Joughin and Smith, 2013) all suggest that once terminus retreat
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is initiated, tidewater glaciers retreat very rapidly down reverse bed slopes. These

considerations indicate that glacier-specific geometry will modulate a glacier’s response

to climate forcing, so that oceanic or atmospheric warming should perhaps be seen as

a perturbation to the glacier, with the magnitude of response ultimately determined

by glacier geometry. These glacier specific factors may explain why adjacent glaciers

respond very differently to the same climate forcing, and why correlation of terminus

position with climate has limited success.

A further complication to the evidence linking ice and ocean comes from numerical

modelling of large tidewater glaciers in Greenland. Three studies present full-Stokes

flowline modelling of large Greenlandic tidewater glaciers, incorporating submarine

melting of glaciers by the ocean (Cook et al., 2014; Todd and Christoffersen, 2014; Krug

et al., 2015). All three find that submarine melting at reasonable rates has little effect

on terminus position and glacier dynamics. It is only by increasing submarine melt

rates to over 20 m/d, a rate which is not currently supported by the literature, that the

model of Helheim glacier shows significant response (Cook et al., 2014). Furthermore,

a vertically-integrated plan-view model of Store Glacier suggests that a submarine

melt rate of 12 m/d, approximately a factor of 4 larger than suggested by heat flux

estimates, is required to initiate glacier retreat (Rignot et al., 2010; Morlighem et al.,

2016). These models therefore find little role for submarine melting in the dynamics

of the modelled glaciers. There are, however, reasons to remain cautious about the

conclusions from these studies. The effect of concentrating high rates of submarine

melting in one location on a calving front has not yet been investigated due to the

difficulties of simulating calving in three dimensions. The range of glaciers which

have been modelled remains limited, with all of the above studies focussing on large,

fast-flowing glaciers. Furthermore, all of the above models apply some variant of a

stretching-threshold based calving law (Benn et al., 2007), which may not capture the

possible coupling between submarine melting and calving.
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2.3.3 Other potential drivers of tidewater glacier dynamics

There are a number of other possible drivers of rapid change at tidewater glaciers.

Leading candidates include increasing basal lubrication and changes in backstress from

ice mélange and sea ice. Considering first basal lubrication, the role of water at the ice-

bed interface in modulating ice velocity has long been studied in Alpine systems (e.g.

Iken and Bindschadler , 1986) and over the past decade at land-terminating glaciers

in Greenland (Zwally et al., 2002; Bartholomew et al., 2010). These land-terminating

systems undergo short-term increases in ice velocity in response to increased surface

melting, but ice velocities often subsequently decrease due to the establishment of

efficient subglacial drainage pathways which result in decreasing subglacial water

pressure (e.g. Cowton et al., 2013).

Despite increasing atmospheric temperature and ice sheet surface melting in recent

decades, annual ice velocity at land-terminating systems in Greenland has decreased

(Tedstone et al., 2015). This is thought to result from the persistence of efficient

subglacial drainage into the winter months, leading to widespread dewatering of the

ice-bed interface, such that warm summers with high ice velocity are compensated by

decreased ice flow in the following winter (Sole et al., 2013; Tedstone et al., 2013).

At land-terminating margins therefore, increasing atmospheric temperature has not

resulted in interannual glacier acceleration. The applicability of these results to

tidewater glaciers, however, remains uncertain.

At marine-terminating KNS, Sole et al. (2011) show that ice velocity >35 km from

the calving front responds to surface melting in a similar fashion to land-terminating

margins. Subsequent observations would appear to extend this conclusion to within

a few kilometres of the terminus (Ahlstrom et al., 2013; Moon et al., 2014). A study

of seasonal evolution of ice velocity at a large number of tidewater glaciers around

Greenland shows that some exhibit land-terminating glacier-type behaviour with late

summer deceleration, while at others ice velocity scales with surface melting (Moon

et al., 2014). Glacier Perito Moreno in Patagonia - though freshwater lake-terminating

rather than tidewater - appears to be of the latter type; an excellent correlation is
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obtained between air temperature and ice velocity (Sugiyama et al., 2011). The role of

subglacial hydrology in modulating tidewater glacier velocity is further complicated by

calving front processes such as terminus retreat. Joughin et al. (2008b) show that at

Jakobshavn Isbrae, the terminus position exerts a greater control on ice velocity than

surface melting.

There are theoretical reasons to suspect that subglacial hydrology may differ between

marine and land-terminating systems. Simple models of subglacial hydrology consider

drainage through channels and cavities under basal sliding (e.g. Schoof , 2010). The

threshold separating drainage in channels and cavities, and thus low and high basal

water pressure respectively, is found to depend on the magnitude of subglacial discharge

and the sliding velocity (Kamb, 1987; Fowler , 1987; Schoof , 2010). High discharge

and little sliding favours drainage through channels while low discharge and rapid

sliding favours drainage through cavities. One can therefore argue that the rapid

basal sliding near the calving fronts of tidewater glaciers might inhibit the formation

of efficient subglacial channels, such that drainage occurs predominantly through

inefficient cavities and that ice velocity will therefore scale with surface melting.

Such arguments may explain the observations of Sugiyama et al. (2011) from Glacier

Perito Moreno. The arguments are also supported by satellite observations of Helheim

Glacier, which show seasonal dynamic thinning of nearly 20 m, apparently driven

by surface melting and increased basal lubrication rather than by terminus retreat

(Bevan et al., 2015). Pfeffer (2007) theorise that such a mechanism can lead to

irreversible glacier retreat if during thinning the loss of bed traction exceeds the

loss of driving stress. This offers an alternative mechanism driving tidewater glacier

retreat in Greenland; greater surface melting increases basal lubrication, resulting in

dynamic thinning which is either itself a runaway process (Pfeffer , 2007) or may increase

buoyancy-driven calving (James et al., 2014).

The role of basal lubrication in modulating interannual velocity change at tidewater

glaciers remains highly uncertain. Together, the above studies suggest that while ocean

forcing may be the current leading hypothesis for initiating recent change at tidewater
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glaciers around Greenland, there may yet be a role for increased basal lubrication

resulting from increased surface melting as an alternative or complementary factor.

There is much evidence that the presence or absence of sea ice and ice mélange

in the proglacial fjord plays a role in tidewater glacier dynamics. Based on five

years of velocity, terminus position and mélange observations at 16 glaciers in north-

west Greenland, Moon et al. (2015) find a strong correspondence between glacier

dynamics and mélange conditions, with strong and rigid mélange associated with

glacier slow-down and advance, and open water (the absence of mélange) associated

with acceleration and retreat. At Kangerdlugssuaq Glacier in south-east Greenland,

Christoffersen et al. (2012) note that ice mélange and sea ice was absent from

Kangerdlugssuaq Fjord during winter 2004/2005. These highly unusual fjord conditions

were linked to a particularly warm and windy winter, and it is hypothesised that the

lack of ice mélange led to the coincident rapid retreat of 7 km (Christoffersen et al.,

2012).

Models also support the hypothesis that ice mélange plays an important role in terminus

stability; the afore-mentioned full-Stokes flowline models suggest that the presence or

absence of ice mélange exerts a greater control on glacier dynamics than submarine

melting (Todd and Christoffersen, 2014; Krug et al., 2015). In these models, the

backstress exerted on the glacier by the ice mélange helps to balance the driving stress,

reducing longitudinal stretching and therefore, by the calving criteria used, inhibiting

calving. Over the decadal timescales of tidewater glacier change in Greenland, it could

therefore be the case that increased air and ocean temperatures have restricted sea

ice growth and/or loosened ice mélange, reducing backstress on tidewater glaciers and

leading to widespread acceleration and retreat.

In summary, recent decades in Greenland have been a time of substantial change, both

in terms of climate (Fig. 2.6) and ice sheet dynamics (Figs. 2.1 and 2.2). It is clear

from the widespread and synchronous nature of change at Greenland’s tidewater glaciers

that they have responded to a climatic forcing; identifying this forcing and elucidating

the processes responsible is however challenging. At present, the leading hypothesis
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Figure 2.8: Schematic of ice-ocean interaction processes, adapted from Straneo and

Heimbach (2013). The white arrow represents the rising buoyant plume.

links the ocean with the ice sheet, possibly by submarine melting of tidewater glacier

calving fronts. As discussed, there are however other potentially important factors.

What is clearly lacking is a detailed understanding of the processes through which

climatic change impacts tidewater glacier dynamics. This thesis aims to address one

such process in detail, that of submarine melting, and this background section now

focusses on ice-ocean interaction and submarine melting.

2.4 Ice-ocean interaction processes

2.4.1 Plumes

During the Greenland summer, large volumes of meltwater from the ice sheet surface

penetrate the ice through crevasses and moulins to enter the subglacial hydrological

system at the ice-bed interface (Fig. 2.8). Once beneath the ice, water generally flows

towards the ocean, in a direction defined by both the bed topography and the ice

thickness (Shreve, 1972). As touched on above, subglacial water may flow through
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Figure 2.9: Example surface expressions of plumes at Kangiata Nunata Sermia, south-

west Greenland. Images from Sole et al. (2011) with (a) taken on 12 July 2009 and (b) on

19 July 2009.

arborescent and efficient subglacial channels, evacuating water rapidly and at low

pressure, or through inefficient linked cavities or subglacial till, transporting water

slowly and at high pressure (e.g. Fountain and Walder , 1998). At a tidewater glacier,

either system will eventually release water into the ocean at the grounding line at the

base of the calving front (Fig. 2.8).

Plumes form adjacent to calving fronts where this subglacial discharge is released into

the ocean (Figs. 2.8 and 2.9). The dynamics of such plumes have now been studied

in detail using two modelling approaches. The first uses buoyant plume theory (e.g.

Jenkins, 2011; Cowton et al., 2015; Slater et al., 2016; Carroll et al., 2016), a simple

and computationally cheap method of capturing plume dynamics. An alternative is to

use a general circulation model (Xu et al., 2013; Sciascia et al., 2013; Kimura et al.,

2014; Carroll et al., 2015; Slater et al., 2015); a flexible but more complex approach.
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These two approaches are introduced in more detail in Chapter 3. Together, the above

studies encapsulate the following qualitative description of plume dynamics.

Being derived from melting of the ice sheet surface, the subglacial discharge emerging

from the grounding line has low salinity. In contrast, the ocean into which this water

emerges is salty and dense. The subglacial discharge is thus highly buoyant and will

rise towards the fjord surface as a buoyant plume (Fig. 2.8). The shear in water

velocity, which results between the rapidly rising subglacial discharge and still ambient

fjord water, generates turbulent mixing at the edges of the plume, so that the plume

entrains surrounding fjord water. The volume flux of the plume therefore grows as it

rises, diluting the buoyancy of the plume. If the fjord is stratified, so that the fjord

water density (as defined by the temperature and salinity) increases with depth, the

plume and ambient water densities may become equal at some depth termed the neutral

buoyancy level. Above this level the buoyancy of the plume reverses, but momentum

ensures it continues rising, eventually slowing and reaching a maximum height before

flowing away from the glacier (Fig. 2.10).

Many of the afore-mentioned studies show that the neutral buoyancy level and height

reached by the plume increase with the magnitude of subglacial discharge initiating

the plume (e.g. Fig. 2.10). Carroll et al. (2015) further show that plumes will often

find neutral buoyancy at a strong pycnocline - a depth at which the fjord water density

changes rapidly - as is often found in Greenlandic fjords at the interface between the

AW and PW (e.g. Sciascia et al., 2013). The height reached by a plume is therefore

determined by the magnitude of subglacial discharge and the fjord stratification. Based

on this understanding, three possible situations arise. For small subglacial discharges

and strongly stratified, deep fjords, plumes will not reach the fjord surface (Fig. 2.10,

left and centre). In the intermediate case, a plume may reach the fjord surface but be

denser than the fjord surface water, and will therefore subduct as it flows away from the

glacier (Figs. 2.9a and 2.10, right). Finally, for high subglacial discharges and weakly

stratified, shallow fjords, plumes may often reach the surface and be less dense than

the fjord surface water, enabling the plume to remain at the surface as it flows away

from the glacier (Fig. 2.9b).
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Figure 2.10: Modelled plume dynamics for three subglacial discharges, reproduced from

Carroll et al. (2015). Left and centre: weak plumes which do not reach the fjord surface.

Right: strong plume which reaches the fjord surface but is denser than ambient surface water

so subducts as it flows away from the glacier. Solid lines indicate maximum height reached

by the plume, dashed lines are the neutral buoyancy level. Colours indicate difference

between plume and ambient salinity.

It is clear that the density of the plume plays a key role in its dynamics. Plume

density is in turn determined by its temperature and salinity (e.g. Fofonoff and Millard,

1983). In fact, within the range of water temperature and salinity encountered

in Greenland, density is largely controlled by salinity (e.g. Jenkins, 2011). Plume

temperature is instead a key control on submarine melt rate, as will be described

below. Plume modelling (e.g. Carroll et al., 2015) suggests the following description of

plume temperature and salinity. At the grounding line, water in the plume is assumed

to be purely subglacial discharge and is therefore at the in-situ freezing point and has

zero salinity. Turbulent entrainment of ambient fjord water increases the temperature

and salinity of the plume as it rises (Fig. 2.10). The entrained water is subsequently

advected (vertically) within the plume, so that the plume transports deep water towards

the fjord surface. Since fjords in Greenland often contain warm salty water at depth

and cold fresh water at the surface, plumes can therefore bring anomalously warm and
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salty water to the fjord surface (Fig. 2.10; Carroll et al. (2015)). Alternatively, where

fjord surface water has been warmed by solar insolation, plume water may appear as a

cold anomaly at the fjord surface (Mankoff et al., 2016).

Much of this description of plume dynamics is based on modelling rather than data;

observations of water velocities and properties from within plumes in Greenland are

rare due to the difficulties of collecting data from these highly turbulent and dangerous

regions of the fjord. Bendtsen et al. (2015) present a single CTD cast from a plume

adjacent to KNS in south-west Greenland. This cast showed anomalously warm and

saline surface water, consistent with the vertical transport and overshoot of deep water

within the plume. The subglacial discharge content of the plume at the surface was 7%,

indicative of significant dilution by entrainment of ambient fjord water. Perhaps the

most detailed observations of a plume to date come from Sarqardleq Fjord (Mankoff

et al., 2016), data which includes velocity, temperature and salinity from either inside

the plume itself or within the surface expression of the plume. These data again confirm

the dilution of subglacial discharge (which comprises 10% volume in this case), and show

that the submarine meltwater content of the plume is likely less than 0.1%. These

limited datasets show qualitative agreement with models of plume dynamics, but are

not yet of sufficient detail to rigorously interrogate key parameterisations within plume

models, such as for the rate of entrainment or submarine melting.

A particularly poorly understood aspect of glacial plumes is the spatial pattern

of emergence of subglacial discharge at the grounding line (i.e. whether subglacial

discharge emerges in a focussed or more diffuse fashion). Some clues are offered by

the turbid expression of plumes on the fjord surface. Approximately half conical,

well-confined surface expressions (Mankoff et al. (e.g. 2016); Fig. 2.9a) may be taken

as evidence of focussed delivery of subglacial discharge into the fjord. Furthermore,

recent side-scan sonar surveys of calving fronts in west Greenland show deeply incised,

narrow chimney features which are likely created by plume-enhanced submarine melting

(Fig. 2.11; Fried et al. (2015); Rignot et al. (2015)), again indicative of focussed delivery

of subglacial discharge. On the other hand, turbid surface water occupying a significant
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Figure 2.11: Calving front undercutting at Kangerlussuup Sermia, west Greenland,

reproduced from Fried et al. (2015). Black line indicates location of calving front at the

fjord surface, while the coloured line illustrates the subsurface ice topography.

width of the calving front (e.g. Fig. 2.9b) might be taken as evidence of much more

diffuse subglacial drainage.

The importance of plumes in the topic of ice-ocean interaction is twofold. Plumes drive

high water velocities adjacent to the calving front thereby significantly influencing

submarine melt rates. Plumes are also, however, an integral driver of wider fjord

circulation.

2.4.2 Fjord circulation

Fjord circulation provides an essential link between the ice sheet and the ocean,

responsible for transporting the warm AW from the continental shelf and fjord mouth

up to glaciers at the fjord head, and for the renewal of fjord waters; in the absence of

this renewal, melting of ice would eventually cool the fjord to the freezing point.

Several classifications of circulation have been proposed and observed to operate in

glacial fjords (e.g. Straneo and Cenedese, 2015). The first, buoyancy-driven circulation,
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Figure 2.12: Fjord circulation schematic, reproduced from Straneo and Cenedese (2015),

illustrating the key circulation types (buoyancy-driven and intermediary).

is driven by plumes initiated by subglacial discharge. The entrainment of surrounding

fjord water into these plumes pulls water towards the glacier at depth, while water

from the plume itself flows away from the glacier closer to the fjord surface (Figs. 2.8,

2.10 and 2.12). This circulation is perhaps most obviously illustrated by water velocity

observations from in front of LeConte Glacier in Alaska (Motyka et al., 2013), while

it has also been observed at a couple of smaller glaciers in west Greenland (Rignot

et al., 2010). A slight variant on the described mechanism may occur at deep and

strongly stratified fjords. In such fjords, plumes often find neutral buoyancy and flow

away from the glacier at some depth below the surface, leaving room for a second

circulation cell above (Figs. 2.5 and 2.12; Straneo et al. (2011); Sutherland and Straneo

(2012); Sciascia et al. (2013)). Note that while in summer months the buoyancy source

driving this circulation is provided by subglacial discharge originating from surface

melting, a similar (albeit weaker) circulation may continue to operate in winter due to

the emergence of subglacial meltwater produced by basal friction (Christoffersen et al.,

2012) and due to the buoyancy provided by continued submarine melting of the calving

front (e.g. Sciascia et al., 2013).



CHAPTER 2. BACKGROUND 37

A second form of circulation is ‘intermediary circulation’, in which water density

differences between the fjord and shelf drive rapid exchange of water throughout the

fjord (Fig. 2.12). This circulation is thought to be particularly active during winter in

Sermilik and Kangerdlugssuaq fjords in south-east Greenland (Jackson et al., 2014).

Here, strong along-shore winds depress isopycnals at the fjord mouth, resulting in a

density gradient between the fjord and shelf which drives water from the shelf towards

the glacier near the surface, and water from the fjord out to the shelf at depth. Once

winds relax, the opposite circulation may occur to restore equilibrium (Straneo et al.,

2010; Jackson et al., 2014). Moorings located in Sermilik and Kangerdlugssuaq fjords

over winter suggest that this mechanism drives rapid exchange between fjord and shelf,

characterised by pulses of water velocity exceeding 0.5 m/s, periodically reversing on

timescales of several days (Jackson et al., 2014). These pulses can exchange upwards

of 25% of the fjord volume (Jackson et al., 2014; Cowton et al., 2016), though Cowton

et al. (2016) suggest that the exchange happens mostly in the outer part of the fjord,

with the effect diminished at the fjord head where the glacier is located. While the focus

has been on along-shore winds as a source of intermediary circulation, other drivers of

shelf variability, for example due to larger-scale ocean dynamics might also result in

fjord-shelf density contrast and drive similar exchange.

Mortensen et al. (2011) find evidence for two additional circulation modes operating

in Godth̊absfjord, a fjord system in west Greenland characterised by several shallow

sills. The first stems from periodic inflows of dense water from the shelf into the fjord

(Fig. 2.12). The second is a form of intermediary circulation where along-fjord density

gradients are set up by intense tidal mixing of the water column over the shallow sills.

Further possible drivers of fjord circulation which have not received much attention in

the literature include terrestrial runoff and along-fjord winds (Fig. 2.12).

The prevalence of the described forms of circulation in fjords around Greenland, and

their importance in the delivery of warm water to tidewater glaciers remains unclear.

Certainly, all tidewater glaciers around Greenland experience seasonal surface melting

and therefore buoyancy-driven circulation will widely operate in summer, at least close

to tidewater glaciers. Down-fjord and in winter, the influence of subglacial discharge is
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diminished and shelf-driven circulation may play a greater role. Numerical modelling

of Kangerdlugssuaq Fjord suggests that while buoyancy-driven circulation is weaker

in terms of flow velocity than intermediary circulation, it is consistent over time and

therefore more effective at transporting water all the way to the calving front, at least

during summer months (Cowton et al., 2016). The presence of shallow sills is also likely

to influence circulation dynamics (Mortensen et al., 2011; Jackson et al., 2014). For

example, in Ilulissat Icefjord (into which flows Jakobshavn Isbrae), the entrance sill

blocks the warmest AW from reaching the glacier and disrupts possible intermediary

circulation (Gladish et al., 2015).

Returning to the importance of fjord circulation, the described modes provide a means

for transporting warm water up-fjord to drive submarine melting of tidewater glaciers.

For deep-silled fjords, the combination of buoyancy-driven and intermediary circulation

appears to keep the fjord and shelf in good communication (e.g. Jackson et al., 2014),

so that warm AW on the shelf has easy access to the calving fronts of tidewater glaciers.

Shallow sills may impede this communication, to a certain extent isolating the fjord

from the shelf so that water within the fjord may be somewhat cooler than outside (e.g.

Mortensen et al., 2013; Gladish et al., 2015).

2.4.3 Submarine melting

The key process studied throughout this thesis and, as described above, the leading

contender for a driver of tidewater glacier retreat, is submarine melting. Submarine

melting refers to melting of ice by the ocean both at the near-vertical calving fronts of

tidewater glaciers and beneath floating ice tongues and ice shelves. Submarine melting

occurs when water above the pressure and salinity-dependent freezing point encounters

submerged ice (Jenkins, 1999). Melting also however requires water motion to drive

the transfer of heat from ocean to ice (Holland and Jenkins, 1999). The source of

motion may be the melting itself, which introduces buoyant meltwater into the ocean

and drives ‘melt-driven convection’ (Magorrian and Wells, 2016). Plumes initiated by

subglacial discharge (Fig. 2.10) provide an alternative source of motion. High water

velocities in these plumes can drive rapid submarine melting termed ‘convection-driven
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melt’ (Jenkins, 2011). Further sources of motion may include wider fjord circulation

or tides (e.g. Jenkins et al., 2010). The dominant source of motion may also vary from

location to location and from season to season. Antarctic ice shelves are low discharge

environments where tides and melt-driven convection are dominant. In contrast, the

high subglacial discharge experienced in summer by tidewater glaciers is likely to be

the dominant source of water motion through initiation of plumes and wider fjord

circulation, though there may still be a role for melt-driven convection away from

plumes or in winter.

Observations of submarine melting

Due to the extreme difficulty and danger inherent in surveying calving fronts, there

have been no direct observations of submarine melting at the near-vertical calving

fronts of tidewater glaciers. Estimates of submarine melting at these systems have,

to date, relied on inference based on fjord hydrography and circulation or on calving

front evolution. In the first method, detailed knowledge of fjord temperature, salinity

and velocity at an across-fjord section (or ‘flux gate’) can in theory be combined to

calculate a net toward-glacier heat flux. This net heat flux may then be converted to a

submarine melt volume and thereafter a submarine melt rate by dividing the estimated

melt volume by the submerged calving front area. This method has seen extensive use,

resulting in melt rate estimates of 1.8 m/d and 10 m/d at Helheim and Kangerdlugssuaq

Glaciers, east Greenland (Sutherland and Straneo, 2012; Inall et al., 2014); 0.7-5 m/d

at five glaciers in west Greenland (Rignot et al., 2010; Xu et al., 2013); and respectively

9-17 m/d and >9 m/d at LeConte and Yahtse Glaciers in Alaska (Fig. 2.13; Motyka

et al. (2003, 2013); Bartholomaus et al. (2013)).

There are, however, compelling reasons to view these flux gate estimates with caution.

The measured fjord hydrographies are usually just snapshots of systems which show

significant variability on short timescales (Motyka et al., 2013; Jackson et al., 2014),

so that it is not clear how the estimated melt rate may be indicative of the longer-

term forcing experienced by the glacier. Furthermore, sparse data is often spatially

extrapolated, neglecting the potentially complex and three-dimensional nature of fjord
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Figure 2.13: Relationship between modelled subglacial discharge Qsg and fjord heat flux-

estimated submarine melt rate Qm at LeConte Glacier, Alaska, reproduced from Motyka

et al. (2013).

circulation (e.g. Rignot et al., 2010). Finally, these estimates assume that all of the

calculated heat flux is used for submarine melting of the calving front. In reality, a

significant proportion may be lost to melting of proglacial ice mélange (Enderlin et al.,

2016), or simply re-exported from the fjord at a later time. A rigorous analysis of heat

flux estimates has been conducted by Jackson and Straneo (2016). They emphasize

the great difficulty of constraining heat budgets and note the importance of temporal

averaging (to account for temporal variability) and the potential re-export of heat,

factors largely neglected in the above studies. In an application to Sermilik fjord

(containing Helheim glacier), the net toward-glacier heat flux is indistinguishable from

zero in winter, and equivalent to 1500±500 m3/s of submarine meltwater in late summer

(Jackson and Straneo, 2016).

An alternative method of investigating melt rates is to track terminus position and

assume that what happens above the water is in some way representative of the

submerged part of the calving front. The afore-mentioned study of Luckman et al.

(2015) calculated frontal mass loss as the difference between ice velocity and terminus

position change. If the same losses occur underwater, and are assumed to occur entirely

by submarine melting (as is supported by observations suggesting infrequent subsurface
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calving), then the above-water frontal mass loss gives an estimate of submarine melt

rate. Application of this technique suggests a seasonally variable submarine melt

rate of 0-8 m/d at three glaciers in Svalbard (Fig. 2.7; Luckman et al. (2015)).

A similar technique is employed by Fried et al. (2015), who additionally present

terminus morphology from side-scan sonar at Kangerlussuup Sermia in west Greenland

(Fig. 2.11), giving maximum melt rates of 3.7 m/d and a calving front average of 2

m/d. These methods are only useful for estimating submarine melt rate at glaciers

with infrequent subsurface calving. The fastest-flowing glaciers in Greenland, moving

at rates >15 m/d, are dominated by full-depth calving (e.g. James et al., 2014), so that

melt rate cannot be estimated using this technique.

In spite of the difficulties of quantifying melt rate, one may draw qualitative conclusions

from the side-scan sonar surveys of calving fronts (Fried et al., 2015; Rignot et al.,

2015). These studies show extensively undercut calving fronts with deeply incised

narrow chimney features (Fig. 2.11), measuring a few hundred metres in width and

extending several hundred metres beneath the glacier. These chimney features align

with predicted subglacial drainage pathways and therefore provide strong evidence

that plumes drive rapid submarine melting and enhance melt rate relative to adjacent

sections of calving front not in contact with a plume.

Estimates of submarine melting beneath ice shelves, ice tongues and icebergs may be

more reliable. Melt rates beneath ice shelves and ice tongues may be calculated based on

ice flux divergence, a technique which has seen extensive application in Antarctica (e.g.

Rignot et al., 2013) and Greenland (e.g. Enderlin and Howat, 2013). Submarine melt

rates beneath the now-disintegrated ice tongue of Jakobshavn Isbrae were estimated

at 0.6 m/d in 1984-1985 (Motyka et al., 2011). Rignot and Steffen (2008) calculate

maximum melt rates of 0.1 m/d beneath Petermann Glacier in northern Greenland. For

13 glaciers around Greenland in the period 2000-2010, Enderlin and Howat (2013) infer

submarine melt rates varying from 0.03 m/d (Petermann Glacier) to 3 m/d (Jakobshavn

Isbrae ice tongue). Furthermore, ice mélange melt rates in the range 0.1-0.8 m/d have

recently been estimated using repeat high-resolution DEMs (Enderlin et al., 2016).

Focussing on Helheim Glacier, the same study estimates the submerged surface area
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of the proglacial ice mélange to lie in the range 132-261 km2, at least an order of

magnitude larger than the calving front surface area. This huge surface area leads to

total meltwater flux estimates of 126-494 m3/s, confirming the suggestion that a large

fraction of toward-glacier heat flux in the fjord may result in iceberg melting rather

than calving front melting.

Modelling of submarine melting

Modelling of submarine melting (e.g. Fig. 2.14) provides a complementary approach,

using the previously introduced buoyant plume theory or general circulation models to

estimate water velocity, temperature and salinity adjacent to the calving front. These

properties are converted to a melt rate using a submarine melt rate parameterisation

(Holland and Jenkins, 1999) which accounts for the turbulent transfer of heat and

salt between the ice and ocean. Under the most commonly used ‘three-equation’

melt parameterisation (Holland and Jenkins (1999); see also section 3.3 below), melt

rate increases with both water velocity and temperature, which increase the turbulent

transfer of heat. Melt rates also increase weakly with salinity and depth due to the

dependence of the melting point on salinity and pressure (Holland and Jenkins, 1999).

Considering first convection-driven melt, in which the source of water motion is the

release of subglacial discharge at the grounding line, numerous studies have investigated

the effect on melting of subglacial discharge, water temperature, and subglacial channel

geometry. Absolute values of modelled melt rate vary strongly with these factors, from

minimum values of <0.1 m/d (e.g. Sciascia et al., 2013) for low subglacial discharges

to maximum values exceeding 10 m/d for high subglacial discharges in warm fjords

(Fig. 2.14a; Carroll et al. (2016)). These factors are now discussed in turn.

Submarine melt rate (both spatially averaged and at a given location) is found to

respond sub-linearly to increasing subglacial discharge, regardless of the geometry

of the subglacial channel (e.g. Fig. 2.14b). Models in which across-fjord variability

in dynamics is neglected (i.e. 2D or ‘flowline’ models) suggest submarine melt rate

increases with the magnitude of subglacial discharge raised to the power 1/3 (Jenkins,

2011; Xu et al., 2012) or 1/3 to 1/2 (Sciascia et al., 2013). Models taking account
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Figure 2.14: Modelled submarine melt rates in a general circulation model: (a) face-

on view of the calving front with colours indicating submarine melt rate; (b) modelled

relationship between submarine melt rate qm and subglacial discharge qsg for two fjord

temperature profiles; (c) modelled relationship between submarine melt rate qm and fjord

temperature TF for two subglacial discharges. Figures adapted from Xu et al. (2013).

of across fjord variability (i.e. 3D general circulation models or conical plume models)

suggest a similar relationship where the exponent takes a value 0.5-0.9 (Fig. 2.14b; Xu

et al. (2013)) and ∼1/3 (Kimura et al., 2014).

Most studies find that melt rate responds approximately linearly to increasing water

temperature for convection-driven melt, regardless of plume geometry (Jenkins, 2011;

Xu et al., 2012; Sciascia et al., 2013). Xu et al. (2013) suggest a slightly more sensitive

relationship where melt rate scales with water temperature raised to the power 1.2-1.6

(Fig. 2.14c). Investigations of the sensitivity of melt rate to the shape of the subglacial

channel suggest that total submarine melt rate increases by 15-40% if a wide (rather

than narrow) subglacial channel is assumed (Xu et al., 2013; Kimura et al., 2014).

Models also illuminate spatial patterns in submarine melt rate. Melt rates are found

to be substantially elevated above subglacial channels where plumes are in contact

with the calving front, and are generally highest in the core of the plume where water

velocities are highest (Fig. 2.14a; Xu et al. (2013); Kimura et al. (2014)). There is



CHAPTER 2. BACKGROUND 44

often a region of lower melting close to the grounding line where plumes retain the cold

signature of the emerging subglacial discharge (Fig. 2.14a; Xu et al. (2012); Sciascia

et al. (2013); Xu et al. (2013); Kimura et al. (2014); Carroll et al. (2016)). Excepting

this region, and in models which use stratified fjord conditions, melt rates are generally

higher at depth due to (i) higher water temperature at depth, (ii) the slowing of the

plume with height as it encounters less dense surface water and (iii) for 3D models, the

slowing of the plume due to entrainment of ambient water (Xu et al., 2012; Sciascia

et al., 2013; Xu et al., 2013; Cowton et al., 2015; Carroll et al., 2016). For unstratified

fjords, melt rates can instead decrease with depth (Kimura et al., 2014).

There are few studies of melt-driven convection focussing on Greenland; most concern

the lower-discharge environment of Antarctica (e.g. Holland et al., 2008b). Plumes

arising from melt-driven convection are much weaker than subglacial discharge-initiated

plumes, with water velocities at least an order of magnitude smaller (Sciascia et al.,

2013; Magorrian and Wells, 2016). Such plumes may therefore only rise a short distance

and it has been suggested a series of stacked circulation cells with typical heights of

10-100 m may form, in which melt rates are on the order of 0-0.3 m/d (Magorrian and

Wells, 2016). Again melt rates are found to be higher at depth where the fjords are

warmer and less stratified.

A pervasive issue with modelling of submarine melt rate is uncertainty in the values

of parameters which appear in the submarine melt rate parameterisation (Holland and

Jenkins, 1999). Values for these parameters are highly uncertain and at present are

based on studies of sea ice (e.g. McPhee et al., 2008) or a tidally-dominated ice shelf

(Jenkins et al., 2010). As such it is not clear how appropriate these values are to the

rather different conditions associated with plumes driven by subglacial discharge at

tidewater glaciers (Straneo and Heimbach, 2013). In theory, the important parameters

could be validated by comparing the described models with observations. In practice,

the uncertainties on both sides of this comparison are large so that it is difficult to

obtain strong conclusions. At present, perhaps the strongest statement that can be

made is that model and observation display order of magnitude agreement in absolute

values of submarine melt rate.
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Due to the scarcity of melt rate observations, it is even harder to observe variability

in submarine melt rate due to variation in, for example, fjord temperature. Two

previously described studies are, however, relevant. Luckman et al. (2015) find a

strong linear relationship between frontal ablation (which is likely representative of

submarine melt rate) and ocean temperature (Fig. 2.7), supporting suggestions from

the models. Observations from in front of LeConte Glacier also support the modelled

sublinear relationship between melt rate and subglacial discharge (Fig. 2.13; Motyka

et al. (2013)). While detailed predictions of submarine melt rate from models should

be viewed with caution, there is emerging evidence supporting the broader conclusions

of modelling studies.

2.4.4 Links between submarine melting and calving

Removal of ice by submarine melting may in some cases account for a significant fraction

of the terminus ice flux. Observations suggest this is the case at least for some glaciers

in Svalbard and Alaska (Motyka et al., 2013; Bartholomaus et al., 2013; Luckman et al.,

2015). For the fastest-flowing glaciers in Greenland, the balance of observational and

modelling evidence instead suggests that ice velocity substantially exceeds submarine

melt rate (e.g. Sutherland and Straneo, 2012). If submarine melting plays an important

role in glacier dynamics in these locations, then it must be through a sensitive coupling

between submarine melting and calving. It is therefore worth briefly reviewing the

process of calving, to consider the potential importance of submarine melting on calving

processes and ultimately tidewater glacier dynamics.

Benn et al. (2007) provide an authoritative overview of the great variety of calving

styles and processes observed at marine-terminating glaciers and ice shelves. They

suggest four principal mechanisms driving calving: (i) longitudinal stretching of ice

as it approaches the calving front, (ii) the force imbalance which necessarily exists at

calving fronts due to the differing densities of ice and water, (iii) melt-undercutting of

the calving front, and (iv) torque exerted on the calving front by buoyancy.

Addressing each in turn, ice will often experience longitudinal (along-flow) stretching as

it approaches the calving front, often manifested through the formation of crevasses, a
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process which may also be promoted by hydrofracture. These crevasses are an obvious

weak spot at which calving could occur, and thus most models of calving incorporate

stretching-threshold based calving criteria (Benn et al., 2007; Nick et al., 2010; Todd

and Christoffersen, 2014).

The force imbalance resulting from differing hydrostatic ice and ocean pressure at calv-

ing fronts manifests itself as a maximum of tensile stress located at the glacier surface

approximately one ice thickness behind the calving front (Fig. 2.15; Reeh (1968)).

O’Leary and Christoffersen (2013) have shown that the location of maximum stress is

displaced up-glacier if the calving front is undercut, suggesting that undercutting by

submarine melting could increase calving rate (Fig. 2.15). They further show that the

displacement of the stress field is several times larger than the length of undercutting,

indicating the potential for submarine melting to drive calving at a rate several times

larger than the melt rate, as is required if submarine melting is to explain dynamic

change at the fastest-flowing glaciers in Greenland.

A less dynamic aspect of the potential coupling between submarine melting and calving

is how undercutting by submarine melting will destabilise ice above the undercut (Benn

et al., 2007). In this case, there may be no direct dynamic feedback of submarine melting

on calving, it is simply that ice below the water is removed by submarine melting, while

ice above calves at a rate controlled by submarine melting. Thus, frequent and small

above-water calving events would be observed, with infrequent subsurface calving. As

already described, a number of glaciers in west Greenland are indeed substantially

undercut due to submarine melting (Fried et al., 2015; Rignot et al., 2015) and calving

rate at three glaciers in Svalbard is well correlated with ocean temperature (Luckman

et al., 2015), lending support to the prevalence of this calving mechanism in some

locations.

Finally, buoyancy-driven calving currently appears to be the dominant style of calving

at the fastest-flowing glaciers in Greenland, such as Helheim Glacier and Jakobshavn

Isbrae (James et al., 2014; Xie et al., 2016), characterised by calving of kilometre-scale

full-depth blocks of ice which often rotate after detaching from the glacier. These
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Figure 2.15: Schematic effect of undercutting by submarine melting on calving, adapted

from O’Leary and Christoffersen (2013). Undercutting displaces the stress field up-glacier,

potentially increasing calving rate.

events have been attributed to the flow of the glacier into deeper water, forcing the

glacier below flotation and inducing a buoyant torque, promoting the formation of basal

crevasses (James et al., 2014; Wagner et al., 2016). Submarine melting may play a role

by melting the base of the block (Xie et al., 2016) or by shaping the calving front to

have a toe near the grounding line, increasing the buoyant torque (Wagner et al., 2016).

It is also of course possible that multiple mechanisms operate at the same glacier, either

at different times in the year or at different locations on the calving front. For example,

if has been suggested that at Store Glacier, differential submarine melting creates

undercut embayments and protruding headlands, with frequent smaller calving events

in the embayments driven by submarine melting and infrequent but large buoyancy-

driven events removing the headlands (Chauché et al., 2014; Todd and Christoffersen,

2014; Ryan et al., 2015).

2.4.5 Models of tidewater glaciers incorporating submarine melting

If the ultimate purpose of understanding ice-ocean interaction is to constrain future sea

level rise, then we require models which capture the essential processes and allow us to

run projections of glacier dynamics. There are now several studies incorporating calving

parameterisations into simulations of tidewater glacier dynamics, ranging from simple

depth-integrated flowline models (e.g. Nick et al., 2009) to two-dimensional full-Stokes

flowline models (e.g. Cook et al., 2014) to depth-integrated plan-view models (e.g.
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Bondzio et al., 2016). Almost all of these models incorporate an along-flow stretching

threshold based calving criteria, where the threshold may depend on crevasse water

depth (Benn et al., 2007) and basal water pressure (Nick et al., 2010). An exception is

the study of Nick et al. (2009), which employed a flotation-based calving criterion to

model Helheim Glacier in south-east Greenland.

Each of these models includes some representation of submarine melting. Melting

may be imposed beneath ice shelves or tongues in depth-integrated flowline models

(e.g. Nick et al., 2013), but these simple models cannot take account of the vertical

variation in stress induced by changing calving front shape, potentially a key process

in ice-ocean interaction (Fig. 2.15; O’Leary and Christoffersen (2013)). Models with a

vertical dimension are able to incorporate undercutting by submarine melting. Three

such studies (Cook et al., 2014; Todd and Christoffersen, 2014; Krug et al., 2015) in fact

find little role for submarine melting in glacier dynamics when a stretching-threshold

based calving law is used. This appears to contrast with the findings of O’Leary

and Christoffersen (2013) described above. The difference between these studies has

been attributed to the diagnostic versus prognostic nature of the models used. In the

prognostic (time-evolving) models, the surface geometry of the glacier may adjust to

the undercutting, reducing the sensitivity of the stress field to undercutting (Cook et al.,

2014). Finally, plan-view models of tidewater glaciers represent submarine melting by

moving the calving front according to the competition between ice velocity, submarine

melting and calving, where submarine melt rate is imposed and calving rate is again

based on a stretching-threshold criterion (Bondzio et al., 2016; Morlighem et al., 2016).

It is not yet clear whether these models accurately capture the possible interaction

between submarine melting and glacier dynamics. It should be noted that some of

the simplified models above are very successful at simulating the observed changes

in tidewater glaciers in recent decades (e.g. Nick et al., 2009). However, many

of the key processes remain poorly understood and are very heavily parameterised,

reducing confidence in future projections. There is therefore a pressing need for better

understanding of submarine melting and its effect on glacier dynamics, and it is to

these topics which this thesis aims to contribute.



Chapter 3

Methods

This chapter provides a brief overview of the methods used in this thesis. The principal

tool used is plume modelling and much of what follows below is therefore a description

of two contrasting models; one a general circulation model and the other a simple

analytical model enabling the study of plumes. Chapters 4-6 present idealised modelling

while in Chapter 7, the models are applied to a real glacial fjord system in west

Greenland; this study site is introduced below. The intention of this chapter is to

provide an overview rather than an exhaustive description since the full methodological

details are given in the individual chapters and relevant supporting information.

3.1 MITgcm

The Massachusetts Institute of Technology general circulation model (MITgcm) is a

flexible tool for the simulation of oceanic and atmospheric dynamics. The model solves

the Boussinesq form of the Navier-Stokes equations discretized on an Arakawa-C grid,

and has both hydrostatic and non-hydrostatic capabilities (Marshall et al., 1997a,b).

The MITgcm is used by a large community of researchers around the world with wide-

ranging applications, but has perhaps seen most frequent use in the study of large scale

ocean dynamics (e.g. Losch et al., 2010; Forget et al., 2015). Beginning with the study

of Xu et al. (2012), the MITgcm has become the most popular tool for complex plume

49
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Figure 3.1: Schematic of model set-up in the MIT general circulation model.

and fjord modelling in glacial settings (e.g. Sciascia et al., 2013; Carroll et al., 2015;

Slater et al., 2015; Cowton et al., 2015). In this thesis the MITgcm is used in Chapters 4

and 7 to model proglacial plumes rising up the calving fronts of tidewater glaciers. A

degree of customisation of the model to these purposes is required.

3.1.1 Model bathymetry

In Chapters 4 and 7, idealised fjord bathymetry is assumed, consisting of flat-bottomed

fjords with vertical sides (Fig. 3.1). Fjord depth was taken to be 500 m and 250 m

in Chapters 4 and 7 respectively, the former taken as representative of typical deep

Greenlandic fjords, and the latter thought to be appropriate for Kangiata Nunata

Sermia in south-west Greenland (section 3.5). Fjord length was taken to be 2 km and

26 km in Chapters 4 and 7 respectively, the much longer fjord in Chapter 7 helping to

reduce the reflection of internal waves from the boundaries of the model.
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3.1.2 Initial conditions

All of the applications of MITgcm in this thesis use initial temperature and salinity

profiles obtained from conductivity-temperature-depth (CTD) casts into fjords in

Greenland. Chapter 4 uses profiles from Store Glacier in west Greenland collected

during August 2009 and 2010 (Chauché et al., 2014). Chapter 7 uses profiles from

Godth̊absfjord (section 3.5) collected throughout 2009 (Mortensen et al., 2013). In

all the simulations, the fjord is initially at rest, with the model then run subject to

the boundary conditions described below and allowed to reach a ‘steady state’ before

conclusions are drawn, with ‘steady state’ defined by stabilisation of the quantity of

interest (e.g. submarine melt rate in Chapter 4).

3.1.3 Boundary conditions

For all the simulations presented in this thesis, fjord sides are taken to be closed

boundaries with a free slip condition (Fig. 3.1), so that water may not flow through

these boundaries but may flow parallel to the boundary without resistance. At the

open ocean boundary, a ‘sponge layer’ is imposed (e.g. Sciascia et al., 2013) in which

the temperature and salinity are relaxed towards the initial conditions and where the

water velocity is relaxed towards a prescribed value (Fig. 3.1). This is a very small

non-zero value (< 5 × 10−4 m/s in Chapter 4) which is directed out of the model

domain. This sponge layer helps to prevent unphysical reflections of waves from the

open ocean boundary and balances the input of subglacial discharge at the glacier end

of the domain, ensuring that the modelled fjord does not fill up during simulations.

In Chapters 4 and 7, the glacier boundary is closed except for subglacial channels at

the grounding line through which flows fresh (salinity = 0) subglacial discharge at

the pressure melting point (−0.29◦C for a fjord depth of 500 m). The magnitude of

subglacial discharge is prescribed and varied based on representative values from surface

energy balance modelling. For a given subglacial discharge, the cross-sectional area

of the subglacial channel (and thus the through-channel water velocity) is estimated

assuming the channels are steady state Röthlisberger channels in which creep closure

from the weight of ice is balanced by wall melting (Röthlisberger , 1972). In actuality
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the estimated channel sizes must be rounded to the nearest 25 m2 due to the model

resolution of 5 m.

At the glacier boundary, submarine melt rates are calculated from modelled water

temperature and velocity based on the parameterisation described below (section 3.3).

The input of the resulting submarine meltwater into the fjord is ‘virtual’; model cells

adjacent to the ice are freshened and cooled by the melting but no mass is added to

the domain (Losch, 2008; Xu et al., 2012).

3.1.4 Resolution

In order to accurately capture plume dynamics, model resolution close to the glacier is

5 m and isotropic (the same in each of the x, y and z directions; Fig. 3.1). This high

resolution is maintained for the 250 m closest to the glacier, thereafter increasing to

reach 40 m and 500 m at the open ocean boundary in Chapters 4 and 7 respectively

(Fig. 3.1). The modelled plumes in these chapters are contained within the high

resolution section of the domain close to the glacier. Resolution in the y and z directions

remains at 5 m throughout the domain, which is computationally inefficient given that

the far-fjord dynamics are of little interest, but is unavoidable given the structured grid

and lack of nesting ability of MITgcm.

Due to the high resolution employed to simulate plumes, and the high modelled vertical

velocities (> 6 m/s), a timestep as small as 0.25 s is used in Chapters 4 and 7. These

short timesteps place restrictions on the achievable length of simulation time, even

when simulations are undertaken in parallel (simulations in Chapters 4 and 7 were

undertaken on 16 cores).

3.1.5 Subgrid-scale mixing

A key aspect of any general circulation simulation is the consideration of subgrid-scale

mixing, that is, turbulent mixing which occurs at scales smaller than the resolution

of the model. Fully resolving the turbulent mixing within plumes (direct numerical

simulation) would require a model resolution less than 1 mm (e.g. Moin and Mahesh,

1998) and is therefore completely impractical for geophysical-scale simulation. At the
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still relatively high resolution of 5 m used in Chapters 4 and 7, geophysical scale models

are computationally manageable and plumes are fairly well resolved (having a typical

width of 10 to 100 m, or 2 to 20 grid cells). Much of the dynamically important

turbulent mixing at the edges of the plume does however occur at the subgrid scale. In

order to correctly represent the dynamics of the plumes, consideration of subgrid-scale

mixing is therefore vitally important.

For the MITgcm plume modelling presented in this thesis, a simple isotropic constant

eddy viscosity model (e.g. Kämpf , 2010) is assumed for subgrid-scale mixing of

momentum, heat and salt with the Prandtl number set to 1 (Sciascia et al., 2013)

leaving a single free eddy viscosity/diffusivity parameter K. This parameter is tuned

by comparing plumes modelled in MITgcm to those obtained using a simpler analytical

approach (buoyant plume theory, section 3.2 below). Loosely speaking, higher values

of K give smoother, more diffuse simulations in which subgrid-scale mixing is heavily

parameterised, while smaller values of K give more ‘turbulent’ simulations, sometimes

at the expense of numerical stability, in which a greater degree of mixing is resolved.

The choice of K for plume modelling is described in Chapter 4, and it is seen that

the most appropriate value of K depends on the magnitude of subglacial discharge.

Intuitively, the degree of mixing between the rapidly rising plume and the relatively

still ambient fjord water will depend on the velocity shear between the two regions.

Since the plume velocity increases with the subglacial discharge (Chapter 5), it should

be expected that the most appropriate value of K depends on the magnitude of

subglacial discharge. Although intuitive, in retrospect the described approach is not

the most practical as the value of K has to be varied with subglacial discharge, making

seasonal simulations, or simulations with two plumes of differing subglacial discharge,

rather difficult. A more sophisticated approach would use a subgrid-scale mixing

parameterisation which accounts for the dependence of mixing on velocity shear; such

schemes are under development in the MITgcm and may be the way to go for future

simulations.
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3.2 Buoyant plume theory

Buoyant plume theory (BPT) provides a simpler, more analytical model of plume

dynamics, based on the conservation of plume volume, momentum and buoyancy as the

plume rises. The long and very extensive literature on BPT describes how the theory

has proven highly successful at capturing the dynamics of both laboratory plumes (e.g.

Batchelor , 1954; Morton et al., 1956) and geophysical plumes, such as volcanic ash

clouds (e.g. Baines and Sparks, 2005) and dense overflows (e.g. Wells and Wettlaufer ,

2007). As such it seems reasonable to place some confidence in the ability of BPT to

capture the essential dynamics of plumes adjacent to tidewater glaciers.

The first applications of BPT in a glacial setting were MacAyeal (1984) and Jenkins

(1991), in which BPT was coupled to a parameterisation for submarine melting of

the ice by the ocean. The recent great interest in ice-ocean interaction has resulted

in a number of studies employing BPT, focussed on Antarctic ice shelves (Holland

and Feltham, 2006; Payne et al., 2007; Jenkins, 2011), Greenlandic tidewater glaciers

(Carroll et al., 2016; Magorrian and Wells, 2016; Slater et al., 2016), and used for

forcing of fjord models (Cowton et al., 2015, 2016). An important point of difference

between Antarctic and Greenlandic applications, which features at a number of points

in this thesis, is that in the Antarctic case, the buoyancy of the plume is provided

largely by submarine melting itself, whereas within discharge plumes in Greenland, the

buoyancy of the plume is overwhelmingly provided by subglacial discharge at the base

and is therefore closer to classical BPT (Morton et al., 1956).

In this thesis BPT is used in four contexts. It is used firstly in Chapter 4 to

calibrate the discussed subgrid-scale mixing parameters in MITgcm. In Chapter 5,

BPT is used to explore the sensitivity of plume dynamics and submarine melting to

variation in subglacial discharge and fjord conditions, and ultimately to develop simple

parameterisations for submarine melting of calving fronts by plumes. BPT is employed

in Chapter 6 to explore feedbacks between calving front shape, plume dynamics and

submarine melting at tidewater glaciers. BPT is finally used in Chapter 7 to explore

the subglacial discharge required for a plume to reach the fjord surface, thus giving
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Figure 3.2: Schematics of modelling with buoyant plume theory for (a) point source

plumes and (b) line source plumes, as described in the text.

information on the state of the subglacial hydrological system at a west Greenland

tidewater glacier.

3.2.1 Defining equations

Two differing plume geometries are considered in this thesis. In each, a ‘top-hat’ profile

for plume properties is assumed such that plume velocity, temperature and salinity

do not vary in the plume cross-section. The first geometry, referred to throughout

as a point source plume, has a half-conical shape with flat side against the vertical

glacier and curved side open to the fjord (Fig. 3.2a). The defining equations ensure

conservation of volume, momentum, heat and salt flux as the plume rises and may be

written

d

dz

(
π

2 b
2u

)
= πbė+ ∆V p

melt (3.1a)

d

dz

(
π

2 b
2u2
)

= π

2 b
2g′ − 2Cdbu2 (3.1b)

d

dz

(
π

2 b
2uT

)
= πbėTa + ∆T pmelt (3.1c)
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d

dz

(
π

2 b
2uS

)
= πbėSa + ∆Spmelt (3.1d)

where b, u, T and S are respectively plume radius, velocity, temperature and salinity.

The rate of entrainment of ambient fjord water of temperature Ta and salinity Sa into

the plume is denoted ė (in units m/s). The plume experiences quadratic drag at the

ice-ocean interface with coefficient Cd. The addition of volume to the plume due to

submarine melting is represented by the term ∆V p
melt, with the effect of submarine

melting on plume temperature and salinity represented by similar terms in Eqs. 3.1c

and 3.1d. The reduced gravity of the plume is denoted g′ and is given by

g′ = g [ρ(Ta, Sa)− ρ(T, S)] /ρref (3.2)

where g is gravitational acceleration and ρref is a reference density. The densities in

the numerator are calculated as a function of temperature and salinity according to

an equation of state, either non-linear (Fofonoff and Millard, 1983) or linear (Jenkins,

2011). Eq. 3.1a therefore states that the rate of change of plume volume flux is given

by entrainment of ambient water over the curved side of length πb and the addition of

submarine meltwater. Eq. 3.1b states that change in plume momentum flux is driven

by plume buoyancy and plume-ice drag. Eqs. 3.1c/3.1d ensure that change in plume

heat/salt flux is due to entrainment of ambient heat/salt and the effect of submarine

melting on plume heat/salt content.

The second plume geometry, referred to throughout as a line source plume, has a wedge

shape with a vertical side against the vertical glacier and an inclined side open to the

fjord (Fig. 3.2b). The side margins of the plume are neglected. The defining equations

for the line source plume are

d

dz
(bu) = ė+ ∆V l

melt (3.3a)

d

dz

(
bu2
)

= bg′ − Cdu2 (3.3b)
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d

dz
(buT ) = ėTa + ∆T lmelt (3.3c)

d

dz
(buS) = ėSa + ∆Slmelt (3.3d)

where in this case b measures the width of the plume in the ice-perpendicular direction,

and all other variables follow from the point source case (the superscript l in the

submarine melt terms indicates a line source rather than point source plume).

The above equations apply for a plume rising up a vertical calving front, an assumption

which is relaxed in Chapter 6. The generalisation to a non-vertical calving front -

subtending an angle θ with the horizontal - entails replacing the vertical coordinate

z with an along-boundary coordinate l, and introducing a factor sin θ into the term

representing acceleration due to buoyancy (e.g. for the line plume, bg′ → bg′ sin θ).

3.2.2 Entrainment parameterisation

In order to provide a closed system of equations, the rate of entrainment and submarine

melting terms must be expressed in terms of plume variables. The simplest entrainment

parameterisation, which has proven highly successful in capturing plume dynamics, has

the rate of entrainment of fjord water into the plume proportional to the plume velocity,

with constant of proportionality α (Morton et al., 1956)

ė = αu (3.4)

Physically, ė may be thought of as the velocity of water crossing the plume-fjord

boundary at the edge of the plume, in a direction perpendicular to the velocity of

the plume itself. The value of α must be empirically determined and is usually found

to lie in the range 0.08-0.12 (e.g. Turner , 1979); in this thesis a value α = 0.1 is generally

applied and it is demonstrated that plume dynamics are relatively insensitive to this

choice (Chapter 5).
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For a non-vertical calving front, a factor of sin θ is added to the entrainment parameter-

isation, resulting in a reduction of entrainment when the plume is inclined (Pedersen,

1980; Jenkins, 2011)

ė = α sin θ u (3.5)

This additional factor aims to take account of the density gradient which has to be

overcome when dense ambient water is entrained into the relatively lighter plume

lying above. In this context, more complex entrainment parameterisations which take

into account the plume Richardson number have also been used for simulating plumes

beneath ice shelves (Holland and Feltham, 2006; Payne et al., 2007) and are discussed

in Chapter 6. Description of the second parameterisation required, that for the terms

representing submarine melting, is deferred to section 3.3 below.

3.2.3 Solution of BPT

The plume equations for the point source plume (Eqs. 3.1) and for the line source plume

(Eqs. 3.3), together with the reduced gravity (Eq. 3.2), entrainment parameterisation

(Eq. 3.4 or 3.5) and the melt rate parameterisation described below (Eqs. 3.6), form

a closed system of ordinary differential equations which are integrated numerically in

MATLAB. The ambient fjord conditions must be specified at all depths, and this is

done either with data from CTD profiles (Chapters 4 and 7) or in an idealised fashion

(Chapters 5 and 6). The subglacial discharge must be specified for the point source

plume, and equivalently the line source plume requires specification of the subglacial

discharge per unit width. These are enforced by choosing appropriate initial plume

width and velocity, as described in Chapter 5. Finally, initial plume salinity and

temperature are set to zero and the pressure melting point respectively, as in MITgcm.

3.2.4 Suitability of plume geometry

Point source plumes are best applied where subglacial discharge emerges in a focussed

fashion, essentially from a point at the glacier grounding line (Fig. 3.2a). As such, the
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point source model is likely appropriate where subglacial discharge emerges from an

approximately semi-circular Röthlisberger channel. In contrast, application of a line

source plume model is likely more appropriate either for very wide subglacial channels

or where the emergence of subglacial discharge is spread uniformly across a significant

width of the calving front. The width of channel required for the line plume model to

be appropriate is discussed in Chapter 6; as a rough guide, for a fjord of depth 250 m,

a channel should be wider than about 125 m before use of a line plume model would be

appropriate. Equally, to apply the point source plume model, the channel should not

be too wide, on the order of tens of metres. There may therefore be channels which sit

awkwardly between the point and line source plume models, being some combination

of the two. As has been described in the background chapter, we do not (in general)

have a good understanding of the spatial pattern of emergence of subglacial discharge

at tidewater glacier grounding lines, so that it is not clear which plume model geometry

is most appropriate.

3.3 Melt rate parameterisation

Conversion of modelled plume and fjord dynamics, as given by BPT or MITgcm, to

submarine melt rate requires consideration of ice-ocean boundary thermodynamics. A

review of melt rate parameterisations is given by Holland and Jenkins (1999), and

encapsulates the following description of the ice-ocean boundary.

The ice-ocean boundary system may be thought of as three (or even four) distinct layers

(Fig. 3.3). At the edges are the ice (or calving front) and the ‘mixed layer’, also termed

the ‘outer turbulent region’ (Wells and Worster , 2008). In this thesis the mixed layer

is either the plume itself or simply the water circulating at velocity u past the calving

front in the model cells adjacent to the ice. Between the ice and the mixed layer lies

the ice-ocean boundary layer. The left edge of this boundary layer forms the physical

ice-ocean interface where the water temperature Tb is assumed to be the in-situ freezing

point. The right edge of this boundary layer forms the interface with the mixed layer,

where the water temperature T is given by the mixed layer temperature (e.g. by the
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Figure 3.3: Schematic of heat and salt exhange at the ice-ocean boundary.

plume temperature). The resulting temperature (and salinity) gradient across the ice-

ocean boundary layer drives heat (and salt) flux from the ocean to the ice. Construction

of a melt rate parameterisation involves assuming the ice-ocean boundary layer is in

thermodynamic equilibrium and therefore balancing heat and salt flux through this

layer.

Heat flux from the ice-ocean boundary layer into the ice consists of the heat required

to warm the ice to the melting point and the latent heat of melting (Fig. 3.3). In

equilibrium, the sum of these fluxes must be balanced by turbulent heat flux from the

mixed layer through the ice-ocean boundary layer. Similarly, the input of freshwater

into the ice-ocean boundary layer from melting must be balanced by a salt flux from

the mixed layer (Fig. 3.3), so that the boundary layer salinity is maintained. Heat

flux from the mixed layer through the ice-ocean boundary layer is assumed to take the

form γT (T − Tb) where γT represents the turbulent transfer of heat from the mixed

layer through the ice-ocean boundary layer. Within the ice-ocean boundary layer, and
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close to the interface, turbulence will be supressed by the interface, creating a viscous

sublayer (Fig. 3.3, the possible fourth layer of the system) through which heat flux

occurs by molecular diffusion. The presence of this sublayer must also be encapsulated

in γT , and since heat diffuses more quickly than salt, the equivalent exchange coefficient

for salt γS is smaller than γT . Recognising the role of motion in the mixed layer in

generating turbulence in the ice-ocean boundary layer, the exchange coefficients are

expressed as γT,S = ΓT,Su?, where ΓT,S are heat and salt transfer coefficients and

u? = C
1/2
d u is the friction velocity. The flux of heat and salt from the mixed layer

through the ice-ocean boundary layer therefore scales linearly with the velocity of the

mixed layer.

Putting the above description together gives the three-equation melt parameterisation

(Fig. 3.3; Holland and Jenkins (1999); Jenkins (2011))

ṁ [ci (Tb − Ti) + L] = cwC
1/2
d ΓTu (T − Tb) (3.6a)

ṁSb = C
1/2
d ΓSu (S − Sb) (3.6b)

Tb = λ1Sb + λ2 + λ3(h− z) (3.6c)

The first equation balances heat flux, the second salt flux and the last ensures the

ice-ocean interface itself remains at the in-situ freezing point, together providing three

equations for the three unknowns of melt rate ṁ and ice-ocean interface temperature

Tb and salinity Sb.

Under the three equation melt parameterisation, the submarine melting terms in the

point source plume (Eqs. 3.1) become

∆V p
melt = 2bṁ (3.7a)

∆T pmelt = 2b
[
ṁTb − ΓTC1/2

d u(T − Tb)
]

(3.7b)

∆Spmelt = 2b
[
ṁSb − ΓSC1/2

d u(S − Sb)
]

(3.7c)
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The factors of 2b arise from the width of the plume-ice contact. In Eq. 3.7b the

two terms represent respectively the heat added to the plume due to the addition of

meltwater at temperature Tb and the heat removed from the plume due to turbulent

transfer from the plume into the ice-ocean boundary layer. The submarine melting

terms in the line source plume (Eqs. 3.3) are the same but for the factors of 2b.

Much rests on the values of the Stanton numbers C1/2
d ΓT,S ; the melt rate calculated

from Eqs. 3.6 is approximately linearly related to the thermal Stanton number C1/2
d ΓT

(Holland and Jenkins, 1999). Values for these parameters (e.g. Table S1.1) come

from measurements made beneath sea ice (e.g. McPhee et al., 2008) and from only

one field study beneath the Ronne ice shelf in Antarctica (e.g. Jenkins et al., 2010).

As will be discussed in each of the chapters, observations from tidewater glaciers with

which to calibrate these parameters are lacking, thus uncertainty in the value of these

coefficients is a key and problematic issue in our understanding of ice-ocean interaction,

significantly impacting confidence in modelled submarine melt rates.

To gain some insight into the melt rate parameterisation, the dominance of latent heat

on the left hand side of Eq. 3.6a may be used to gain the approximation

ṁ ≈
cwC

1/2
d ΓT
L

u (T − Tb) (3.8)

It is therefore seen that the submarine melt rate is largely proportional to the product

of mixed layer (or plume) velocity u and thermal forcing T − Tb. This expression is

illustrated in Fig. 3.4; note that the combination of leading parameters equates to

approximately 1.1 (◦C)−1 when melt rate is expressed in m/d and water velocity in

m/s, so that a water velocity of u = 1 m/s and a thermal forcing of T − Tb = 1◦C (for

example given by water temperature of approximately T = 0◦C) leads to a melt rate

of ∼1 m/d (Fig. 3.4).

The melt parameterisation (Eqs. 3.6) is used throughout this thesis to calculate melt

rates in both BPT and MITgcm. In BPT the melt rate parameterisation is fully coupled

into the equations (e.g. Eqs. 3.1 and 3.3; Chapter 5) so that the potential feedback of
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Figure 3.4: Melt rate parameterisation. Note this result is for a water depth of 100 m

and a mixed layer salinity S = 30 psu. Varying water depth in the range 0 to 1000 m

and mixed layer salinity S in the range 25 to 35 psu affects melt rate by at most 35% for

T > 1◦C.

melting on plume dynamics is captured. The velocity and temperature which enter into

the melt rate parameterisation are the plume velocity and temperature. In MITgcm,

the melt rate parameterisation is used to calculate the magnitude of the freshening and

cooling of ice-adjacent cells described above. The velocity and temperature entering

into the melt rate parameterisation are taken from the model cell adjacent to the ice.

This velocity is largely vertical within plumes, but mostly horizontal on other parts of

the calving front.

3.4 Comparison of MITgcm and BPT

Both MITgcm and BPT are used in this thesis for plume modelling, and it is worthwhile

to briefly contrast the two methods. MITgcm is very flexible and capable of handling

arbitrary geometries, but this comes with significant complexity and computation time

measured in hours to days. In contrast, BPT is suitable only for idealised geometries,

but is very simple and may be solved in at most a few seconds. Provided MITgcm

is carefully set up, in particular with respect to subgrid-scale mixing, MITgcm and
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BPT are in excellent agreement as regards cross-section averaged plume dynamics

(section S1.2). MITgcm however resolves variation in plume properties within the

plume, for example, that water velocities are higher in the core of the plume than at

the edges, and that close to the grounding line water temperature is cooler in the core

of the plume than at the edges. Furthermore, MITgcm allows for the study of calving

front water circulation over a region wider than the plume.

MITgcm and BPT therefore lie at opposite ends of the complexity spectrum but in

many situations give comparable results. MITgcm is clearly required if one is interested

in the wider melting driven by plume-generated fjord circulation. However, for many

purposes BPT is sufficient and is a promising candidate to form the basis for coupled

ice-ocean models at ice sheet scales.

3.5 Kangiata Nunata Sermia

In Chapter 7, the described models are applied to Kangiata Nunata Sermia (KNS,

Fig. 3.5), a large tidewater glacier in south-west Greenland draining ∼2% of the

Greenland Ice Sheet (Sole et al., 2011). The relative accessibility of KNS, located 100

km from Nuuk (Fig. 3.5), means it is well studied, providing a test site for numerous

glaciological studies, including investigations of surface mass balance (Van As et al.,

2014), subglacial hydrology (Sole et al., 2011), seasonal dynamics (Moon et al., 2014)

and long-term evolution (Lea et al., 2014). The calving front of KNS is 4.5 km wide

and thought to be grounded in ∼250 m of water (Mortensen et al., 2011). KNS flows

at speeds approaching 20 m/d at the terminus into Godth̊absfjord, a narrow fjord

extending 160 km from KNS to the open ocean near Nuuk (Fig. 3.5; Joughin et al.

(2010); Mortensen et al. (2011)). The fjord has been extensively studied (Mortensen

et al., 2011, 2013, 2014) revealing the presence of warm (1-2◦C) water at depth thought

to provide a heat source for submarine melting of KNS.

Chapter 7 focusses on proglacial plumes adjacent to the calving front of KNS (e.g.

Fig. 2.9). The basic premise of Chapter 7 is to use the relationship between the

subglacial discharge initiating a plume and the likelihood of the plume reaching the fjord
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Figure 3.5: Overview of the Kangiata Nunata Sermia system in south-west Greenland.

Markers show the location of the time-lapse camera, the four GPS sites described in

the text (KNS1-4), and the PROMICE weather station NUKL. Other abbreviations are

GF: Godth̊absfjord, QS: Qamanârssûp Sermia, AS: Akugdlerssûp Sermia, KNS: Kangiata

Nunata Sermia and KS: Kangaasarsuup Sermia. Background imagery from Howat et al.

(2014) and Howat (2017).

surface. Thus the presence or absence of plumes at the fjord surface can be compared

with estimates of catchment runoff, thereby gaining information on the structure of the

subglacial hydrological system from which discharge emerges at the terminus.

A time series of plume visibility at the fjord surface is therefore required. Through

the summer of 2009, a time-lapse camera located ∼5 km west of the calving front

(Fig. 3.5) observed the terminus of KNS, capturing an image every hour from 11 May

to 7 September (Sole et al., 2011). As described in Chapter 7, these images were

manually classified based on the presence or absence of a plume, resulting in an hourly

resolution time series of plume visibility through the summer of 2009.

The second required dataset is the estimated catchment runoff which is acquired using
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two modelling approaches. The first is a classic positive degree day (PDD) scheme,

which linearly relates the ablation rate of snow or ice to the elevation of air temperature

above freezing via degree day factors (Hock, 2003). These degree day factors are

estimated using measured air temperature and ablation from four GPS sites located on

the trunk of KNS (Fig. 3.5; Sole et al. (2011)). The modelled PDD ablation rates from

across the catchment are then summed to give an estimate of the subglacial runoff

through the terminus. Recognising the simplicity of this approach, for example in

neglecting refreezing of meltwater in the snowpack, subglacial runoff was also obtained

from the more sophisticated regional climate model HIRHAM5 (Langen et al., 2015).

In fact, it is found that the two methods agree well in terms of the predicted subglacial

runoff (Chapter 7).

This thesis now proceeds to the first results chapter, in which MITgcm is applied to

modelling of plume-induced submarine melting of tidewater glacier calving fronts.



Chapter 4

Effect of near-terminus subglacial

hydrology on tidewater glacier

submarine melt rates

Submarine melting of calving fronts is a potentially important driver of tidewater

glacier dynamics, and is thought to be amplified within proglacial plumes (Straneo and

Heimbach, 2013, Chapter 2). The presence of plumes, and therefore the distribution

of submarine melting, is likely dictated by the locations at which subglacial discharge

emerges at the grounding line (the near-terminus subglacial hydrology). However, the

near-terminus subglacial hydrology at tidewater glaciers is poorly understood. In this

first results chapter, the sensitivity of submarine melting to near-terminus subglacial

hydrology is quantified by simulating in MITgcm the calving front water circulation

induced under subglacial hydrological scenarios ranging from a single channel to a

uniformly distributed system. The results illustrate a key control on the spatial

distribution of submarine melting and on calving front shape. They also motivate the

work in Chapter 7, which provides constraints on near-terminus subglacial hydrology

at a west-Greenland tidewater glacier.
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Abstract

Submarine melting of Greenlandic tidewater glacier termini is proposed as a possible

mechanism driving their recent thinning and retreat. We use a general circulation

model, MITgcm, to simulate water circulation driven by subglacial discharge at the

terminus of an idealized tidewater glacier. We vary the spatial distribution of subglacial

discharge emerging at the grounding line of the glacier and examine the effect on

submarine melt volume and distribution. We find subglacial hydrology exerts an

important control on submarine melting; under certain conditions a distributed system

can induce a factor 5 more melt than a channelized system, with plumes from a single

channel inducing melt over only a localised area. Subglacial hydrology also controls the

spatial distribution of melt, which has the potential to control terminus morphology

and calving style. Our results highlight the need to constrain near-terminus subglacial

hydrology at tidewater glaciers if we are to represent ocean forcing accurately.

4.1 Introduction

Observations of the mass balance of the Greenland ice sheet in recent decades have

shown significant losses at the coastal margins (van den Broeke et al., 2009; Pritchard

et al., 2009), much of which has been attributed to the thinning (Pritchard et al.,

2009), speed-up (Rignot and Kanagaratnam, 2006) and retreat (Jiskoot et al., 2012)

of tidewater glaciers. During this period, coastal waters were observed to warm

(Holland et al., 2008a; Christoffersen et al., 2011) with water from the Irminger current

(Rignot et al., 2012), raising the possibility that Greenlandic tidewater glaciers reacted

sensitively to ocean forcing.

One way ocean forcing would manifest itself is by melting the calving fronts of tidewater

glaciers, which might provide a significant direct contribution to glacier mass balance

(Inall et al., 2014), and could also amplify calving rates (O’Leary and Christoffersen,

2013). At tidewater glaciers in Greenland, which typically lie at the end of deep

and narrow fjords, melt water from the glacier catchment is expected to emerge into

the fjord at the glacier grounding line, thereafter rising as a buoyant plume (Straneo
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et al., 2012b). In combination with the presence of warm subsurface ocean water in

Greenlandic fjords (Straneo et al., 2010) these plumes lead to submarine melting of the

calving front.

However, the way in which subglacial discharge emerges at the glacier grounding line

remains poorly understood. Subglacial drainage is commonly classified as either chan-

nelized or distributed; the former characterized by a small number of large channels,

routing water quickly beneath a glacier, while the latter is often conceptualized as a

network of linked subglacial cavities, providing a tortuous and slow pathway for transit

of meltwater (Fountain and Walder , 1998). At the terminus of a tidewater glacier, a

channelized system would input subglacial discharge to the fjord from one or a few

large outlets, while a distributed system would spread the input more uniformly across

the grounding line. The effect of this distinction on tidewater glacier submarine melt

rates remains largely unstudied, and is the subject of this paper.

Submarine melt rates at tidewater glaciers in Greenland have been estimated from

hydrographic data, and by theoretical and numerical modeling. Rates calculated

using hydrographic surveys range from 0.7 to 10 m/d (Rignot et al., 2010; Sutherland

and Straneo, 2012; Xu et al., 2013; Inall et al., 2014). Jenkins (2011) proposed a

1-dimensional model which coupled the theory of buoyant plumes with a melt rate

parameterization following McPhee (1992). Xu et al. (2012) and Sciascia et al.

(2013, 2014) used 2-dimensional numerical models to investigate fjord circulation and

submarine melt rate, while Cowton et al. (2015) recently combined buoyant plume

theory and numerical modeling in a 3-dimensional fjord model. Finally Xu et al.

(2013) and Kimura et al. (2014) presented high resolution models of subglacial discharge

plumes in 3 dimensions.

When comparing their hydrographic data and modeled submarine melt rates, Xu et al.

(2013) implicitly assumed a fairly distributed system consisting of channels spaced at

∼150 m intervals across the grounding line. Kimura et al. (2014) suggested that the

submarine melt rate per unit subglacial discharge decreases as the subglacial system

becomes more channelized, but the system on which this conclusion was based was a
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single channel of variable shape or two channels in close proximity. In addition the

modeled fjord was unstratified, so that the resulting plumes could never reach neutral

buoyancy, which will affect submarine melt (e.g. Xu et al., 2013).

This study investigates the effect of variation in subglacial hydrology on tidewater

glacier submarine melt rates in greater detail, and aims to capture the potential

complexity and significance of hydraulic structure at the glacier terminus. The fjord is

stratified in a fashion which is typical of conditions in Greenland. For three fixed values

of total subglacial discharge, we vary the subglacial hydrological configuration between

the conceptual end-members of ‘channelized’ and ‘distributed’, model the induced near-

ice water circulation in three dimensions and study the resulting submarine melt.

4.2 Methods

4.2.1 Model set-up

We use the MITgcm (Marshall et al., 1997a,b) in non-hydrostatic configuration to

model water circulation in an idealized fjord. The domain is 2 km in length and width,

and 500 m in depth. Resolution is 5 m across-fjord and vertically, while along-fjord

resolution is 5 m for the 250 m closest to the glacier, thereafter increasing to ∼40 m

and remaining constant for the 1 km closest to the ocean end of the domain. In all

experiments the vertical motion of the plumes is contained within the high resolution

section of the domain.

Initial temperature (Ta) and salinity (Sa) (Fig. 4.1a) are set throughout the domain

with data from Chauché et al. (2014), who report CTD casts close to Store and Rink

Glaciers. The fjord sides are closed boundaries, while at the ocean boundary we impose

a sponge layer (e.g. Sciascia et al., 2013) which restores properties towards the Ta/Sa
profiles shown in Fig. 4.1a. The glacier end of the domain consists of a vertical calving

front 2 km wide by 500 m high. This boundary is closed, except for subglacial channels

at the base of the calving front, through which fresh (0 psu) subglacial discharge is

injected at the pressure melting point (-0.29◦C). Melting of the calving front is treated

using the ‘icefront’ package (Losch, 2008; Xu et al., 2012) with a slightly modified
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Figure 4.1: (a) Initial and boundary conditions for fjord temperature and salinity. Data

are derived from profiles in Chauché et al. (2014). (b) The relationship between model

diffusivity and per plume discharge, obtained by comparison of plume theory and MITgcm

simulations in a simplified set-up, and applied throughout our main simulations. Vertical

black bars represent ±0.01 m2/s on the best fit diffusivity, which is the increment by which

we varied K in the comparison procedure. (c) The relationship between channel discharge,

size and velocity obtained by balancing wall melt and creep closure in a Röthlisberger

channel.

melt rate parameterization described in section 4.2.3 below. In common with Xu et al.

(2013) and Kimura et al. (2014) we implement a free-slip condition on the calving front.

Quoted melt rates are temporal averages over a 7000s period after melt reaches a steady

state, which provides a period of sufficient length to smooth out turbulence-induced

fluctuations (which are no more than 8% of the mean melt rate).
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4.2.2 Subgrid-scale mixing

The turbulent nature of subglacial discharge plumes leads to entrainment of surrounding

fjord water, with the rate of entrainment strongly affecting plume dynamics, and

therefore the submarine melt and fjord circulation induced. At 5 m resolution,

turbulence is not fully resolved, so some parameterization of the entrainment process

is required. This is achieved using Laplacian eddy diffusion of momentum, heat and

salt. With isotropic model resolution, our diffusivities are isotropic (e.g. Kimura et al.,

2014), and further we set the Prandtl number to 1 (e.g. Sciascia et al., 2013) leaving

one degree of freedom (K) to set the magnitude of subgrid-scale mixing. In common

with previous studies, we calibrate this degree of freedom using buoyant plume theory.

Specifically, we model a vertically issuing plume of initial discharge q = 1, 3, 10, 30, 100

or 500 m3/s in a cubic domain of side 500 m, and compare the resulting plume width,

velocity, temperature and salinity to the buoyant plume theory of Morton et al. (1956).

By varying diffusivity K in increments of 0.01 m2/s, we identify the value of K which

gives the best fit to buoyant plume theory for each value of q. We find that this value of

K is approximately proportional to q1/4, and use a power law fit (Fig. 4.1b) to choose

an appropriate value of K for each of our experiments. Further details regarding this

procedure are given in section S1.2.

4.2.3 Melt Rate Parameterization

The melt rate parameterization at the calving front is the three equation model (Holland

and Jenkins, 1999) which has frequently been used in this setting (e.g. Xu et al., 2013;

Sciascia et al., 2013; Kimura et al., 2014). Free stream properties for input to the

melt rate parameterization are taken from the grid cells adjacent to the ice. We

use velocity-dependent turbulent transfer coefficients γT,S = C
1/2
d ΓT,SU and define

U = max
(√

v2 + w2, U0
)

where v/w are the tangential water velocities in the cells

adjacent to the ice. Use of this parameterization introduces a minimum velocity U0

into the melt calculation, motivated as follows. Laboratory experiments (Huppert and

Turner , 1980) and theoretical modeling (Wells and Worster , 2008; Jenkins, 2011)

suggest that in the absence of subglacial discharge or away from discharge-driven
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plumes, the calving front should still melt leading to the formation of weak convection

cells. This is the regime of melt-driven convection rather than the convection-driven

melt which is the main focus of this paper. Sciascia et al. (2013) modeled melt-driven

convection in a two-layer stratification, achieving vertical velocities averaging 0.04 m/s.

We find that with a model resolution of 5 m, and even at the low values of K used in

this study, we do not resolve the delicate plumes formed in the absence of subglacial

discharge. Thus in order to represent this ‘zero-discharge’ or background melt, we

impose a minimum velocity U0 = 0.04 m/s in the melt calculation.

4.2.4 Subglacial Hydrology

Input of a total subglacial discharge Q into the fjord beneath the vertical calving front

of the glacier requires the choice of the number of discharging channels n, channel size

X, velocity V and channel shape. In this study we vary n and assume the channels

are approximately semi-circular in shape. In order to relate X and V to a discharge

q = Q/n in each channel, we balance wall melt and creep closure in a Röthlisberger

channel (Röthlisberger , 1972; Schoof , 2010), giving relationships X ∝ q6/7 and V ∝ q1/7

(Fig. 4.1c, see also section S1.4). Note that this calculation is only applicable to

grounded termini; indeed the assumption of a vertical calving front with discrete

subglacial channels may only be relevant to grounded termini.

4.2.5 Description of Experiments

This study aims to determine the effect of variation in near-terminus subglacial

hydrology on tidewater glacier submarine melt rates. We use three values of total

subglacial discharge Q = 125, 250 and 500 m3/s, and vary the subglacial hydrology

between the end members of ‘channelized’ and ‘distributed’ drainage. We split the

discharge Q over a number n = 1, 2, 3, 5, 10 or 50 identical channels spaced evenly along

the glacier grounding line. These runs are indexed by the parameter α = 1/n. To refer

to a certain simulation we introduce some notation; Q250α0.1 refers to the simulation

with a total discharge of 250 m3/s emerging through 10 identical channels spaced evenly.

We also include experiments in which the discharge is uniformly distributed across
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the grounding line (identified with α = 0) and a number of sensitivity experiments,

discussed in section 4.3.2. A full list of model parameters is given in Table S1.1.

4.3 Results and Discussion

Velocity, temperature and submarine melt rate distributions for various experiments

are shown in Fig. 4.2, with rates spatially averaged over the 2 km wide by 500 m high

calving front displayed in Fig. 4.3. When Q = 0 m3/s, and at the lowest diffusivity

used in any of the experiments (0.025 m2/s), water velocities in the cells adjacent to

the ice do not exceed U0, thus U0 is the velocity used in the melt parameterization.

Melt rate is then determined by water temperature and is therefore greater at depth.

Averaged over the calving front, we obtain 0.12 m/d of background melt in this case

(Fig. 4.3).

4.3.1 Varying channel number (α)

Model snapshots of ice-tangential water velocity at the calving front are shown in

Figs. 4.2a-d. After emerging from a subglacial channel, the plumes rise turbulently

and spread to form a conical shape. For each plume, maximum velocities are achieved

at depth. Weak plumes (q < 2.5 m3/s) reach neutral buoyancy before the surface,

giving low near-surface velocities (Fig. 4.2d). Water velocities increase with increasing

discharge per plume.

For α > 0.02, high water velocities are contained within the conical plumes. Thus in

the Q500α1 simulation, water velocities exceed U0 over just 29% of the calving front.

Furthermore, the plumes remain visibly independent as their spacing is decreased until

α = 0.2 (Figs. 4.2b, c). In contrast, for Q125α0.02 (Fig. 4.2d) the plumes coalesce within

200 m above the grounding line, and water velocities exceed U0 over 92% of the calving

front.

Snapshots of ice-adjacent water temperature are shown in Figs. 4.2e-h. After emerging

from a channel, plume temperature increases due to mixing with ambient water.

Consistent with plume theory, plumes with a higher initial discharge stay colder until
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Figure 4.2: Left and centre columns: snapshots, 10000s after model initiation, of the

magnitude of ice-tangential water velocity (
√
v2 + w2) and temperature. Right column:

submarine melt rate, time-averaged over the period between 3000s and 10000s after model

initiation. Plots are face-on views of the calving front, which is 2 km wide by 500 m high.

Equivalent plots for all other experiments are shown in Figs. S1.3-S1.5.

closer to the surface, for example the Q500α1 plume (Fig. 4.2e) remains colder than

1◦C for ∼200 m while the Q500α0.1 plumes are warmer than 1◦C within 30 m above

the grounding line (Fig. 4.2g).

All of the plumes simulated advect the warm and deep ambient water upwards, resulting

in warming where the plumes reach the surface. Most of this warm plume water

subsequently flows down-fjord and away from the ice, though there is also some lateral

spreading across the calving front resulting in slight surface warming away from the

plumes (e.g. Fig. 4.2e). With many plumes (α = 0.33 or below, Fig. 4.2f), the cold

surface water is replaced by warm plume water across most of the calving front, except

when the plumes do not reach the surface (e.g. Fig. 4.2h). In the Q125α0.02 simulation

(Fig. 4.2h), water warmer than 2◦C covers almost the entire calving front, and in



CHAPTER 4. HYDROLOGY AND SUBMARINE MELT RATE 77

general an increased number of plumes results in a larger fraction of the calving front

experiencing warm water.

Submarine melt resulting from the distribution of velocity and temperature is shown

in Figs. 4.2i-l. Elevated melt rates are contained within a conical region above each

subglacial channel. Maximum melt rates are generally achieved between 350 m and 450

m depth, coinciding with maximum velocities. In the Q500α1 experiment (Fig. 4.2i),

maximum velocities are obtained at ∼375 m depth, but the plume remains colder until

closer to the surface and this shifts the maximum melt location up the calving front

to ∼300 m depth. When plumes reach neutral buoyancy before the surface (Fig. 4.2l),

melt rates are low near the surface. The melt distributions emphasize the independence

of the plumes for α ≥ 0.2 (Figs. 4.2j, k). In general the distribution of melt follows that

of velocity; areas of the glacier in contact with warm water but low velocities undergo

little melt (e.g. Fig. 4.2e, i). This highlights that the melt rate parameterization used

in this study is strongly dependent on water velocity, a dependence which has yet to

be tested with observations from a real system.

Spatial averaging of the submarine melt rate gives the results displayed in Fig. 4.3.

For all three total discharges considered, the spatially averaged submarine melt rate

increases rapidly as the subglacial drainage system becomes more distributed. For

Q = 500 m3/s, the presence of 50 subglacial channels increases total submarine melt by

a factor 4.5 over the single channel case. Such a trend can be motivated theoretically:

Cowton et al. (2015) suggest melt rate for a single plume scales with discharge as

ṁ ∝ Q2/5. If the plumes remain independent, splitting Q over n channels gives a per

plume melt rate (Q/n)2/5 and a total melt rate n(Q/n)2/5 = α−3/5Q2/5. Then for

a fixed total discharge but varying number of channels, melt should scale as α−3/5.

Application to our Q = 500 m3/s results provides a good fit from α = 1 to 0.1, the

latter of which is the point in our simulations when the plumes first merge. Finally

the α = 0 experiments are effectively two-dimensional (Figs. S1.3-S1.5) and give the

highest total melt of all, reaching 3.6 m/d for Q500α0. We argue that it is unlikely that

water would emerge in a sufficiently uniform fashion that this case is realistic, and thus

our sensitivity experiments use α = 0.02 as a distributed end member.
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Figure 4.3: Spatially averaged melt rates for each of the model experiments. Also shown

in grey is the Q = 0 m3/s case, while a theoretical fit for Q = 500 m3/s described in the

text is shown in dotted pink.

The increase in total melt as discharge becomes more distributed can be viewed as

arising from the sub-linear dependence of melt on discharge for a single plume. In terms

of our modeled distributions of velocity and temperature, it arises because a distributed

drainage system leads to both water motion and warmer water over a larger proportion

of the calving front. We also note that the spatially averaged submarine melt rate is

sensitive to glacier width when there is a single plume, while more distributed cases will

be less sensitive to variation in glacier width. The theoretical argument above suggests

that melt rate will increase with the number of plumes provided these plumes remain

independent. As such, our results apply to ‘wide’ glaciers, where the glacier width is

much larger than the width of a single plume. We expect the vast majority of tidewater

glaciers in Greenland to satisfy this condition.



CHAPTER 4. HYDROLOGY AND SUBMARINE MELT RATE 79

Input varied Values Effect on Q250α0.02 Effect on Q250α1.00

(units) melt rate (%) melt rate (%)

default low high low high low high

Ti (◦C) -25 -35 -15 -5.5 +3.8 -4.7 +3.6

C
1/2
d

ΓT (-) 1.10× 10−3 8.25× 10−4 1.38× 10−3 -23.0 +19.7 -22.4 +21.0

C
1/2
d

ΓS (-) 3.10× 10−5 2.33× 10−5 3.88× 10−5 -4.5 +1.2 -4.5 +3.6

∆Ta (◦C) 0 -1 1 -26.2 +23.4 -26.5 +26.7

∆Sa (psu) 0 -0.5 0.5 -2.1 +1.5 -0.9 +0.1

channel width (m) 20 10 60 n/a n/a -6.5 +8.8

slip condition free slip no slip n/a -35.9 n/a -31.6 n/a

U0 (m/s) 0.04 0 0.08 -1.4 -1.0 -12.4 +16.9

velocity (m/s) 0.83 0.42 1.67 n/a n/a +5.1 -2.7

K (m2/s) 0.047/0.119 0.027/0.099 0.067/0.139 -3.7 0.0 4.8 -4.8

resolution (m) 5 10 2.5 -13.3 +8.3 -15.0 +3.7

Table 4.1: Results of sensitivity experiments: variation in model inputs and the effect

on spatially averaged submarine melt rate in each of the two default cases Q250α0.02 and

Q250α1, expressed as a percentage of the default case melt rate. Values of K in the default,

low and high columns are for α = 0.02/α = 1 respectively.

4.3.2 Sensitivity Experiments

Numerical modeling of tidewater glacier submarine melt rates involves choice of several

inputs which are poorly constrained. We therefore present a number of experiments

designed to test the sensitivity of our results to variation in these inputs (Table 4.1).

As base cases we take the Q250α0.02 and Q250α1 simulations. A brief discussion of the

results is presented here with more detail in section S1.5.

The sensitivity of our results to the melt calculation parameters Ti, C1/2
d ΓT,S and to a

uniform shift in ambient temperature by ∆Ta at all depths can be understood largely

by consideration of the melt calculation alone (Holland and Jenkins, 1999). Sensitivity

to channel width and the slip condition are in line with results from Kimura et al.

(2014).

Of relevance specifically to this study are the sensitivities to U0, V , K and resolution.

Sensitivity to U0 is related to the proportion of the calving front which is significantly
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affected by a plume, thus the Q250α0.02 case is insensitive to a doubling of U0, while

Q250α1 experiences a 17% increase in total melt (Table 4.1). Total melt proves relatively

insensitive to channel velocity V ; change in velocity by a factor two affects melt by at

most 5% (Table 4.1).

Change in the diffusivity (K) affects the rate at which the plumes entrain ambient

fjord water. We have fitted K to our experiments with a precision of 0.01 m2/s, and

variation in K by 0.02 m2/s affects total melt by at most 5%. We also investigate

resolutions of 2.5 and 10 m with diffusivities again chosen to fit plume theory. A

decrease in resolution to 10 m results in decreases in total melt reaching ∼15%, while

increasing resolution to 2.5 m gives modest increases in melt. In general, none of the

sensitivity experiments performed suggest that the main conclusions of this paper would

be affected by variation in our choice of model inputs.

4.4 Implications for Greenland Tidewater Glaciers

4.4.1 Melt rates

The results of this study suggest that the configuration of the near-terminus subglacial

hydrological system is an important factor controlling tidewater glacier submarine

melt rates. For a fixed total discharge, we predict that spatially averaged submarine

melt rates increase quickly as discharge becomes more distributed. In particular the

modeling suggests that, for the temperature and salinity profiles used in this study,

a plume resulting from a single large subglacial channel is unable to induce spatially

averaged submarine melt rates exceeding ∼0.65 m/d, or lower if a wider calving front

was considered. However, numerous small plumes of subglacial discharge can induce

significant submarine melt, but may not reach the fjord surface. Therefore plumes

visible at the fjord surface may not be the dominant contributors to total submarine

melt.

The melt rates achieved in this study display order of magnitude agreement with

estimates from hydrographic data. However, it is important to stress that significant

uncertainty exists in the submarine melt calculation outlined in section 4.2.3, notably
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within the turbulent transfer coefficients C1/2
d ΓT,SU (e.g. Jenkins, 2011), and regarding

the relative importance of temperature and water velocity. It is also important to

acknowledge that hydrographic data provide a snapshot of conditions in fjords which

display significant short-term variability (Straneo et al., 2010; Jackson et al., 2014),

such that calculated heat transport may not be representative of the mean (Sutherland

et al., 2014). Finally we emphasize that this study focuses in high resolution on a small

section of fjord adjacent to the glacier terminus, using fixed Ta/Sa profiles. As such, we

have neglected the potential effect of variations in subglacial hydrology on wider fjord

circulation which might in turn affect melt rates (Jackson et al., 2014; Sciascia et al.,

2014).

4.4.2 Calving

Aside from influencing total melt, variations in subglacial hydrology might also influence

calving rate and style due to spatially varying melt. In general, within the modeled

plumes, melt rates are greater at depth, which could lead to undercutting of the

terminus and amplification of calving (O’Leary and Christoffersen, 2013). Considering

across-ice variation in melt rate, isolated plumes (e.g. Q500α1) might lead to the

formation of calving bays and unstable headlands, consistent with the calving style

observed at Store Glacier (Chauché et al., 2014). It is also possible that calving front

morphology might impact plume dynamics, with the potential for important feedbacks

between plume dynamics, submarine melt and calving. Indeed the melt rates modeled

in this study are not sufficient to directly explain the observed retreat of tidewater

glaciers in Greenland, thus if ocean forcing is the key driver of this retreat, it is likely

a result of a close coupling between submarine melt and calving mechanics.

4.5 Conclusion

A general circulation model, MITgcm, has been used to model near-ice water circulation

and submarine melt rates driven by buoyant subglacial discharge at the terminus of an

idealized tidewater glacier. The emergence of discharge at the grounding line of the
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glacier is varied between the end members of a ‘distributed’ and ‘channelized’ subglacial

hydrological system, focusing on the effect of this variation on submarine melt.

The results suggest that variation in subglacial hydrology results in large changes in

both the distribution and total volume of submarine melt. In particular we find that

(i) total melt volume is greater when discharge emerges in a distributed rather than

channelized fashion, with enhancement by a factor 5 possible under certain conditions,

(ii) strong plumes emerging from large subglacial channels are not, in isolation, able

to induce large total melt volumes, but (iii) numerous and distributed small inputs of

subglacial discharge are able to drive significant submarine melt. The distribution of

melt rate has the potential to influence calving front morphology and calving style, a

coupling which remains poorly understood but is likely important for tidewater glacier

dynamics. Our results identify a need to constrain near-terminus subglacial hydrology

at tidewater glaciers if we are to represent ocean forcing accurately and ultimately to

understand and even predict the behaviour of Greenland’s outlet glaciers.



Chapter 5

Scalings for submarine melting at

tidewater glaciers from buoyant

plume theory

The previous chapter showed that near-terminus subglacial hydrology strongly influ-

ences submarine melting at tidewater glaciers by controlling the geometry and number

of proglacial plumes operating at the ice-ocean interface. The approach taken in Chap-

ter 4 - simulation of plumes using MITgcm - is however computationally intensive,

and for the understanding of plume dynamics across a wide range of physical settings,

a more efficient approach is preferable. This chapter therefore applies the far quicker

buoyant plume theory (Morton et al., 1956) to investigate plume behaviour at tidewater

glaciers.

In contrast to previous work (e.g. Jenkins, 2011), the focus here is explicitly on plumes

in which the buoyancy of the plume is dominated by the subglacial discharge, as is

likely the case for vigorous plumes at tidewater glaciers where inputs from subglacially

emerging meltwater are substantial. This chapter seeks to develop simple relationships

between plume dynamics, submarine melting and key physical parameters such as

the magnitude of subglacial discharge and the fjord stratification. The understanding

83
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developed provides a foundation for each of the subsequent chapters; Chapter 6 relies

on the limited effect of submarine melting on plume dynamics, Chapter 7 builds on the

identified controls which determine the height to which a plume rises, and Chapter 8

further develops the simple estimates of submarine melt rate introduced here.
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Abstract

Rapid dynamic changes at the margins of the Greenland Ice Sheet, synchronous with

ocean warming, have raised concern that tidewater glaciers can respond sensitively

to ocean forcing. Our understanding of the processes encompassing ocean forcing

nevertheless remains embryonic. We use buoyant plume theory to study the dynamics

of proglacial discharge plumes arising from the emergence of subglacial discharge into a

fjord at the grounding line of a tidewater glacier, deriving scalings for the induced

submarine melting. Focusing on the parameter space relevant for high discharge

tidewater glaciers, we suggest that in an unstratified fjord the often quoted relationship

between total submarine melt volume and subglacial discharge raised to the power 1/3

is appropriate regardless of plume geometry provided discharge lies below a critical

value. In these cases it is then possible to formulate a simple equation estimating total

submarine melt volume as a function of discharge, fjord temperature and calving front

height. However once linear stratification is introduced - as may be more relevant for

fjords in Greenland - the total melt rate-discharge exponent may be as large as 3/4

(2/3) for a point (line) source plume and displays more complexity. Our scalings provide

a guide for more advanced numerical models, inform understanding of the processes

encompassing ocean forcing, and facilitate assessment of the variability in submarine

melting both in recent decades and under projected atmospheric and oceanic warming.

5.1 Introduction

Loss of ice from the Greenland Ice Sheet contributed ∼8 mm to global sea level between

1992 and 2012 (Shepherd et al., 2012; Vaughan et al., 2013), with the rate of loss

accelerating over the same period (Rignot et al., 2011) such that between 2009 and 2012,

Greenland contributed ∼1 mm yr−1 to global sea level (Enderlin et al., 2014). Driven by

a period of tidewater glacier acceleration and retreat (Moon et al., 2012; Jiskoot et al.,

2012), ice flux into the ocean from tidewater glaciers accounted for approximately half

of Greenland’s mass balance deficit in the early 2000s (van den Broeke et al., 2009).

Tidewater glacier dynamics can therefore have a significant impact on Greenland Ice

Sheet mass balance.
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The dramatic changes observed at many of Greenland’s outlet glaciers occurred during

a period of atmospheric and oceanic warming (Mernild et al., 2014; Rignot et al., 2012);

however a conclusive attribution of the response of tidewater glaciers to one of these

factors remains elusive. Indeed many of the processes affecting tidewater glaciers are

promoted by both of these forcings, such that a full understanding of the dynamics likely

requires consideration of both atmospheric and oceanic factors (Straneo and Cenedese,

2015). One such process is submarine melting of the calving front, on which this paper

is focused.

Submarine melting may contribute to mass loss either directly via melting of submerged

ice (Motyka et al., 2013; Bartholomaus et al., 2013; Inall et al., 2014), or indirectly by

controlling calving style and rate (O’Leary, 2011; Chauché et al., 2014) or grounded ice

flux (Holland et al., 2008a). Submarine melting is thought to be promoted by both the

presence of warm water of subtropical origin in Greenlandic fjords (Straneo et al., 2010;

Mortensen et al., 2011) and the emergence of subglacial discharge at the grounding line

of the glacier (Jenkins, 2011). Presence of the latter results in proglacial plumes as the

discharge rises buoyantly, and the high ice-adjacent water velocities generated increase

the turbulent transfer of heat to the ice. These proglacial plumes are the focus of this

study.

Given the difficulties of directly measuring submarine melt rates, estimates have to

date relied either on modelling or on hydrographic data taken some distance from the

glacier terminus. The hydrographic data can in theory be used to calculate a net

toward-glacier heat flux. This method has been applied around Greenland to obtain

submarine melt rates ranging from 0.7 to 10 m d−1 (Rignot et al., 2010; Sutherland

and Straneo, 2012; Xu et al., 2012; Inall et al., 2014). Such estimates should however

be viewed with caution as fjord dynamics can display significant short term variability

(Jackson et al., 2014; Straneo and Cenedese, 2015) such that a calculated melt rate

may not be indicative of a longer term mean. There may also be considerable loss of

heat between the flux gate and calving front due to the melting of submerged proglacial

ice mélange (Inall et al., 2014).
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An alternative approach uses high-resolution numerical modelling to predict ice-

adjacent water velocities and temperatures, which are then converted to a submarine

melt rate using a melt parameterisation (Holland and Jenkins, 1999). This has

been undertaken in both two (Xu et al., 2012; Sciascia et al., 2013, 2014) and three

dimensions (Chapter 4; Xu et al., 2013; Kimura et al., 2014; Slater et al., 2015; Carroll

et al., 2015). These models have facilitated investigation of the spatial distribution of

submarine melting, and of how submarine melting responds to variations in subglacial

discharge, fjord temperature and near-terminus subglacial hydrology. A key result from

these studies is that per plume, submarine melt rate responds sublinearly to increasing

subglacial discharge. Specifically these studies suggest a relation ṁ ∝ Qγ between

submarine melt rate ṁ and subglacial discharge Q, with γ taking various values from

γ < 1/3 (Kimura et al., 2014) to 1/3 (Xu et al., 2012; Sciascia et al., 2013; Kimura

et al., 2014), 1/2 (Sciascia et al., 2013; Xu et al., 2013) and ∼ 0.85 (Xu et al., 2013). All

studies show a linear response of melt rate to variation in water temperature (Sciascia

et al., 2013; Xu et al., 2013). Finally Chapter 4; Slater et al. (2015) suggested that the

total submarine melt volume is greater if the subglacial discharge emerges via drainage

which is distributed across the grounding line rather than concentrated in a few large

channels. Numerical models however rely on a melt parameterisation which has as yet

been validated only beneath an Antarctic ice shelf (Jenkins et al., 2010) which is likely

a substantially different setting to vertical calving fronts at tidewater glaciers.

A final method of investigating submarine melt rates - and the approach taken in

this study - is buoyant plume theory (BPT). BPT has been successfully applied to

a wide range of environmental phenomena, traceable back to the classic paper by

Morton et al. (1956). BPT describes the evolution of a source of buoyancy as it

rises through an ambient fluid. In this glacial application we use BPT to describe

ice-adjacent water velocity and temperature within a proglacial plume. This approach

avoids recourse to computationally expensive numerical simulations but is limited to

idealised geometries. BPT has previously been applied to tidewater glaciers. MacAyeal

(1985) and Jenkins (1991) were pioneering papers on the glacial application of BPT.

Wells and Worster (2008) developed the theoretical basis of coupling plume theory



CHAPTER 5. SCALINGS FOR SUBMARINE MELTING 88

with submarine melting while Jenkins (2011) used BPT to propose, in advance of the

numerical studies reported above, a cube root dependence of submarine melt rate on

subglacial discharge and a linear dependence on fjord temperature. O’Leary (2011)

applied BPT to obtain submarine melt rates for three glaciers in West Greenland and

Cenedese and Linden (2014) have used laboratory experiments to investigate plume

dynamics with a glacial motivation. Most recently, Cowton et al. (2015) used BPT to

force the glacier boundary of an ocean general circulation model adapted to a fjord and

Carroll et al. (2015) employed BPT to investigate plume outflow depth in a fjord.

In spite of the increasing body of research on submarine melting, there remain

significant gaps in our understanding, both observationally (there has yet to be a direct

measurement of submarine melting at a tidewater glacier), and in the modelling (for

example the wide range of melt-discharge exponent γ values present in the literature).

Given the potential importance of submarine melting for tidewater glacier dynamics,

there is a need for further investigation of ice-ocean interaction, of which this study is

an example.

This study uses BPT to investigate the dynamics of plumes in contact with the vertical

calving fronts of tidewater glaciers with a focus on the submarine melt induced by the

plume. We investigate both point and line plume sources and consider a fjord which

is uniformly or linearly stratified. We also explore under what conditions a plume will

reach the fjord surface. In undertaking these investigations we aim to (i) explain the

variation in the value of the melt-discharge exponent γ found in the literature, (ii)

suggest under what conditions a certain melt exponent may apply and (iii) facilitate

assessment of the likely variation in submarine melt at tidewater glaciers, both in recent

decades and under future climate scenarios.

5.2 Methods

5.2.1 Introduction to the model

In this paper we consider mainly a half-conical geometry for proglacial plumes (Fig. 5.1)

which we believe to be appropriate for plumes arising from channelized subglacial
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Figure 5.1: The half-conical plume considered in this study. The plume emerges into the

fjord at the grounding line of the glacier and rises buoyantly, growing through entrainment

of ambient fjord water.

drainage. The glacier terminates in a fjord of depth h and is assumed to have a vertical

calving front in contact with the flat side of the plume. The plume has radius b(z),

vertical velocity u(z), temperature T (z) and salinity S(z), assumed uniform across the

radius of the plume. It experiences drag (coefficient Cd) and induces submarine melt

ṁ(z) where in contact with the ice. The proglacial fjord has temperature Ta(z) and

salinity Sa(z), referred to as ambient conditions.

The plume is initiated at the glacier grounding line by a source of cold and fresh

subglacial discharge. With a Greenlandic application in mind, the proglacial fjord is

saline. Thus the density ρ(z) of the plume - defined through an equation of state as

a function of its temperature and salinity - is initially less than that of the ambient

water ρa(z) and the plume rises buoyantly. We assume that the plume is turbulent at

the source. Turbulence causes the plume to entrain ambient water so that it grows as

it rises. Following Morton et al. (1956) and numerous other successful applications of

BPT, we assume that the rate of entrainment into the plume is proportional to plume

velocity u, with a constant of proportionality α.
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The entrainment of ambient water means that the temperature and salinity (and

therefore density) of the plume are diluted towards the ambient conditions, thereby

altering the plume buoyancy. If as a result the plume density exceeds the ambient

water density, the plume is then negatively buoyant, will slow down and may not reach

the fjord surface.

5.2.2 Defining equations

In order to quantify the evolution of the plume as it rises we introduce a set of equations

with the half-conical geometry modified from Morton et al. (1956) and the coupling to

submarine melt by Jenkins (2011) (though the plume considered therein was a two-

dimensional line plume). The equations have been previously applied by Cowton et al.

(2015) and conserve respectively the volume, momentum, heat and salt flux of the

plume
d

dz

(
π

2 b
2u

)
= παbu+ 2bṁ (5.1a)

d

dz

(
π

2 b
2u2
)

= π

2 b
2g′ − 2Cdbu2 (5.1b)

d

dz

(
π

2 b
2uT

)
= παbuTa + 2bṁTb − 2C1/2

d ΓT bu (T − Tb) (5.1c)

d

dz

(
π

2 b
2uS

)
= παbuSa + 2bṁSb − 2C1/2

d ΓSbu (S − Sb) (5.1d)

where g′ = g(ρa−ρ)/ρref is the reduced gravity of the plume, denoted g′0 when evaluated

at the glacier grounding line. ρref is a Boussinesq reference density. Cd is the drag

coefficient, while ΓT and ΓS are heat and salt transfer coefficients. Submarine melt

rate ṁ, and ice-ocean boundary temperature Tb and salinity Sb are defined by the

three-equation melt formulation (Holland and Jenkins, 1999).

ṁ (ci (Tb − Ti) + L) = cwC
1/2
d ΓTu (T − Tb) (5.2a)

ṁSb = C
1/2
d ΓSu (S − Sb) (5.2b)

Tb = λ1Sb + λ2 + λ3(h− z) (5.2c)
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Here the λi’s describe the variation of freezing point with salinity, constant offset and

variation with depth. ci and cw are the heat capacities of ice and water, and Ti is ice

temperature (ice salinity is zero).

With a non-linear equation of state (e.g. Fofonoff and Millard, 1983), Eqs. 5.1a-5.2c

are referred to in this paper as the full model (FM), solution of which is achieved by

numerical integration. In order to develop scalings for plume variables and submarine

melt under variation in the inputs, we require the model to be analytically tractable,

and we thus now describe some simplifications.

5.2.3 Analytical model

The first simplification is to neglect the feedback of submarine melting on the plume.

This entails removing the last term on the right hand side of Eq. 5.1a, representing

the volume added by submarine melting, and the last two terms on the right hand

sides of Eqs. 5.1c and 5.1d, representing the cooling and freshening effect of submarine

melting, and heat and salt transfer out of the plume to the ice-ocean interface.

Thus we are limiting ourselves to considering convection-driven melt rather than

melt-driven convection; that is, we assume that the buoyancy provided by subglacial

discharge dominates over the buoyancy added by submarine melting. It can be shown

(section S2.1.1) that for ambient water of temperature Ta and subglacial discharge Q0m

at temperature T0, this is the case for length scales z < Zm above the grounding line,

where Zm is given by

Q
2/3
0m ≈

cwC
1/2
d ΓT
L

(9αg′0
5π

)1/3
(Ta − T0)Z5/3

m (5.3)

Equivalently, at a calving front of height Zm, Eq. 5.3 gives the subglacial discharge

Q0m above which we may neglect the melt feedback. For a calving front which is 500 m

high and for a fjord with Ta = 3◦C and Sa = 34 psu we obtain Q0m ≈ 0.2 m3 s−1. For

the largest calving front considered in this study (900 m) and for the warmest water

(Ta = 6◦C) we obtain Q0m ≈ 2 m3 s−1. In summary a conservative estimate for the

subglacial discharge below which submarine melting has an important feedback on the

plume at real tidewater glaciers is Q0m ≈ 5 m3 s−1; in many cases it will be somewhat



CHAPTER 5. SCALINGS FOR SUBMARINE MELTING 92

smaller. Above this critical discharge, numerical results show that the melt feedback

affects plume temperature by < 2% and salinity by < 0.5%. Note that our focus in this

paper on discharges significantly larger than Q0m is equivalent to focussing on length

scales z satisfying z � Zm. This marks an important difference with the paper of

Jenkins (2011), which focussed on a line plume in the region z ∼ Zm.

Further simplification is achieved by neglecting the plume-ice frictional drag which

appears as the second term on the right hand side of Eq. 5.1b; inclusion of this term

reduces plume velocity by only ∼2.5% in a uniform stratification (section S2.1.2). We

also make use of a linear equation of state as in Jenkins (2011)

ρ = ρref (1 + βS(S − Sref )− βT (T − Tref )) (5.4)

The simplified system of equations, consisting of Eqs. 5.1a-5.1d with only the first term

on each of the right hand sides, together with Eqs. 5.2a-5.2c and the equation of state

Eq. 5.4 will be referred to as the analytical model (AM).

5.2.4 Initial conditions

Solution of Eqs. 5.1a-5.1d requires initial conditions for plume radius b0, velocity

u0, temperature T0 and salinity S0. Since the plume is initiated by fresh subglacial

discharge at the pressure melting point, we take T0 = λ2 + λ3h and S0 = 0 psu. It is

less clear how to choose b0 and u0.

The simplicity of this model requires that the subglacial discharge emerges into the

fjord vertically, a situation which is unlikely to occur at a tidewater glacier. Horizontal

emergence may be more realistic as the subglacial channel feeding the plume presumably

lies along the ice-bed interface prior to reaching the grounding line. Horizontal

emergence has been implemented in previous models, with choice of channel size

and flow velocity based on the Manning equation (Mugford and Dowdeswell, 2011)

or balance of wall melt and creep closure (Chapter 4; Slater et al., 2015). Numerical

models suggest that discharge emerging horizontally quickly transitions to vertical flow,
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after which point our model should be applicable. We should therefore treat our results

near the grounding line with caution.

One constraint on b0 and u0 is provided by specifying the subglacial discharge Q0 =

πb20u0/2, but this does not uniquely fix b0 and u0; a discharge Q0 can be achieved

with a plume which is initially slow and wide, or one which is fast and narrow. These

possibilities are distinguished by their ratio of buoyancy to momentum, a property

quantified by a dimensionless number Γ = 5bg′/8αu2 (e.g. Morton, 1959; Turner , 1979;

Kaye, 2008). A plume with Γ = 1 is described as pure, having a balance of buoyancy and

momentum. Choice of the source value, Γ0, provides a second constraint to uniquely

fix b0 and u0. In a uniform stratification, a plume will quickly tend towards Γ = 1 as

it rises (Hunt and Kaye, 2005). The plume is therefore quickly insensitive to the value

of Γ0, and we choose Γ0 = 1 throughout this paper. Relaxing this assumption does

not significantly affect our results, particularly when not close to the grounding line.

Solving the two constraints provided by Q0 and Γ0, initial plume radius and velocity

are given by

b0 =
(

32αΓ0Q
2
0

5π2g′0

)1/5

u0 = 2
π

(
5π2g′0
32αΓ0

)2/5

Q
1/5
0 (5.5)

where, as discussed above, we set Γ0 = 1 unless stated otherwise.

To solve the model we now require only ambient conditions Ta(z) and Sa(z) and

subglacial discharge Q0. For two classes of ambient stratification (uniform and

linear) we proceed with the analytical model to obtain fundamental scalings for plume

properties and submarine melt under variation in the inputs. Values of the physical

parameter values used are provided in Table S2.1.

5.3 Uniform stratification

5.3.1 Solution of defining equations

The simplest ambient conditions we can consider are those of a uniformly stratified

fjord, where temperature and salinity do not vary with depth. This situation is
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relevant typically to proglacial fjords in Alaska (Bartholomaus et al., 2013) and also at

depth in Greenland (Chauché et al., 2014). In addition plume dynamics in a uniform

stratification provide a good approximation to the initial rise of a plume in a linear

stratification (Morton, 1959), and many of the results regarding submarine melting

carry over to the linearly stratified case.

The solution to the analytical model in a uniform stratification (Ta, Sa), for a source

of discharge Q0, satisfying T (0) = T0 and S(0) = 0 and with initial radius and velocity

as defined in Eqs. 5.5 is (e.g. Morton et al., 1956; Turner , 1979; Straneo and Cenedese,

2015)

b = 6
5α [z + z0] u = 5

6α

(9αQ0g
′
0

5π

)1/3
[z + z0]−1/3 (5.6a)

T = T0 + (Ta − T0)
(

1−
[

z0
z + z0

]5/3
)

S = Sa

(
1−

[
z0

z + z0

]5/3
)

(5.6b)

where

z0 = 5
6α

(
32αQ2

0
5π2g′0

)1/5

and g′0 = g (βSSa − βT (Ta − T0)) (5.6c)

Some example solutions are plotted in Fig. 5.2. Note that this solution holds regardless

of the sign of Ta − T0, though we focus here on the Ta > T0 case, which is not a

significant restriction for vertical calving fronts. The solution in Eqs. 5.6, including the

split of buoyancy into temperature and salinity, is now entirely specified by the four

parameters Q0, Ta, Sa and h. Note that after setting Γ0 = 1, z0 is the one remaining

independent characteristic length scale of the problem (e.g. Kaye, 2008), and ranges

between 0 and 100 m for Q0 between 0 and 1000 m3 s−1. An established result (Morton,

1959) is that a finite source pure plume (of which ours is an example since Q0 6= 0 and

Γ0 = 1) is equivalent to a plume emanating from a point source of buoyancy only

situated a distance z0 below the finite source. Furthermore, z0 may be interpreted as

the length scale over which the initial conditions influence plume dynamics (Morton,

1959; Wright and Wallace, 1979). Therefore for z � z0 (i.e. close to the grounding

line) plume properties are dominated by the initial conditions while for z � z0 (i.e. far

from the grounding line, or the point source limit) the plume has ‘forgotten’ its initial
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Figure 5.2: (a)-(e): effect of change in Sa, (f)-(j) Ta and (k)-(o) Q0 on the half-conical

plume in a uniform stratification. Unless being varied, the forcing parameters take values

Q0 = 50 m3 s−1, Ta = 3◦C, Sa = 33 psu. Results shown are for the analytical model.

properties. In particular z0 provides the characteristic length scale which determines

how quickly plume temperature and salinity approach ambient values.

5.3.2 Local submarine melt rates

Local submarine melt rates are calculated by substituting Eqs. 5.6a-5.6c into Eqs. 5.2a-

5.2c and are plotted in Figs. 5.2e, j and o. Immediately above the grounding line, melt

increases quickly with height as the plume warms through entrainment of ambient

water. Far from the grounding line, when plume temperature is close to the ambient,



CHAPTER 5. SCALINGS FOR SUBMARINE MELTING 96

variation in melt with height is dominated by velocity and decays as the inverse cube

root of distance above the virtual source. The maximum melt rate is located at depth

between these two regions. We now discuss the effect of Q0, Ta and Sa on melt

rates. Qualitatively, melt appears insensitive to Sa (Fig. 5.2e), linearly sensitive to

Ta (Fig. 5.2j) and sublinearly sensitive to Q0 (Fig. 5.2o).

Consider first the dependence of melt on Sa. Plume velocity is weakly affected and

plume salinity responds approximately linearly to Sa (Eqs. 5.6 and Fig. 5.2). The

submarine melt parameterisation does respond to change in plume salinity through Sb
and Tb, however percentage changes in Sa in glacial settings are typically small (e.g.

Straneo and Cenedese, 2015) and therefore do not result in significant variability in melt

rates (Figs. 5.2e and 5.4d). Turning to the response of submarine melt rate to change in

Ta, Eqs. 5.6 and Fig. 5.2 show that the only plume variable which responds significantly

to Ta is plume temperature, and that it does so in an approximately linear fashion. The

submarine melt parameterisation is also close to linear in plume temperature (Holland

and Jenkins, 1999), and it therefore follows that melt rates respond linearly to Ta.

Sensitivity to subglacial discharge Q0 is more complex. Previous studies (e.g. Jenkins,

2011) have motivated a power law relationship between local submarine melt rate

and subglacial discharge, ṁ ∝ Qγ0 . Supposing γ were constant, we’d have γ =

(Q0/ṁ) dṁ/dQ0, therefore it is useful to consider

Q0
ṁ

dṁ

dQ0
= Q0

u

du

dQ0
+ Q0
T − Tb

d

dQ0
(T − Tb) (5.7a)

= 1
3

(
1− 2

5
z0

z + z0

)
+ Q0
T − Tb

(
dT

dQ0

[
1− dTb

dT

]
− dS

dQ0

dTb
dS
− du

dQ0

dTb
du

)
(5.7b)

where we have used the fact that ci(Tb − Ti) � L in Eq. 5.2a. Note that in general

Eq. 5.7b retains dependence on z and Q0 and there is therefore no single value for

γ which applies universally. Differentiation of Eq. 5.6b gives the response of plume

temperature to change in subglacial discharge

dT

dQ0
= −2(Ta − T0)

3Q0

(
z0

z + z0

)5/3 z

z + z0
(5.8)
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which, provided Ta > T0, is always negative. This means that at a fixed depth, plume

temperature decreases as initial flux increases. This arises because it takes longer to

dilute the initial temperature through entrainment when there is a larger initial volume

flux. A similar conclusion holds for dS/dQ0.

We can use the melt rate parameterisation Eqs. 5.2a-5.2c to show that dTb/du = 0,

0 < dTb/dT < 1 and dTb/dS < 0 (section S2.2.1). Therefore, if Ta > T0, the second

term on the right hand side of Eq. 5.7a is negative (i.e. the effect of increasing subglacial

discharge on plume thermal forcing causes a decrease in local melt rate). Conversely

the first term in Eq. 5.7a is positive, which says that the effect of increasing subglacial

discharge on plume velocity causes an increase in local melt rate.

In the point source limit (z � z0) of Eq. 5.7a, the second term tends to zero and the first

term tends to 1/3. This is the region in which the effect of initial volume flux on plume

temperature has been ‘forgotten’ and therefore ṁ ∝ Q
1/3
0 with the exponent of 1/3

arising from the plume velocity. Away from the point source limit we must consider

both plume velocity and temperature and Eq. 5.7a is best investigated numerically

using the full model.

Taking Ta = 3◦C and Sa = 33 psu, we plot the value of Eq. 5.7a as a function of z and

Q0 in Figs. 5.3a and 5.3c where h = 300 m and h = 1000 m respectively. We see that

0.30 < γ < 0.35 for z & 8z0 and that γ is close to zero or negative for z . z0, meaning

that local melt rates decrease with increasing subglacial discharge. This occurs because,

provided Ta > T0, an increase in subglacial discharge decreases plume temperature and

salinity, reducing thermal forcing T − Tb. This effect dominates over the change in

plume velocity for z . z0 (Figs. 5.3a and 5.3c). Note however that this statement is

somewhat sensitive to plume initial conditions chosen at the grounding line; for Γ0 > 1

local melt rates near the grounding line decrease more significantly with increasing

subglacial discharge while for Γ0 < 1 the effect is less significant. In general however

it is a good approximation that local melt rates scale with Q
1/3
0 provided z & 8z0;

otherwise the exponent is smaller than 1/3 and may even be negative.
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Figure 5.3: (a) and (c): plots of local melt rate-discharge exponent (i.e. γ in the

relationship ṁ ∝ Qγ0) as a function of subglacial discharge Q0 and height above grounding

line z. (b) and (d): exponent of the integrand in Eq. 5.9 (i.e. γ in the relationship

bṁ ∝ Qγ0). Calving front height h = 300 m in (a) and (b) and h = 1000 m in (c) and

(d). Note that (a) and (b) are not quite ‘zoomed’ versions of (c) and (d) due to the weak

dependence of melt rate on pressure. (e) shows total melt rate-discharge exponent (i.e.

γ in the relationship Ṁ ∝ Qγ0) as a function of Q0 and h. Black lines show multiples of

z0. We take Ta = 3◦C and Sa = 33 psu throughout. Results are generated using the full

model.

5.3.3 Total submarine melt rates

It is important to distinguish between local and total submarine melt rates. The latter

is here defined by

Ṁ =
h∫

0

2bṁ dz (5.9)

and is the quantity measured by the heat flux gate estimates described in the

introduction. We have discussed the character of ṁ in the previous section, now we

need also to consider plume radius b. Plume radius is insensitive to change in fjord
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temperature and salinity. Noting that

Q0
b

db

dQ0
= 2

5

(
1− z

z + z0

)
(5.10)

we see that b ∝ Q
2/5
0 near the grounding line while b becomes independent of Q0 in

the point source limit. The discharge exponent of the integrand in Eq. 5.9 is obtained

by summing Eq. 5.7a and Eq. 5.10 and is plotted in Figs. 5.3b and d. For z . z0,

b dominates the exponent of the integrand while in the point source limit it does not

contribute. Therefore the presence of plume radius b in Eq. 5.9 rather effectively cancels

out the parameter space in which the local melt rate exponent is small and so except

for very small z, the exponent of the integrand in Eq. 5.9 lies in the range 0.3 to 0.4

(Figs. 5.3b and d).

We seek lastly a value for the exponent in the relationship Ṁ ∝ Qγ0 , plotted in Fig. 5.3e.

This exponent is thus an integrated version of the exponents shown in Figs. 5.3b and

d. For almost the full parameter space we have 0.3 < γ < 0.35 (Fig. 5.3e). γ < 0.3

is only achieved when h < z0. This occurs because the area of negative exponent

seen in Fig. 5.3a becomes more dominant for smaller h. Since to our knowledge the

vast majority of tidewater glaciers will satisfy h > z0 it follows that the relationship

Ṁ ∝ Q1/3
0 will be a good approximation for total melt induced by half-conical plumes

at tidewater glaciers.

We know from Eqs. 5.6a and preceding discussion that in the point source limit (z � z0)

and at the fjord surface, b ∝ h and ṁ ∝ h−1/3, and thus Ṁ ∝ h5/3. In sum we can

motivate a relationship between total submarine melt, forcings and calving front height

which reads

Ṁ = A1 [1 +A2(Ta − T0)]Q1/3
0 h5/3 (5.11)

valid for h > z0. A1 and A2 are two constants whose value can be obtained numerically

by minimising disagreement between Eq. 5.11 and the full model. For the ranges of

Q0, h, Ta and Sa indicated in Fig. 5.4, this yields A1 = 4.05 × 10−6 m1/3s−2/3 and

A2 = 0.75 ◦C−1. Agreement of Eq. 5.11 with the full model is then excellent (Fig. 5.4)

within the parameter range considered (maximum relative error 25%), suggesting that
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Figure 5.4: Comparison of total melt from the full model (x axes) with total melt from

Eq. 5.11 (y axes). Each data point represents a particular choice of parameters from the

ranges indicated (thus there are 625 data points on each plot). In (a) we distinguish data

points by subglacial discharge Q0, (b) calving front height h, (c) fjord temperature Ta and

(d) fjord salinity Sa.

Eq. 5.11 is useful for estimating total melt without recourse to numerical integration

of the full equations. Note that within the parameter range considered, h has the

strongest influence on total melt (Eq. 5.11 and Fig. 5.4b), followed by Ta, Q0 then Sa

(Figs. 5.4c, a and d respectively). Note also that Eq. 5.11 remains a good estimate

even if we relax the assumption Γ0 = 1; the maximum relative error is less than 33%

for 1/4 < Γ0 < 30.

We next consider a linearly stratified fjord, where plumes may not reach the fjord

surface and the relationship between submarine melt and subglacial discharge is

modified.
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5.4 Linear stratification

5.4.1 Defining equations

We now consider linear stratification in temperature or salinity (or both). Continuing

to neglect the melt feedback, Eqs. 5.1c and 5.1d may be rewritten (Morton et al., 1956)

d

dz

(
π

2 b
2ug′T

)
= −π2 b

2uN2
T (5.12a)

d

dz

(
π

2 b
2ug′S

)
= −π2 b

2uN2
S (5.12b)

where g′T = −gβT (Ta − T ) and g′S = gβS(Sa − S) are the reduced gravity of the plume

due to temperature and salinity. N2
T = gβT dTa/dz and N2

S = −gβS dSa/dz are the

constant squared buoyancy frequencies due to linear stratification in temperature and

salinity. Since fjords in Greenland are warmer and saltier at depth we have dTa/dz < 0

and dSa/dz < 0 and thus N2
T < 0 and N2

S > 0. Using the linear equation of state

Eq. 5.4 we can combine Eqs. 5.12a and 5.12b into one equation for the evolution of

plume buoyancy
d

dz

(
π

2 b
2ug′

)
= −π2 b

2uN2 (5.13)

where g′ = g′T + g′S and N2 = N2
T + N2

S . As previously noted it is salinity which

dominates density variation in proglacial fjords and therefore N2 is dominated by N2
S .

Eqs. 5.1a, 5.1b and 5.13 are equivalent to the equations considered in Morton et al.

(1956). We now consider the effect of stratification on plume dynamics and submarine

melt rates in three cases.

5.4.2 Stratification in temperature but not salinity

As a limiting case we consider stratification in temperature but not salinity. Since

ambient temperature has a very weak effect on plume dynamics and provided the

stratification is not too strong (|N2
T |3/8 < (2π)−1/4α−1/2(Q0g

′
0)1/4h−1, see below), we

can approximately use the uniform stratification solution from section 5.3 for b and u
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Figure 5.5: Plume velocity and temperature in the linear stratification cases described

in the text. (a) and (b) have dTa/dz = −0.005◦C m−1 and dSa/dz = 0 psu m−1. (c)

and (d) have dTa/dz = 0◦C m−1 and dSa/dz = −0.005 psu m−1. (e) and (f) have

dTa/dz = −0.005◦C m−1 and dSa/dz = −0.005 psu m−1. Note that in (c)-(f) we plot

non-dimensionalised z on the y-axis. Grey lines show the ambient temperature; in (f) the

plotting of non-dimensional z on the y-axis leads to two ambient temperature lines: the

lighter grey applies for Q0 = 10 m3 s−1, the darker grey for Q0 = 100 m3 s−1. Ambient

values at the grounding line are Ta,0 = 3◦C and Sa,0 = 33 psu.

to integrate Eq. 5.12a, obtaining

Ta − T = Q0
Q

(Ta,0 − T0) + 3
8
dTa
dz

(
z + z0

[
1−

(
z0

z + z0

)5/3
])

(5.14)

where Ta,0 is the ambient temperature at the grounding line. The first term on the

right hand side represents the uniform stratification solution, the second term is the

modification due to stratification. Note that with stratification in temperature, we

no longer have Ta − T → 0 in the point source limit (Fig. 5.5b) as in the uniform

stratification case (Fig. 5.2).

Since local melt rates scale linearly with plume temperature, it follows from Eq. 5.14

that local and therefore total melt rates decrease linearly as |dTa/dz| increases (with
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ambient temperature at the grounding line held fixed). The second term on the right

hand side of Eq. 5.14 is an increasing but weak function of Q0. Indeed in the point

source limit we obtain Ta− T ≈ (3/8) z dTa/dz which is independent of Q0. Therefore

the presence of stratification in temperature slightly increases the sensitivity of plume

temperature to subglacial discharge, but temperature is independent of Q0 in the point

source limit. The exponent γ in the relationship Ṁ ∝ Qγ0 (Fig. 5.6a) therefore shows

only minor differences to the uniform stratification case (Fig. 5.3e).

5.4.3 Stratification in salinity but not temperature

In this case we may no longer ignore the effect of stratification on plume dynamics,

and the plume may become neutrally buoyant before the fjord surface (Fig. 5.5c, see

also section S2.3.1). Consider a point source with buoyancy flux B0 = Q0g
′
0 in linear

stratification N2 = N2
S . Scaling of plume properties with these parameters can be

obtained by non-dimensionalising Eqs. 5.1a, 5.1b and 5.13 following e.g. Morton et al.

(1956); Turner (1979). We obtain

b ∝ B1/4
0 (N2)−3/8 u ∝ B1/4

0 (N2)1/8 g′ ∝ B1/4
0 (N2)5/8 z ∝ B1/4

0 (N2)−3/8

(5.15)

The characteristic length scale B1/4
0 (N2)−3/8 may be interpreted as the height through

which the plume rises before stratification becomes important and may be motivated

as the height over which a depth integral of the right hand side of Eq. 5.13 becomes

comparable to B0. This scaling therefore represents a balance between dynamics

dominated by the initial flux of buoyancy and dynamics dominated by the ambient

stratification.

These scalings assume a point source for the plume located at z = 0, however plumes

at tidewater glaciers are initiated by finite sources. As motivated above, there is a

region z < z1 = (2π)−1/4 α−1/2B
1/4
0 (N2)−3/8 (Morton (1959) and Fig. S2.1) in which

a plume in a linear stratification behaves as if in a uniform stratification. Provided

our finite source lies within this region (i.e. z0 < z1, which will be the case for glacial

applications) we may trace back to a virtual point source as in the uniform stratification
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Figure 5.6: (a)-(d): total melt rate-discharge exponent (i.e. γ in the relationship

Ṁ ∝ Qγ0) for linear stratifications. (a) has dTa/dz = −0.005◦C m−1 and is unstratified

in salinity, (b) has dSa/dz = −0.005 psu m−1 and is unstratified in temperature, (c)

has dTa/dz = −0.005◦C m−1 and dSa/dz = −0.01 psu m−1 and (d) has dTa/dz =

−0.01◦C m−1 and dSa/dz = −0.005 psu m−1. (e) shows a specific example of the total

melt rate-discharge relationship for h = 600 m, and corresponds to the horizontal dashed

line in (b). Solid black lines depict the three length scales which control melt rate exponent

as discussed in the text. Ambient values at the grounding line are Ta,0 = 3◦C and Sa,0 = 33

psu. Results are generated using the full model.

case and in particular identify the point source buoyancy flux B0 with the finite source

flux Q0g
′
0 (Morton, 1959; Hunt and Kaye, 2001).

Beyond the region in which the uniform stratification solution is a good approximation,

plume density approaches ambient values and the linear stratification solution departs

from the uniform equivalent. The plume then undergoes buoyancy reversal at a height

zbr and thereafter reaches a maximum height zmh above the grounding line given by
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(e.g. Turner (1979); Hunt and Kaye (2001), see also section S2.3.1)

zbr = 1.95 (N2)−3/8
(
Q0g

′
0

2πα2

)1/4
− 5

6α

(
32αQ2

0
5π2g′0

)1/5

(5.16a)

zmh = 2.57 (N2)−3/8
(
Q0g

′
0

2πα2

)1/4
− 5

6α

(
32αQ2

0
5π2g′0

)1/5

(5.16b)

Scaling of zbr and zmh with Q0 and N2 is complicated by the finite source correction

term appearing second in Eqs. 5.16. However the first term dominates for parameter

values relevant to tidewater glaciers and characteristic plume heights scale approxi-

mately with Q
1/4
0 (N2)−3/8.

Evolution of plume temperature contrast is given by Eq. 5.14 with dTa/dz = 0. The

response of plume temperature to change in subglacial discharge (Fig. 5.5d) is therefore

similar to the uniform stratification case. It follows that in the point source limit z � z0

(if the plume reaches this far) the response of melt rates to varying subglacial discharge

is dominated by the effect on plume velocity.

Total submarine melt rate is given by

Ṁ =
zmh+z0∫
z0

2bṁ dz or Ṁ =
h+z0∫
z0

2bṁ dz (5.17)

where the first expression applies when the plume does not reach the surface (zmh < h)

and the second when it does (zmh > h).

Assuming then that under change in Q0, local melt rates are controlled by plume

velocity, it follows from Eqs. 5.15 that local melt rates would scale with Q
1/4
0 (N2)1/8.

The area of contact between the plume and ice scales with bzmh ∝ Q
1/2
0 (N2)−3/4 when

the plume does not reach the surface and bh ∝ Q
1/4
0 (N2)−3/8 when it does, where we

have neglected the point source correction.

The exponent in the relationship Ṁ ∝ Qγ0 (Fig. 5.6b) therefore varies depending on

where calving front height h falls in relation to the three length scales z0 < z1 < zmh.

When h < z1, plume dynamics are well approximated by the uniform stratification
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solution and we may apply our results from section 5.3. For z1 < h < zmh we lie in

a transition regime where total melt rates combine the Q1/2
0 (N2)−1/4 velocity-induced

scaling for total melt with the effect of Q0 on plume temperature (the latter cannot

be ignored because we do not satisfy h� z0). Therefore the total melt rate-discharge

exponent is reduced and ∼2/5 provides an approximate value (Fig. 5.6e). Finally, when

h > zmh we’ll also have z � z0 for much of the calving front, therefore local melt rates

are controlled by plume velocity and total melt rates scale as Q3/4
0 (N2)−5/8 (Fig. 5.6b

and e). Consideration of the point source correction results in only minor modifications

to the exponents, discussed in section S2.3.2.

5.4.4 Stratification in both temperature and salinity

While the preceding discussions provide interesting results which allow us to understand

this last case, it is more usual to find stratification in salinity in concert with

stratification in temperature. Plume width, velocity and reduced gravity scale as in

the previous section, with both N2
S and N2

T contributing to N2 in this case. Plume

temperature however is different. By combining Eqs. 5.12a and 5.12b, evaluating the

resulting expression at zmh and noting the dominance of salinity in the equation of

state we obtain (section S2.3.3)

Ta − T ≈ −(1 + |λ|)dTa/dz
dSa/dz

Q0
Q

(Sa,0 − S0) ∝ Q1/4
0 (N2

T )(N2
S)−3/8 (5.18)

where λ is some constant and Sa,0 is the ambient salinity at the grounding line.

We now compare this to previous sections. With stratification in salinity but not

temperature, Ta − T tends to 0 far from the grounding line (section 5.4.3, Fig. 5.5d).

With stratification in temperature but not salinity, Ta − T became independent of

Q0 far from the grounding line (section 5.4.2, Fig. 5.5b). The critical difference with

stratification in both temperature and salinity is that at the furthest point from the

grounding line, Ta − T does not tend to 0 and retains sensitivity to Q0 (Eq. 5.18,

Fig. 5.5f). Therefore when considering the effect of change in Q0 on submarine melt,

we must consider the effect on plume temperature. Eq. 5.18 and Fig. 5.5f show that as

Q0 is increased, and at the point where the plume reaches its maximum height, plume
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temperature may be significantly decreased. This effect is less pronounced for small

Q0, small N2
T or large N2

S (Eq. 5.18).

The total melt rate-discharge exponent may therefore be substantially reduced relative

to the case considered in section 5.4.3. For dTa/dz = −0.005◦C m−1 and dSa/dz =

−0.01 psu m−1 (Fig. 5.6c) the exponent is only slightly reduced. However if we

increase stratification in temperature and decrease stratification in salinity (Fig. 5.6d)

the exponent may be reduced to ∼1/2 and is only unaffected at low Q0. Given the

complexity of the relationship between total melt rate and subglacial discharge in the

presence of stratification, it is not generally possible to obtain an equivalent of Eq. 5.11

when stratification is present.

5.5 Line plumes

For completeness we now briefly consider the alternative geometry of line plumes. In

the line plume case discharge is distributed uniformly across the glacier grounding line

and is therefore appropriate for distributed subglacial drainage or low and very wide

channels. The results are qualitatively similar to the half-conical geometry and we

therefore only highlight areas with interesting differences. The subglacial discharge

Q0 is regarded as a discharge per unit width of glacier. The plume is wedge shaped

with the vertical side against the glacier and the inclined face in contact with the fjord

(Fig. S2.2). Plume width b(z) is taken as the thickness of the wedge at height z. Note

that this is now the same model as considered in Jenkins (2011).

For a uniform stratification, an equivalent solution to Eqs. 5.6a-5.6c is easily found

(Linden et al., 1990; Jenkins, 2011; Straneo and Cenedese, 2015), see also section S2.4.1.

The point source correction distance is given by z0 = (Q2
0/α

2g′0)1/3. As in the half-

conical case, the relative magnitude of z and z0 determines the control on melt rate

under change in subglacial discharge. In the point source limit z � z0, change in melt

due to change in subglacial discharge arises through the effect on velocity (note that

this was the region considered by Jenkins (2011)). For z ∼ z0 plume temperature must

also be considered. Plots of the local melt rate exponent (Figs. 5.7a and b) show a
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Figure 5.7: (a) and (b): plots of local melt rate-discharge exponent (i.e. γ in the

relationship ṁ ∝ Qγ0) for the line plume geometry. Calving front height h = 300 m in

(a) and h = 1000 m in (b). (c) shows total melt rate-discharge exponent (i.e. γ in

the relationship Ṁ ∝ Qγ0) for the line plume geometry. Black lines show multiples of

z0 = (Q2
0/α

2g′0)1/3. Note that we do not consider the discharge exponent of bṁ in the line

plume case as the total melt integrand - Eq. 5.19 - does not contain b. Ambient values at

the grounding line are Ta,0 = 3◦C and Sa,0 = 33 psu. Results are generated using the full

model.

similar form to the half-conical case, with an exponent of 1/3 (as found in Jenkins

(2011)) a good approximation for z & 15z0. Note that for the half-conical case an

exponent of 1/3 was good for z & 8z0; the difference in length scales arises because the

half-conical plume approaches ambient temperature more quickly than the line plume.

In contrast to the half-conical case, total melt rate per unit width of glacier is defined

by

Ṁ =
h∫

0

ṁ dz (5.19)

The appearance of plume radius b in the half-conical equivalent definition - Eq. 5.9 -
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helped to ensure that the total melt rate exponent was close to 1/3 for h > z0. In

the line plume case the differing integrand means that an exponent of 1/3 is only a

good approximation for h & 70z0 (Fig. 5.7c). Whether or not this provides a significant

complication at real glaciers therefore depends on the calving front height and subglacial

discharge. For example, at a calving front with h = 500 m, a total melt rate exponent

of 1/3 is good for Q0 . 1 m2 s−1; for higher values of Q0 the exponent will be reduced.

Finally, considering that melt approaches a constant value with depth, total melt rate

is proportional to calving front height h. It follows that the line plume equivalent of

Eq. 5.11 is

Ṁ = A1 [1 +A2(Ta − T0)]Q1/3
0 h (5.20)

valid for h & 70z0. Numerically we obtain A1 = 1.56 × 10−5 s−2/3 and A2 = 0.84
◦C−1. Comparison of this equation and the full model is shown in Fig. S2.3 (maximum

relative error is 13%).

In a linear stratification line plume variables scale as b ∝ Q
1/3
0 (N2)−1/2, u ∝ Q

1/3
0

and g′ ∝ Q
1/3
0 (N2)1/2 while line plume characteristic heights zbr and zmh scale

as Q
1/3
0 (N2)−1/2 (Wright and Wallace (1979); Bush and Woods (1999), see also

section S2.4.2).

The character of submarine melting in a linear stratification is analogous to the half-

conical case. With stratification in temperature but not salinity, uniform stratification

results may be applied (Fig. 5.8a). With stratification in salinity but not temperature,

and provided local melt rate follows plume velocity, we have total melt rates scaling

with Q
2/3
0 (N2)−1/2 when the plume does not reach the surface and Q

1/3
0 when it does

(Fig. 5.8b). These exponents may however be reduced due to the effect of change

in Q0 on plume temperature. With stratification in both temperature and salinity

we expect a further reduction in exponents as decreasing plume temperature with

increasing subglacial discharge reduces submarine melt rates (Fig. 5.8c and d).
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Figure 5.8: Line plume equivalent of Fig. 5.6. (a)-(d): total melt rate-discharge

exponent (i.e. γ in the relationship Ṁ ∝ Qγ0) for linear stratifications. (a) has

dTa/dz = −0.005◦C m−1 and is unstratified in salinity, (b) has dSa/dz = −0.005 psu m−1

and is unstratified in temperature, (c) has dTa/dz = −0.005◦C m−1 and dSa/dz = −0.01

psu m−1 and (d) has dTa/dz = −0.01◦C m−1 and dSa/dz = −0.005 psu m−1. (e) shows an

specific example of the total melt rate-discharge relationship for h = 400 m, and corresponds

to the horizontal dashed line in (b).

5.6 Discussion

In the following we discuss first the relevance of characteristic plume heights to

tidewater glaciers. We then consider the relationship between submarine melt rate and

subglacial discharge and use our results to estimate variation in melt rates in recent

decades and under projected atmospheric and oceanic warming. We finally discuss the

implications for glacier dynamics.

In a linearly stratified fjord, the height of plume buoyancy reversal zbr and maximum

plume rise zmh scale approximately with subglacial discharge raised to the power 1/4

for a point source plume and 1/3 for a line source plume. We can use these scalings to
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comment on the visibility of a plume on the fjord surface. Consider a fjord of depth

h. If the stratification and subglacial discharge are such that zbr > h, the plume will

be less dense than the ambient fjord water when it reaches the surface and will thus

flow downfjord at the fjord surface, as is often observed in Greenland (e.g. Tedstone

and Arnold, 2012). If instead zmh > h > zbr, the plume will reach the fjord surface

adjacent to the glacier but will sink before flowing downfjord, likely undergoing some

mixing as it sinks. The final possibility is h > zmh, in which case the plume does not

reach the fjord surface and there may be no visible evidence of discharge emerging at

the glacier grounding line.

The scalings can also be used to suggest the magnitude of subglacial discharge required

for each of these transitions. To illustrate this, we consider an example from Store

Glacier, West Greenland. Application of Eq. 5.16a with h = 500 m, N2 ∼ 2 × 10−5

s−2 and g′0 ∼ 0.25 m s−2 (from Fig. 2 in Chauché et al. (2014)) suggests that Q0 ∼ 140

m3 s−1 is required before a plume from a single channel would flow away at the fjord

surface, while Eq. 5.16b suggests that Q0 ∼ 40 m3 s−1 is needed before the plume will

first be visible at the fjord surface.

Considering now submarine melt, we find that no single scaling for melt with subglacial

discharge and stratification can be applied universally. Rather the appropriate scaling

depends on a combination of the subglacial discharge, stratification and calving front

height. We give here a qualitative summary of our results. In a uniform stratification,

local submarine melt rates close to the grounding line may decrease with increasing

subglacial discharge when the resulting decrease in plume thermal forcing outweighs

the increase in velocity. However it remains the case that total submarine melt rate

scales with subglacial discharge raised to the power 1/3 regardless of plume geometry

provided discharge does not exceed critical values as discussed in the results. Once

linear stratification in salinity is introduced the exponent may be as large as 3/4

(2/3) when a half-conical (line) plume does not reach the fjord surface. As subglacial

discharge is increased and temperature stratification is introduced, this exponent is

reduced.
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Turning to previous work on the melt-discharge exponent, Xu et al. (2012) and Sciascia

et al. (2013) considered line plumes and found total melt rate exponents consistent with

1/3. Sciascia et al. (2013) had a two-layer stratification, but melt rates were dominated

by the thicker lower layer which was unstratified. Xu et al. (2012) did not use a uniform

stratification, but because they generated few data points when the plume did not reach

the surface, they may not have been able to identify the 2/3 exponent predicted here.

Our half-conical plume results can be compared to three dimensional numerical studies.

In a uniform stratification, Kimura et al. (2014) found that a total melt rate exponent

of 1/3 fitted their results until high initial plume velocities forced the plume away from

the ice. With an observed stratification from in front of Store Glacier, Xu et al. (2013)

suggested an exponent of 0.85 (0.5) at low (high) discharge. We believe the transition

between these two values is similar to that which we observe in our results; total melt

becomes less sensitive to subglacial discharge once the plume-ice contact area can no

longer significantly increase. The slight differences in the exponent between Xu et al.

(2013) and this paper might be explained by parameterisation of turbulence in the

numerical model (Chapter 4; Slater et al., 2015) or the geometry of the plume source

(Kimura et al., 2014). We therefore believe that our results regarding the melt-discharge

exponent are consistent with previous work, and indeed can offer some explanation for

the range of values reported.

Our study is most comparable to that of Jenkins (2011), which considered a line plume

in the uniform stratification limit, finding a local melt rate-discharge exponent of 1/3.

As noted in section 5.2.3, Jenkins (2011) focussed on the region where buoyancy

input from submarine melting is comparable to the initial buoyancy flux and was

therefore able to neglect the region where plume temperature is not close to the ambient

value. Our focus in this paper on the region in which the submarine melt feedback

is negligible means we need to make explicit consideration of the evolution of plume

temperature. For sufficiently small discharges our results are in agreement with Jenkins

(2011). However for Greenland-relevant parameters we suggest that the local melt rate-

discharge exponent can be significantly reduced from 1/3 and may even be negative

(Fig. 5.7a).
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With the above understanding, we consider under what circumstances a certain

exponent should apply. The larger exponents (2/3 for a distributed (line) input, 3/4

for a localised (point) input) apply for total melt rate when plumes do not reach the

surface, although these exponents can be reduced by temperature stratification. It

is probably necessary to solve the full equations to find an exact exponent. These

exponents are likely relevant to glaciers terminating in deep fjords (e.g. Rink Isbrae) or

glaciers with a distributed drainage system such that the discharge is split over many

channels and is therefore less likely to reach the surface. An exponent of 1/3 applies

for glaciers in weakly stratified or shallow fjords when plumes reach the surface (e.g.

Svalbard or Alaska) or at large glaciers with high subglacial discharge. In these cases

we derived simple expressions - Eqs. 5.11 and 5.20 - for estimating total submarine melt

volume.

We can also use our scalings to assess the likely variation in submarine melting in

recent decades and in the future. Assuming, for example, a warming of fjord water

from 2◦C to 3◦C (Holland et al., 2008a), Eq. 5.11 suggests an increase in submarine

melt of ∼29%. Supposing runoff increased over the same period by ∼25% (Hanna et al.,

2011), a melt-discharge exponent of 1/3 (3/4) gives an increase in submarine melting of

8% (18%). In combination, one can suggest that in recent decades submarine melt rates

may have increased by up to ∼50% in response to atmospheric and ocean warming.

By the end of the century, under a doubling of subglacial discharge (Fettweis et al.,

2013) and additional ocean warming of 2◦C (Yin et al., 2011), we can estimate an 80%

(140%) increase in submarine melting. Such estimates are of course simplistic in that

they take no account of possible changes in fjord circulation or subglacial hydrology

and rely on uncertain predictions of atmospheric and ocean warming.

When spatially averaged over a glacier terminus, predicted submarine melt rates (e.g.

∼3 m d−1, (Chapter 4; Slater et al., 2015)) are generally much smaller than large

Greenland tidewater glacier velocities (e.g. ∼20 m d−1 at Helheim Glacier, Bevan et al.

(2015)). It should be noted that this study has focussed on regions of the calving front

affected by significant subglacial discharge; regions unaffected by subglacial discharge

are still expected to melt (e.g. Sciascia et al., 2013) and may contribute to the spatially
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averaged melt rate. The above estimates nevertheless suggest that submarine melting

would be unable to solely account for the recently observed retreat of such glaciers.

If ocean forcing has been the primary driver of tidewater glacier behaviour in recent

decades, we therefore need to invoke a sensitive coupling between submarine melting

and glacier dynamics. There is not yet a consensus in the literature on whether this

coupling exists.

In a recent model of Store Glacier, Todd and Christoffersen (2014) found that terminus

position was insensitive to an increase in submarine melt rate of up to 100%, an

observation which they attributed to the particular bed and lateral topography at

Store. At Helheim Glacier, Cook et al. (2014) found an order of magnitude increase

in submarine melt was required to make the modelled glacier retreat. These studies

therefore suggest that our estimated changes in submarine melting in recent decades

would be unable to drive significant glacier retreat. In contrast, other studies

(Weertman, 1974; Nick et al., 2009; Enderlin et al., 2013) propose that glaciers with

beds which deepen inland can respond dramatically to terminus perturbation through

the marine ice sheet instability and O’Leary and Christoffersen (2013) advocate a

sensitive coupling between submarine melting and calving rate which may not be fully

captured in models to date. Therefore even with estimates of variation in melt rates in

recent decades, the role of submarine melting in the dynamics of Greenland’s tidewater

glaciers remains ambiguous.

We note one final point regarding our results. The submarine melt rate parameterisa-

tion Eqs. 5.2a-5.2c should be used with caution as it has thus far only been validated

beneath an Antarctic ice shelf (Jenkins et al., 2010) and there is therefore signifi-

cant uncertainty in the value of the heat and salt transfer coefficients ΓT and ΓS .

However, provided the form of the melt rate parameterisation does not change (i.e.

ṁ ∝ u(T − Tb)), our scalings are unaffected by this uncertainty.
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5.7 Conclusions

In this paper we have used buoyant plume theory to investigate the dynamics of

proglacial plumes arising from the input of subglacial discharge at the grounding line

of tidewater glaciers, focussing on the induced submarine melting of the calving front.

In particular we have aimed to derive scalings for variation in submarine melt rates in

terms of subglacial discharge, fjord properties and calving front height.

We find that no simple relationship exists between submarine melt rate, subglacial

discharge and fjord stratification. We suggest that the relationship between subglacial

discharge and submarine melt rate prevalent in the literature (i.e. submarine melt

rate scales with subglacial discharge raised to the power 1/3) is appropriate for local

or total melt rates in a uniformly stratified fjord regardless of plume source geometry

provided discharge does not exceed a critical value. In these cases it is possible to

formulate simple equations for total melt induced - Eqs. 5.11 and 5.20. However, once

linear stratification is introduced, the total melt rate-discharge exponent may be as

large as 3/4 (2/3) for a point (line) source plume, though the exponent is complicated

by stratification in temperature which may reduce the exponent somewhat. These

higher exponents are likely representative for large glaciers terminating in deep water

in Greenland where plumes are rarely seen, and where submarine melt rates could

therefore be more sensitive to the magnitude of subglacial discharge than previously

thought. Our findings are also able to explain the range of values of the exponent found

in the literature.

We used our melt rate scalings to estimate that submarine melt rates may have

increased by ∼50% in recent decades, driven by a combination of atmospheric and

ocean warming. Whether this is sufficient to explain the observed dynamic changes at

tidewater glaciers in Greenland over the same time period remains uncertain; if it is, this

would indicate a sensitive coupling between submarine melting and calving dynamics.

Since submarine melting is likely to increase in response to predicted atmospheric and

ocean warming, it is clear there is the potential for future dynamic response of tidewater
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glaciers to submarine melting and thus the need for further research into ice-ocean

interaction in Greenland.



Chapter 6

A model for tidewater glacier

undercutting by submarine

melting

Chapters 4 and 5 quantified the sensitivity of submarine melt rate to the near-terminus

subglacial hydrology, the magnitude of subglacial discharge and the fjord stratification.

However, these chapters assumed flat and vertical calving fronts. During the course

of this thesis, a number of tidewater glaciers in Greenland have been shown to have

significantly undercut termini (Fried et al., 2015; Rignot et al., 2015). Motivated by

these observations, this chapter seeks to understand the effect of undercutting on plume

dynamics and submarine melting, thereby adding undercutting to the relationships

which have already been quantified in Chapters 4 and 5.

This chapter also seeks to elucidate the reverse process; the effect of submarine melting

on calving front shape. Understanding this relationship is of paramount importance

as the link between submarine melting and glacier dynamics may lie in the impact of

submarine melting on calving front shape and the subsequent effect on calving (e.g.

O’Leary and Christoffersen, 2013). As such, this chapter aims to go beyond a simple

117
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estimation of submarine melt rate by considering the time-evolution of calving front

shape under depth-varying submarine melting.
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Abstract

Dynamic change at the marine-terminating margins of the Greenland Ice Sheet may

be initiated by the ocean, particularly where subglacial runoff drives vigorous ice-

marginal plumes and rapid submarine melting. Here we model submarine melt-

driven undercutting of tidewater glacier termini, simulating a process which is key

to understanding ice-ocean coupling. Where runoff emerges from broad subglacial

channels we find that undercutting has only a weak impact on local submarine melt

rate, but increases total ablation by submarine melting due to the larger submerged

ice surface area. Thus the impact of melting is determined not only by the melt rate

magnitude but also by the slope of the ice-ocean interface. We suggest that the most

severe undercutting occurs at the maximum height in the fjord reached by the plume,

likely promoting calving of ice above. It remains unclear however whether undercutting

proceeds sufficiently rapidly to influence calving at Greenland’s fastest-flowing glaciers.

6.1 Introduction

In recent decades ice loss from Greenland has accelerated due to both decreased surface

mass balance and increased ice discharge into the ocean (van den Broeke et al., 2016).

Oceanic warming has been widely implicated as a driver of the latter (Holland et al.,

2008a; Straneo and Heimbach, 2013), yet process understanding of the interaction of

the ocean with glaciers remains embryonic, and must be improved to better forecast

the contribution of the Greenland Ice Sheet to future sea level rise.

One such poorly understood process is submarine melting, which drives direct ice

loss and may also impact glacier dynamics by undercutting calving fronts, amplifying

calving, and initiating glacier retreat and acceleration (Straneo and Heimbach, 2013).

Submarine melting is thought to be amplified where subglacial discharge emerges at

the grounding line, forming a buoyant plume rising up the terminus towards the ocean

surface (Jenkins, 2011). The consequent high ice-adjacent water velocities are expected

to enhance heat transfer from ocean to ice (Holland and Jenkins, 1999), potentially

driving melting at several metres per day (Chapter 4; Slater et al., 2015).
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Despite its potential importance, the interaction between submarine melting and

terminus shape has not been investigated. Recent side-scan sonar surveys of glaciers in

west Greenland have shown that calving fronts can be substantially undercut (Rignot

et al., 2015; Fried et al., 2015). It is thought that the most severely undercut sections

arise from plume-driven enhanced melting. Existing models of submarine melting

however assume vertical and static calving fronts and do not therefore capture the

process of melt-driven undercutting.

In this study, we introduce a plume model with a dynamic ice-ocean boundary which

evolves in response to calculated submarine melt rates. We investigate the effect of

undercutting on plume dynamics, and the effect of submarine melting on terminus

morphology. In addressing these questions we aim to elucidate a key link between the

ocean and tidewater glacier dynamics.

6.2 Model

We use buoyant plume theory coupled to a melt rate parameterisation to model plume-

driven submarine melting. By allowing the ice-ocean boundary to evolve in time we use

the model to study feedbacks between plume dynamics and terminus shape. Fig. 6.1a

shows a model schematic. The coordinates x, z and l measure along-fjord distance,

depth and along-interface distance respectively, taking z = l = 0 at the grounding line.

The shape of the ice-ocean interface is defined by the angle θ(z), measured from the

horizontal. The glacier flows from the left at velocity v. The plume induces submarine

melting at rate ṁ, which varies with depth, and is defined in the direction perpendicular

to the ice-ocean interface. Thus the position and shape of the terminus is determined

by the competing influences of ice velocity and submarine melting. There is no calving

in this model.

We use the line plume model of Jenkins (2011), which ensures conservation of volume,

momentum, heat and salt as the plume rises along the ice-ocean interface:

d

dl
(bu) = ė+ ṁ (6.1a)
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Figure 6.1: (a) Model schematic, (b) fjord temperature and (c) salinity assumed

throughout the paper.

d

dl

(
bu2
)

= bg′ sin θ − Cdu2 (6.1b)

d

dl
(buT ) = ėTa + ṁTb − C

1/2
d uΓT (T − Tb) (6.1c)

d

dl
(buS) = ėSa + ṁSb − C

1/2
d uΓS (S − Sb) (6.1d)

Variables are illustrated in Fig. 6.1a, with b, u, T and S respectively plume width,

velocity, temperature and salinity, all assumed uniform in the plume cross-section. The

plume entrains fjord water of temperature Ta and salinity Sa at rate ė. The reduced

gravity of the plume, g′, is defined through an equation of state (Fofonoff and Millard,

1983). Cd is a drag coefficient and ΓT and ΓS are heat and salt transfer coefficients.

Submarine melt rate ṁ and interface temperature Tb and salinity Sb are defined using

the standard three-equation formulation (Chapter 5; Holland and Jenkins, 1999; Slater

et al., 2016) in which melt rate is largely proportional to the product of plume velocity

and thermal forcing. Finally our entrainment parameterisation follows Pedersen (1980)

and Jenkins (2011), with

ė = α sin θ u (6.2)
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where α = 0.1 is an experimentally determined coefficient (Turner , 1979). Thus the

rate of entrainment of fjord water into the plume scales with plume velocity and the

slope of the ice-ocean interface.

We depart from the model of Jenkins (2011) by allowing the ice-ocean interface to

evolve in time. Ice flow moves the interface horizontally forwards at velocity v while

submarine melting acts in a perpendicular direction, moving the interface backwards

and, if the terminus is undercut, upwards (Fig. 6.1a). At a fixed depth the horizontal

movement of the interface may be expressed as (see section S3.1)

∂x

∂t
= v − ṁ

sin θ = v − ṁ

√
1 +

(
∂x

∂z

)2
(6.3)

Some specific parameter choices are required. We assume a terminus fjord depth

h = 500 m, and idealised ambient fjord conditions (Figs. 6.1b and c) which are generally

representative of fjords in Greenland, with warm subtropical water overlain by cold and

fresh polar water (Straneo and Cenedese, 2015). We consider Greenland-relevant low

(Q = 0.1 m2/s) and high (Q = 2 m2/s) subglacial discharge scenarios, which would

for example be achieved with respective discharges of 25 m3/s and 500 m3/s emerging

from a channel measuring 250 m in the across-fjord direction. For each discharge, we

choose initial plume width and velocity ensuring the plume has a balance of buoyancy

and momentum (Chapter 5; Slater et al., 2016). Initial plume temperature and salinity

are set to the in-situ freezing point and zero respectively, appropriate for the emerging

subglacial discharge. Numerical details are given in section S3.3.

A few points should be noted regarding the idealised nature of this model. We consider a

line plume, neglecting across-fjord variability in plume dynamics. As such this model is

only strictly appropriate for ‘broad’ subglacial channels (i.e. channels with significant

size in the across-fjord direction), a fact which is tacit in many similar models (e.g.

Jenkins, 2011; Sciascia et al., 2013). A definition of ‘broad’ is discussed in section S3.2;

for h = 500 m, a channel breadth >250 m might be considered broad, while for h = 250

m, a breadth >125 m would suffice. The dimensions of real channels are not well known
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at present; however, observations of subsurface terminus morphology do show undercut

caverns measuring a few hundred metres in breadth (Fried et al., 2015).

We assume that the plume follows the shape of the undercut terminus. In particular, our

plume model does not apply if the terminus becomes overcut, due to the possibility of

the plume detaching from the ice. We assume ice velocity is invariant with depth, likely

a good approximation for fast-flowing tidewater glaciers (Meier and Post, 1987), and

neglect other ice-dynamic effects, such as adjustment due to buoyancy or acceleration

in the along-flow direction.

6.3 Results

6.3.1 Effect of terminus shape on plume dynamics

We first isolate the feedback of terminus shape on plume dynamics by simulating

plumes at static calving fronts of various shapes (Fig. 6.2a) motivated by observations

(for example the ∼45◦ uniform undercutting identified in Fried et al. (2015)). It is

immediately clear that, when plotted as a function of depth, the ice-perpendicular

submarine melt rate ṁ is similar for the various terminus shapes (Fig. 6.2b); the melt

rates differ by at most 20% near the grounding line for the convex versus vertical

terminus, but generally by <5%.

This similarity arises due to a lack of feedback of terminus shape on plume dynamics

when considered as a function of depth, which can be understood by rewriting Eqs. 6.1a-

6.1d in terms of the vertical coordinate z (putting d/dl→ sin θ d/dz)

d

dz
(bu) = αu+ ṁ

sin θ (6.4a)

d

dz

(
bu2
)

= bg′ − Cdu
2

sin θ (6.4b)

d

dz
(buT ) = αuTa + ṁTb − C

1/2
d uΓT (T − Tb)

sin θ (6.4c)

d

dz
(buS) = αuSa + ṁSb − C

1/2
d uΓS (S − Sb)

sin θ (6.4d)
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Thus when considered as a function of depth, the terminus shape (sin θ) influences

plume dynamics only through the feedbacks of submarine melting (last terms in

Eqs. 6.4a, c and d) and plume-ice drag (last term in Eq. 6.4b). In fact, for sufficient

subglacial discharge (hence within plumes in Greenland), these feedbacks are negligible

(Chapter 5; Slater et al., 2016). Plume dynamics are then independent of terminus

shape, with the reduced buoyancy of the plume at an undercut terminus being

compensated by reduced entrainment, as both buoyancy and entrainment scale with

interface slope (Eqs. 6.1b and 6.2). The neutral buoyancy level and maximum height

reached by the plume are therefore little affected by terminus shape, exemplified by the

low discharge plumes all reaching a maximum height close to z = 330 m (Fig. 6.2b).

We note that use of an alternative Richardson number-dependent entrainment param-

eterisation (Kochergin, 1987; Holland and Feltham, 2006) results in a slightly higher

dependence of plume dynamics on shape (section S3.7). We also stress that where

either subglacial discharge is limited or sin θ is small, such as in winter or at ice shelves,

terminus shape is expected to influence melt rate (Magorrian and Wells, 2016).

Returning to plumes at tidewater glaciers, it is crucial to note that the more undercut

calving fronts have a larger surface area (Fig. 6.2a). Therefore, a better measure

of the effect of melting on the glacier, which takes into account the surface area, is

ṁ/ sin θ. This might be thought of as a ‘horizontal melt rate’ as it is the horizontal

displacement of the ice due to melting and can therefore be compared directly to the ice

velocity (Eq. 6.3). Due to larger surface area, more undercut calving fronts have higher

‘horizontal melt rate’ (Fig. 6.2c). Total ablation due to submarine melting, defined

as
∫ h
0 ṁ/ sin θ dz, is therefore higher at more undercut calving fronts (Fig. 6.2d). To

emphasize once more: terminus shape has little effect on ice-perpendicular melt rate

ṁ (Fig. 6.2b), but undercutting increases the impact of melting (Fig. 6.2c) due to

increased ice surface area.

For the remainder of this paper we neglect the feedback of terminus shape on ice-

perpendicular melt rate ṁ, but do account for the increased surface area associated with
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Figure 6.2: (a) Static terminus shapes at which the model is run, including vertical

(blue), uniformly undercut (red and yellow), concave (purple) and convex (green). Note

that this and all similar plots have an axis aspect ratio of 1:1. (b) Modelled submarine melt

rate profiles for the various terminus shapes with colours corresponding to (a), and the low

(high) discharge cases in dashed (solid) lines respectively. Blue and red profiles lie largely

beneath the purple line. Dashed and dash-dot grey lines indicate the depth of maximum

melting for the vertical terminus in the low and high discharge cases respectively. Dotted

grey line indicates the maximum height reached by the low discharge plume for the vertical

terminus. (c): as (b), but for ‘horizontal melt rate’ ṁ/ sin θ, and (d) total submarine melt

rate, normalised by the vertical terminus case for each discharge.

undercutting. When considering the effect of melting on terminus shape we therefore

use a fixed ice-perpendicular melt rate profile calculated for a vertical terminus.

6.3.2 Stationary calving fronts

It is instructive to consider whether a terminus may reach a state in which ice flux is

balanced by submarine melting. At such a terminus, the ‘horizontal melt rate’ would

equal the ice velocity, with the terminus shape then given by

sin θ = ṁ

v
(6.5)
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Figure 6.3: Stationary calving fronts obtained by balancing the indicated ice velocity

with (a) the low and (b) the high discharge melt profiles from Fig. 6.2b. Insets show

near-grounding line details of the subglacial channels imposed in Fig. 6.4.

Based on Eq. 6.5, if at any depth ice-perpendicular melt rate ṁ exceeds ice velocity v,

there is no stationary solution and the terminus will retreat. Conversely if v exceeds

ṁ, a balance may still be achieved by the terminus becoming undercut; this gives a

larger surface area of ice undergoing melting and thus higher total ablation by melting.

Some example stationary calving fronts are plotted in Fig. 6.3. Considering the low

discharge case (Fig. 6.3a), the plume does not reach the fjord surface and thus melt

rates near the surface are zero (Fig. 6.2b). In this scenario, a balance of ice velocity

and melting cannot be achieved in the upper portion of the terminus (plotted in dash-

dotted lines in Fig. 6.3a) and here, removal of ice would have to occur by calving or

submarine melting not driven by the plume. Where the plume reaches its maximum

height the ice-ocean interface approaches horizontal (Fig. 6.3a) as melt rates are low

and a large surface area is required to balance the ice flux. The calving fronts are least

severely undercut at the depth of maximum melting (z ∼ 50 m). In Fig. 6.2b, melt

rates near the grounding line are low because the plume is cold when emerging into the

fjord. At a stationary terminus these low melt rates are compensated by a large surface

area and thus the ice becomes more undercut close to the grounding line (Fig. 6.3a).

Similar considerations apply to the high discharge cases (Fig. 6.3b) where the plume
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reaches the fjord surface so that the ice flux may be balanced by melting over the

full depth. As already motivated by Fig. 6.2c, these stationary examples illustrate

how the effect of melting depends on both the melt rate magnitude and on the slope

of the ice-ocean interface. Under the same melt rate profile (Fig. 6.2b), both calving

fronts in Fig. 6.3b are stationary despite differing ice flux. Finally, the stationary shapes

obtained depend on the fjord stratification assumed (Figs. 6.1b and c) with unstratified

fjord conditions giving less concave stationary shapes (section S3.4).

6.3.3 Effect of submarine melting on terminus shape and position

We now model the time-evolution of terminus position and shape under plume-driven

submarine melting. We run each simulation for a typical melt season length of 100 days

assuming for simplicity that subglacial discharge is constant in time. By assuming that

terminus shape does not feedback on ice-perpendicular melt rate ṁ, Eq. 6.3 becomes

independent of Eqs. 6.1-6.2. If the plume emerges from a subglacial channel, then near

the grounding line ∂x/∂z will be large and positive; thus, momentarily neglecting ice

velocity, Eq. 6.3 gives
∂x

∂t
+ ṁ

∂x

∂z
≈ 0 (6.6)

which is a one-dimensional advection equation with advection velocity ṁ. Solution of

equations of this form requires an initial shape x(z, 0) and a boundary condition on the

position x(0, t) or equivalently the slope ∂x/∂z(0, t) at the bottom (but not top) of the

domain. We choose the latter such that solution of Eq. 6.3 requires an initial terminus

shape and specification of the slope of the ice-ocean interface near the grounding line

through time.

It is not obvious how to specify these conditions. A vertical terminus would seem the

default choice for initial shape, but low melt rates near the grounding line (Fig. 6.2b)

will then result in an overcut toe rather than the severely undercut features that have

been observed (Fried et al., 2015) and which we seek to model. One solution is to include

a form of ‘subglacial channel’ in the initial shape, which is physically reasonable given

that we expect severely undercut regions to be associated with plumes emerging from

subglacial channels. Thus below the depth of maximum melting, our simulations begin
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with a ‘subglacial channel’ shape taken from one of the stationary solutions previously

described. Above maximum melt-depth, the initial terminus shapes merge smoothly

to vertical. The stationary solution also sets the slope boundary condition at the

grounding line. Full details are in sections S3.3 and S3.5, where we also show that

the evolution of terminus shape is insensitive to the details of the imposed subglacial

channel.

Figs. 6.4a-c show evolution of calving fronts for the low discharge scenario, with initial

subglacial channel shape from the v = 2.5 m/d stationary solution (Fig. 6.3a). Above

the plume maximum height, melt rates are zero and the ice advances at the ice

velocity. Below, the front becomes undercut because melt rates increase closer to

the grounding line, until the depth of maximum melting. Below maximum melting,

melt rates decrease, but this does not result in a protruding toe because the low melt

rates are compensated by the increased surface area associated with the channel. After

100 days, terminus shape approaches that in Fig. 6.3a, blue, which is stationary for

an ice velocity of 2.5 m/d. Thus for an ice velocity of 2.5 m/d, the grounding line is

stationary, while for ice velocities of 3.5 and 10 m/d the grounding line advances at 1

and 7.5 m/d respectively (Figs. 6.4a-c).

Figs. 6.4d-f show evolution for the same subglacial discharge, but with an initial

subglacial channel from the v = 3.5 m/d stationary solution (Fig. 6.3a). The channel

shape propagates upwards such that the terminus becomes substantially more undercut

and retreated than in Figs. 6.4a-c. Terminus shapes in Figs. 6.4d-f approach that in

Fig. 6.3a, red, which is stationary for an ice velocity of 3.5 m/d. Thus the grounding

line either retreats, is stationary or advances when the ice velocity is less than, equal to

or exceeds 3.5 m/d (Figs. 6.4d-f). Figs. 6.4g-l show similar results for the high discharge

case, with initial channels included from the v = 6.2 and 8 m/d stationary solutions

(Fig. 6.3b).
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Figure 6.4: Simulation of terminus evolution in the low (a-f) and high (g-l) discharge

cases, for the indicated ice velocities and including subglacial channels as described in the

text.

6.4 Discussion

6.4.1 Controls on submarine melting

Previous studies investigating controls on submarine melting have considered fjord con-

ditions, fjord depth, subglacial discharge and subglacial hydrology (Chapters 4 and 5;
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Xu et al., 2013; Sciascia et al., 2013; Carroll et al., 2015; Slater et al., 2015, 2016).

This study adds terminus undercutting demonstrating that for broad subglacial chan-

nels and under a commonly used entrainment parameterisation, terminus undercutting

does not significantly affect ice-perpendicular submarine melt rates. Total ablation by

submarine melting however generally increases with the degree of undercutting due to

the increased surface area undergoing melting. Thus the impact of submarine melting

depends not only on absolute melt rate but also on the slope of the interface undergoing

melting.

Submarine melting may therefore account for a greater fraction of terminus mass

balance where calving fronts are severely undercut. Equivalently, the same vertical

profile of melting can balance a higher ice flux at a more undercut terminus. In

principle this provides a mechanism for melting to balance ice velocity even when

ice-perpendicular melt rates are smaller than the ice velocity. The significance of

this mechanism depends on the degree of undercutting and the profile of melting;

undercutting increases total melt rate by between 3% and 36% in the idealised examples

considered here (Fig. 6.2d).

The importance of shape in determining total melt rate means that in our model,

evolution of the terminus is sensitive to the slope boundary condition applied at the

grounding line. Specifying a boundary condition with θ closer to 0◦ leads to a more

undercut terminus which undergoes greater retreat (Fig. 6.4). Therefore, if we are

to simulate the effect of submarine melting on glacier dynamics using our model we

need a means of setting this condition. One might argue this could be achieved by

considering the dynamics of subglacial channels (Röthlisberger , 1972; Ng, 1998). While

channel dynamics are probably important near the grounding line, it seems unlikely

that channel dynamics should exert such influence over the full height of the calving

front.

It is perhaps more likely that the sensitivity to this condition arises from our application

of a plume model arbitrarily close to the grounding line, a region where channel

dynamics should dominate over plume dynamics. Additionally, the confinement of
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the plume when close to the grounding line may reduce entrainment, a factor which is

not considered in current models. A more sophisticated approach which captures the

transition from subglacial channel to plume may be needed to solve these issues.

6.4.2 Inferring melt rate from shape

For a terminus with a steady state shape, Eq. 6.5 may provide a means of determining

vertical variation in submarine melting, as ṁ/ sin θ must be constant with height

(assuming also that ice velocity does not vary with depth). Given knowledge of terminus

shape sin θ, potentially from side-scan sonar, the vertical variation in melt rate can

be calculated. Thus parts of a terminus with little curvature are indicative of depth-

invariant melting (e.g. Figs. 6.2b and 6.3b, 100-300 m) while high curvature is indicative

of melt rates changing rapidly with depth (e.g. Figs. 6.2b and 6.3b, near grounding

line and fjord surface). Determining the absolute melt rate, rather than just vertical

variation, requires additional information on terminus movement as a terminus could

achieve a steady state shape but not position (e.g. Fig. 6.4c).

This argument relies on the assumption of steady state shape. In reality subglacial

discharge varies in time and calving may also impact terminus shape. At glaciers with

stable terminus positions and infrequent subsurface calving (e.g. Luckman et al., 2015;

Fried et al., 2015), there may however be sufficient time for the terminus to approach

steady state. The described method of determining variation in melt rate is independent

of entrainment or melt rate parameterisations and so could prove useful in constraining

plume models.

6.4.3 Implications for glacier dynamics

The presence of subglacial channels appears to play a key role in determining terminus

shape, allowing the calving front to become (or remain) undercut close to the grounding

line despite low submarine melt rates, and guiding the calving front towards the

stationary shapes. Modelled calving fronts become severely undercut where plumes

reach their maximum height, whether at depth (Figs. 6.4a-f) or the fjord surface

(Figs. 6.4g-l). Since plumes often find neutral buoyancy at a strong pycnocline (Carroll
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et al., 2015), this is a likely depth for severe undercutting. Calving of ice above

may occur when surface crevasses intersect the undercut terminus cavity (Fried et al.,

2015), providing a coupling between calving dynamics and fjord stratification. Such a

mechanism is perhaps most likely to occur at glaciers with infrequent subsurface calving,

giving sufficient time for the calving front to approach a stationary shape. There

is some evidence for this mechanism at glaciers in Alaska, Svalbard and Greenland

(Bartholomaus et al., 2013; Chauché et al., 2014; Luckman et al., 2015; Fried et al.,

2015).

When ice velocity substantially exceeds submarine melting, as is likely at Greenland’s

fastest flowing glaciers, the front may advance hundreds of metres over a period of

weeks (e.g. Fig. 6.4i). During this period, other calving processes may come into

play (Benn et al., 2007), such as the full-depth buoyancy-driven calving identified at

Helheim Glacier (James et al., 2014), which may occur before the terminus has had

time to become substantially undercut or approach a stationary shape. Ice modelling

does not yet provide consensus on the degree of undercutting required to influence

full-depth calving, if indeed it does at all (O’Leary and Christoffersen, 2013; Todd and

Christoffersen, 2014; Cook et al., 2014). Alternatively, regularly resetting a terminus to

vertical by full-depth calving could increase the likelihood of developing a protruding

toe, which may promote buoyancy-driven calving (Wagner et al., 2016).

6.4.4 Limitations and future directions

We have here considered a line plume which is appropriate only for broad subglacial

channels. Consideration of point sources is an obvious next step, but would be

considerably more complex due to difficulties in capturing the interaction between

ice shape, entrainment and plume structure in three dimensions. The sensitivity of

our results to the prescribed grounding line boundary condition needs investigation,

perhaps by detailed consideration of the subglacial channel to plume transition. Finally,

as with all similar studies, we depend on parameterisations of submarine melting and

entrainment, which remain untested in Greenland. Detailed field observations of plumes

and terminus morphology are essential to constrain these parameterisations.
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6.5 Conclusions

We have presented a model coupling buoyant plume theory to an evolving ice-ocean

interface, facilitating study of feedbacks between terminus undercutting and submarine

melting. We emphasize that the model and conclusions apply only where subglacial

discharge emerges from a broad channel.

We find that undercutting has only a weak effect on plume dynamics and local

submarine melt rate. All else being equal, local submarine melt rates will therefore not

differ between vertical and undercut calving fronts, and undercutting will not affect

the height reached by a plume. Undercut glaciers will however experience greater total

ablation by submarine melting due to increased ice-ocean surface area. In consequence

submarine melting may play a greater role in terminus mass balance and therefore

glacier dynamics where calving fronts are severely undercut.

We present steady state terminus shapes in which melting and ice velocity are balanced,

and show how terminus shape may in some circumstances be used to infer vertical

variation in melt rate. Time-dependent simulations suggest that the presence of

subglacial channels plays a key role in driving severe undercutting. Given sufficient

time, calving fronts become strongly undercut at the maximum height reached by a

plume, which may promote calving of ice above and define calving style at slower-

flowing glaciers. It remains unclear however whether undercutting proceeds sufficiently

quickly to influence the full-depth calving characteristic of Greenland’s fastest-flowing

glaciers.
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Chapter 7

Spatially distributed runoff at

the grounding line of a large

Greenlandic tidewater glacier

inferred from plume modelling

The foregoing three chapters investigated the effect on submarine melting of variation

in the near-terminus subglacial hydrology (Chapter 4), the magnitude of subglacial

discharge and the fjord stratification (Chapter 5), and (for a broad channel only) the

degree of terminus undercutting (Chapter 6). Application of these key relationships

to a real tidewater system requires knowledge of each of these factors. The magnitude

of subglacial discharge can be estimated by surface melt modelling (e.g. Hock, 2003)

and the fjord stratification has now been sampled for numerous tidewater systems

around Greenland (Carroll et al., 2016). The results of Chapter 6 suggest that, at

least for broad subglacial channels, undercutting has little effect on plume dynamics

and submarine melt rate at a given depth, though undercutting does affect total melt

rate. Therefore, arguably the least constrained but still highly important control

on submarine melting is the near-terminus subglacial hydrology. Side-scan sonar

135
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observations of calving fronts show that tidewater glaciers can have many active

subglacial channels (Fried et al., 2015; Rignot et al., 2015), but it is not clear whether

this is true of all tidewater glaciers, and furthermore the collection of side-scan sonar

observations is difficult and prohibitively dangerous at many glaciers.

In this chapter, a method for constraining near-terminus subglacial hydrology is

developed based on the presence or absence of a plume at the fjord surface through

incorporating knowledge of the magnitude of subglacial discharge and of plume

dynamics. The method is applied to Kangiata Nunata Sermia, a large tidewater glacier

in south-west Greenland, providing a real-world application of many of the concepts

and models developed in the preceding three chapters.
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Abstract

Understanding the drivers of recent change at Greenlandic tidewater glaciers is of great

importance if we are to predict how these glaciers will respond to climatic warming.

A poorly constrained component of tidewater glacier processes is the near-terminus

subglacial hydrology. Here we present a novel method for constraining near-terminus

subglacial hydrology with application to marine-terminating Kangiata Nunata Sermia

in south-west Greenland. By simulating proglacial plume dynamics using buoyant

plume theory and a general circulation model, we assess the critical subglacial discharge,

if delivered through a single compact channel, required to generate a plume which

reaches the fjord surface. We then compare catchment runoff to a time series of

plume visibility acquired from a time-lapse camera. We identify extended periods

throughout the 2009 melt season where catchment runoff significantly exceeds the

discharge required for a plume to reach the fjord surface, yet we observe no plume.

We attribute these observations to spatial spreading of runoff across the grounding

line. Persistent distributed drainage near the terminus would lead to more spatially

homogeneous submarine melting and may promote more rapid basal sliding during

warmer summers, potentially providing a mechanism independent of ocean forcing for

increases in atmospheric temperature to drive tidewater glacier acceleration.

7.1 Introduction

Mass loss from the Greenland Ice Sheet is accelerating, driven both by decreasing

surface mass balance and increased ice discharge into the ocean from tidewater glaciers

(van den Broeke et al., 2009). From 2000 to 2005, ice discharge accounted for more than

half of total mass loss during a period of pronounced acceleration, thinning and retreat

of Greenlandic tidewater glaciers (Pritchard et al., 2009; Moon et al., 2012; Enderlin

et al., 2014). The widespread nature of this behaviour is indicative of a common climatic

forcing, and although substantial ocean warming has been widely implicated as a driver

of change at tidewater glaciers (e.g. Holland et al., 2008a; Christoffersen et al., 2011),

process understanding of how a warming ocean perturbs a tidewater glacier remains

at an early stage. Attribution of a mechanism for observed tidewater glacier change



CHAPTER 7. DISTRIBUTED RUNOFF AT A TIDEWATER GLACIER 139

is confounded by a broadly coincident increase in ice sheet surface melting (Fettweis

et al., 2011), which may also impact tidewater glacier dynamics. Due to our incomplete

understanding of key tidewater glacier processes, we are currently limited in our ability

to make projections of tidewater glacier dynamics and ultimately to quantify their

future contribution to global sea level (Straneo and Heimbach, 2013).

One process through which the ocean interacts with tidewater glacier termini is

submarine melting. Submarine melting is thought to be promoted by the emergence

of subglacial discharge at the grounding line, forming plumes which rise buoyantly

up the calving front (Motyka et al., 2003, 2013; Jenkins, 2011; Straneo and Cenedese,

2015). These plumes both increase the transfer of heat from the ocean to the ice

and help to draw warm water towards the calving front by setting up an exchange

flow in the proglacial fjord (Straneo et al., 2010; Cowton et al., 2015). Progress has

recently been made in modelling submarine melting, with the magnitude of subglacial

discharge, fjord water properties, grounding line depth and near-terminus subglacial

hydrology identified as key controls on the rate and distribution of submarine melting

(Chapters 4 and 5; Jenkins, 2011; Xu et al., 2013; Sciascia et al., 2013; Kimura et al.,

2014; Slater et al., 2015, 2016; Carroll et al., 2016). Of these three controls, near-

terminus subglacial hydrology is perhaps the most poorly constrained. Channelised

subglacial drainage leads to rapid but localised melting of a calving front, while

distributed subglacial drainage leads to slower and more homogeneous melting which

results in higher total submarine melt rate (Chapter 4; Slater et al., 2015). It is therefore

important to constrain near-terminus subglacial hydrology if we are to understand the

role of submarine melting in tidewater glacier dynamics.

A further motivation to study subglacial hydrology at tidewater glaciers comes from

its role in modulating basal water pressure and ice velocity. The relationship between

subglacial hydrology and ice velocity has long been studied at alpine glaciers (Iken and

Bindschadler , 1986) and more recently at land-terminating glaciers in Greenland (e.g.

Bartholomew et al., 2010). These land-terminating systems typically show transient

increases in ice velocity during periods of rapid increase in surface melting (Bartholomew

et al., 2010). Once runoff is stable or decreasing, typically in late summer, ice velocity
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may fall to levels below pre-melt season values due to the development of efficient

subglacial channels which act to reduce water pressure over a significant area of the

bed (Schoof , 2010; Cowton et al., 2013; Hewitt, 2013). At present, however it remains

unclear to what extent conclusions from subglacial hydrology at land-terminating

glaciers may be transferred to tidewater glaciers.

A number of studies have noted a seasonal evolution of ice velocity at some tidewater

glaciers akin to that of land-terminating glaciers, suggesting that the hydrological

systems may behave similarly (Howat et al., 2010; Sole et al., 2011; Moon et al., 2014).

These studies do not however extend all the way to the glacier terminus and there

are indications from other studies that the hydrological systems may behave quite

differently. For example, drilling of boreholes to the bed of calving glaciers (Meier

et al., 1994; Sugiyama et al., 2011) has shown water pressure can be consistently close

to ice overburden. In particular, the results of Sugiyama et al. (2011) from Glacier

Perito Moreno in Patagonia suggest a lack of evolution towards more efficient subglacial

hydrology through the summer, demonstrated by a strong positive correlation between

air temperature and ice velocity, and providing a direct link between atmospheric

warming and glacier acceleration.

Study of near-terminus subglacial hydrology in the field is however challenging; the

terminus region of these fast-flowing glaciers is invariably highly crevassed and it is

currently impossible to monitor proglacial discharge as this water flows directly into the

fjord at the glacier grounding line. Some insight can be gained with measurements made

from the proglacial fjord; side scan sonar can map the morphology of the calving front

(Rignot et al., 2015; Fried et al., 2015) while detailed knowledge of ocean properties

close to the terminus gives information on locations of subglacial discharge (Stevens

et al., 2016). These studies confirm the existence of focussed subglacial discharge at

the grounding line but cannot draw conclusions on the emergence of smaller volumes

of discharge elsewhere. Furthermore, the data presented in these studies has limited

temporal coverage and may be difficult to obtain at glaciers with significant ice mélange.

In this paper we present a method for assessing near-terminus subglacial hydrology with
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application to Kangiata Nunata Sermia (KNS), a large tidewater glacier in south-west

Greenland. We obtain time series of total catchment runoff and plume visibility at the

fjord surface and simulate proglacial plume dynamics using both a simple plume model

and the MIT general circulation model (MITgcm). By comparing modelled to observed

plume visibility, we attempt to quantify the spatial distribution of subglacial discharge

emerging at the grounding line through the 2009 melt season. Two very recent studies

have taken a similar approach. Bartholomaus et al. (2016) obtained plume visibility

from satellite imagery at ∼1.5 week temporal resolution for three glaciers in West

Greenland and compared to a simple plume model, but did not consider the effect of

subglacial hydrology on plume visibility in any detail. Schild et al. (2016) present a 5

year time series of plume visibility and runoff for Rink Glacier, west Greenland, but

did not include consideration of plume dynamics. In our study we combine a time

series of plume visibility at hourly resolution with a detailed consideration of plume

dynamics, enabling a degree of quantification of near-terminus subglacial hydrology.

We discuss the extent to which the subglacial hydrology near the terminus of a fast-

flowing tidewater glacier may differ from that further inland or at land-terminating

glaciers, and consider the implications of our findings for submarine melting and ice

dynamics.

7.2 Study area

KNS is the largest tidewater glacier in south-west Greenland (Fig. 7.1), draining

approximately 2% of the Greenland ice sheet (Sole et al., 2011). At the calving front,

which is 4.5 km wide and grounded∼250 m below sea level, ice velocity reaches 20 m d−1

(Joughin et al., 2010; Mortensen et al., 2011). Lea et al. (2014) have reconstructed

the dynamics and terminus position of KNS since 1859, showing that the glacier has

retreated nearly 10 km since 1921 with only short periods of readvance. Retreat

was particularly rapid in the late 1940s when the termini of KNS and the adjacent

Akugdlerssûp Sermia separated. Since 2000, KNS has undergone acceleration and

thinning, but only modest retreat averaging ∼100 m yr−1 (Rignot and Kanagaratnam,

2006; Thomas et al., 2009; Lea et al., 2014). Previous hydrological study has inferred

that seasonal evolution of ice velocity > 35 km inland from the calving front is controlled
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Figure 7.1: Overview plot of study site with Kangiata Nunata Sermia (KNS), Qa-

manârssûp Sermia (QS) and Akugdlerssûp Sermia (AS) labelled. Background is an ASTER

image from 22nd June 2009. Colour overlay shows ice velocities calculated in the inter-

val 21 August 2009 to 1 September 2009 from the NSIDC MEaSUREs dataset (Joughin

et al., 2010, 2011). Note the logarithmic velocity colour scale. Also shown is the location

and approximate field of view of the time-lapse camera, the GPS station KNS1 and the

PROMICE station NUKL. Bottom left inset shows location in south-west Greenland.

by surface melt-induced development of the subglacial drainage system, in a manner

similar to land-terminating margins (Sole et al., 2011). More recent work shows late

summer deceleration in ice velocity which extends to within a few kilometres of the

calving front, presumably induced by the evolution of the subglacial drainage system

to an efficient state (Ahlstrom et al., 2013; Moon et al., 2014; Fahnestock et al., 2015).

KNS flows into the Godth̊absfjord system, the oceanography of which has received

extensive study (Mortensen et al., 2011, 2013, 2014; Kjeldsen et al., 2014; Bendtsen
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et al., 2015). During the summer of 2009, which forms the focus of this study, the inner

part of this fjord (∼40 km closest to KNS) was characterised by a warm (∼1-2◦C) water

mass at depths greater than 90 m, resulting from tidally-induced downward mixing of

heat in the outer fjord and periodic inflows of dense coastal water (Mortensen et al.,

2013). At < 90 m depth the water became cooler and fresher due to an outflowing

mixture of subglacial discharge and ambient fjord water, while the fjord surface (< 10

m depth) was characterised by a very fresh layer resulting from terrestrial freshwater

runoff and iceberg melting (Mortensen et al., 2013). It should be noted however that

these characteristics have been inferred from ocean data taken > 20 km from the calving

front as dense ice mélange often prohibits detailed study close to the KNS terminus.

7.3 Methods

7.3.1 Controls on plume visibility

This paper utilises the relationship between the visibility of a plume on the fjord surface

and the magnitude of subglacial discharge initiating the plume. This relationship has

received extensive study at laboratory scales (e.g. Morton et al., 1956), in theoretical

studies (e.g. Chapter 5; Slater et al., 2016) and in numerical modelling (e.g. Carroll

et al., 2015). Each of these approaches suggest the following qualitative description of

plume dynamics.

Plumes at the margins of tidewater glaciers are initiated by subglacial discharge

emerging from the grounding line and rising buoyantly to form a plume. As the plume

rises, turbulent entrainment at the plume boundary dilutes the plume with salty ocean

water, decreasing the density difference between the plume and fjord (Morton et al.,

1956). As a result, there may come a depth where the plume and ambient water density

are equal, termed the level of neutral buoyancy. Due to vertical momentum, the plume

can continue rising past this depth. However, above the level of neutral buoyancy the

plume is negatively buoyant, and thus the plume slows, reaches a maximum height,

then dives back downwards as it flows away from the glacier (Carroll et al., 2015).
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Alternatively, the plume may reach the fjord surface before reaching neutral buoyancy

or running out of vertical momentum (Chapter 5; Slater et al., 2016).

The level of neutral buoyancy and maximum height reached depend on the fjord

stratification and magnitude of subglacial discharge (Chapter 5; Carroll et al., 2015;

Slater et al., 2016). For small subglacial discharges, the resulting plume mixes rapidly

with ambient fjord water and carries little momentum. The plume will thus reach

neutral buoyancy and maximum height at some depth below the fjord surface. As

subglacial discharge is increased, the resulting plume takes longer to dilute, preserving

its positive buoyancy and shifting the level of neutral buoyancy and maximum height

to shallower depths. At some critical subglacial discharge the plume has sufficient

buoyancy to reach the fjord surface.

If we have a record of when a plume is visible at the fjord surface adjacent to a

tidewater glacier, then by considering fjord stratification and plume dynamics we may

gain information about the subglacial discharge resulting in the presence or absence

of a plume. In addition, if we know the total catchment runoff reaching the terminus,

then constraints can be placed on the configuration of the subglacial drainage system

near the terminus.

7.3.2 Catchment runoff

We estimate KNS catchment runoff through the summer of 2009 using two standard

methods. In the first we use a classic positive degree day sum (PDD) approach (Hock,

2003). We use air temperatures and surface ablation recorded at four sites, KNS1-

4, sited in the catchment at 1282-1840 m elevation (Fig. 7.1, details in Sole et al.

(2011)) to obtain degree day factors for snow (ddfs) and for ice (ddfi). We delineated

the KNS catchment using topographic data from the BedMachine dataset (Morlighem

et al., 2014; Howat et al., 2014; Morlighem et al., 2015) and a standard hydropotential

analysis (Shreve, 1972). In order to run the PDD model we need to extrapolate snow

depth, degree day factors and air temperature to the full catchment. We take the

simplest approach of using constant snow depth and degree day factors over the full

catchment. These constant values are set at the mean values over the four GPS sites,
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giving a snow depth of 33 cm, ddfs = 4.5 mm d−1◦C−1 and ddfi = 11.9 mm d−1◦C−1.

These degree day factors are comparable to or slightly higher than those obtained at

nearby Qamanârssûp Sermia (Fig. 7.1) at an elevation of 790 m (Braithwaite, 1995).

To obtain air temperature over the full catchment we assume a linear relationship

between elevation and air temperature. This linear relationship is calculated at each

PDD timestep using data from KNS1-4, and additional data from PROMICE station

NUKL (Ahlstrom et al., 2008) located nearby at an elevation of 550 m (Fig. 7.1).

The PDD approach is simplistic in many ways (for example it does not take account of

refreezing of meltwater in the snowpack) but compares well with the more sophisticated

regional climate model described below. One point which is particularly relevant to this

study is that the PDD model outputs an estimate of surface ablation, which is related

to but not equivalent to runoff of subglacial discharge at the grounding line. Meltwater

from surface ablation may percolate through snow and/or enter a supraglacial drainage

system before reaching the glacier bed through a moulin or crevasse. Meltwater may

also be stored in surface lakes before drainage to the bed. Runoff resulting from surface

lake drainage at KNS has been estimated using MODIS imagery by Sole et al. (2011).

They estimate that the largest drainage event occurs on day 201 and contributes

70 m3 s−1. As such, the contribution to runoff from lake drainage is expected to

be significantly smaller than surface melting, and we do not make further explicit

consideration of lake drainage.

Once in the subglacial drainage system, travel time through the system may vary

significantly depending on the state of the hydraulic system (Fountain and Walder ,

1998). The cumulative effect of all of these processes will be to delay meltwater from

production to entering the fjord. There may also be seasonal variation in this delay,

with typically faster transit times in late summer (Campbell et al., 2006; Cowton et al.,

2013). We attempt to take account of these processes by using transit velocities to delay

runoff. We consider end-member transit velocities (Cowton et al., 2013) of 0.05 m s−1

(‘delayed’) and 1 m s−1 (‘rapid’). Thus meltwater produced 30 km from the terminus

would enter the fjord approximately 1 week later in the ‘delayed’ scenario. It will be

seen that our broad conclusions are not sensitive to the choice of transit velocity.
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Our second estimate of runoff comes from the regional climate model HIRHAM5,

applied to Greenland at 5 km resolution. The model has been described in detail

in Langen et al. (2015); HIRHAM5 combines the HIRLAM weather forecasting model

(Eorola, 2006), physics schemes derived from the ECHAM5 general circulation model

(Roeckner et al., 2003), and a dynamic snow/ice surface scheme. The model has

demonstrated ability to accurately simulate runoff in the Godth̊absfjord region (Langen

et al., 2015). An important point for this study is that surface melt from the model

runs off with a timescale depending on surface slope as in the regional climate model

MAR (Zuo and Oerlemans, 1996; Lefebre et al., 2003).

7.3.3 Plume visibility

A time series of plume visibility was created with images from a time-lapse camera. The

camera was located on a ridge a few kilometres north-west of the calving front (Fig. 7.1)

and captured an image every hour from 11 May 2009 (day 131) until 7 September 2009

(day 250). We manually classified these images into four states (Fig. 7.2). Images

showing the presence of an ice tongue were assigned a value -1 (Fig. 7.2a). Images

without an ice tongue but with no surface expression of a plume were assigned a value

0 (Fig. 7.2b). Images showing the presence of a plume at the fjord surface were assigned

a value of respectively 1 or 2 depending on whether the surface expression of the plume

was limited to within a few hundred metres of the calving front (Fig. 7.2c) or whether

the plume flowed down-fjord at the surface for a number of kilometres (Fig. 7.2d).

We are confident that the open water signatures which we interpret as plumes are not

caused by calving or wind events as the open water is visibly turbid (e.g. Fig. 7.2c and

d), indicating a subglacial origin. The result is a time series of plume visibility at hourly

resolution through the summer of 2009. Data gaps result from camera malfunction or

when bad weather obscured the calving front.

7.3.4 Plume dynamics

Plume dynamics are also modelled using two methods. Both have been widely applied

to simulate plumes adjacent to glaciers and have been described in detail elsewhere
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Figure 7.2: Illustrations of plume state classification. (a) Plume state = -1, ice tongue

present. (b) Plume state = 0, no ice tongue and no surface expression of a plume. (c)

Plume state = 1, plume visible adjacent to glacier terminus but is contained within a few

hundred metres of the terminus. (d) Plume state = 2, plume visible and flows down-fjord

at surface for a number of kilometres.

(Chapter 5; Jenkins, 2011; Carroll et al., 2015; Slater et al., 2016). Here we provide

only a brief overview.

The first model we employ is buoyant plume theory (BPT) (Morton et al., 1956). BPT

describes the evolution of a plume as it rises by solving conservation equations for

volume, momentum and buoyancy. Turbulent mixing of the plume with fjord water

is incorporated by assuming entrainment into the plume is proportional to the plume

velocity (Morton et al., 1956). The model includes the feedback of submarine melting on

plume buoyancy and frictional drag at the ice-ocean interface. We consider two plume

geometries; a half-conical shape which we suggest is appropriate for plumes arising

from narrow subglacial channels (i.e. point sources), and a wedge shape which we

suggest is appropriate for plumes arising from very wide channels or diffuse subglacial
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discharge (i.e. line sources). Details of the model for the two geometries can be found

in Chapter 5; Slater et al. (2016).

While BPT captures much of the essential dynamics, it does not include any consider-

ation of the fjord surface and does not describe what happens to water from the plume

after the plume has reached its maximum height. To address these shortcomings and

to provide a visual comparison of model and observation, we model the point source

plumes in a high resolution non-hydrostatic configuration of the MITgcm (Marshall

et al., 1997a,b). Our aim is to accurately simulate near-ice plume dynamics rather

than the full fjord circulation, thus the model domain is an idealised version of the

proglacial fjord. We use a uniform fjord depth of 250 m, a width of 1 km and a length

of 26 km. The domain is designed to be sufficiently wide and long that the boundaries

do not affect plume dynamics. We do not expect that the idealised nature of our model

domain, and in particular the lack of detailed near-glacier bathymetry, significantly

affects the plume dynamics which are the focus of this study. In the near-ice region

we employ an isotropic model resolution of 5 m, with subgrid-scale mixing parameters

calibrated using BPT. A detailed description of the model configuration can be found

in Chapter 4; Slater et al. (2015).

Fjord stratification in both BPT and MITgcm is set using a temperature and salinity

profile taken in the fjord ∼35 km from KNS on 5 August 2009 (Fig. 7.3c and d,

Mortensen et al. (2013)). We model plumes resulting from point source discharges

of 1 to 500 m3 s−1 and line source discharge per unit width from 0.01 to 2 m2 s−1. We

observe changes in plume dynamics with a focus on the surface expression of the plume.

Finally, additional data considered in this study includes ice velocity from KNS1

(Fig. 7.1, Sole et al. (2011)) which provides information on channelisation of subglacial

hydrology higher up in the catchment, and ice velocities over the wider glacier (Fig. 7.1)

from the NSIDC MEaSUREs dataset (Joughin et al., 2010, 2011). Unfortunately,

subglacial topography is poorly constrained near to the terminus of KNS (Morlighem

et al., 2014), preventing the meaningful modelling of drainage pathways for comparison

with observed plume locations (e.g. Fried et al., 2015).
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Figure 7.3: Plume modelling with BPT assuming a narrow subglacial channel (point

source), for discharges from 1 to 500 m3 s−1. Grounding line is located at -250 m and the

fjord surface at 0 m. (a) shows plume radius, (b) plume velocity, (c) plume temperature,

(d) plume salinity and (e) plume volume flux. Ambient fjord temperature and salinity are

shown in black in (c) and (d). Salinities are expressed here and throughout this paper using

the practical salinity scale. Filled symbols in (d) indicate the height at which the plume

salinity exceeds the ambient salinity. Results suggest a plume initiated by a discharge of 1

m3 s−1 will reach a maximum height ∼50 m below the fjord surface, while plumes resulting

from discharges upwards of 50 m3 s−1 reach - or effectively reach - the fjord surface.

7.4 Results

7.4.1 Plume modelling

Results from BPT for point sources of subglacial discharge from 1 to 500 m3 s−1 are

shown in Fig. 7.3. For the smallest discharge considered - 1 m3 s−1 - the plume mixes

rapidly, with plume salinity close to the ambient fjord value within 50 m above the

grounding line. However the fjord is very weakly stratified below 50 m depth, and

therefore despite this plume being relatively weak, it still reaches to within 50 m of the

fjord surface (Fig. 7.3b). As discharge is increased, plume width and velocity increase,

plume temperature and salinity approach ambient values more slowly and the plume
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reaches closer to the surface. The extremely fresh surface layer, with salinity as low as

10 (Fig. 7.3d), causes plumes to slow as they approach the fjord surface (Fig. 7.3b).

Of particular interest to this study is the critical subglacial discharge at which the

resulting plume will be visible at the fjord surface. In Fig. 7.3, discharges of 100 m3 s−1

or greater reach the fjord surface. However, BPT does not provide any information

about the fate of water within the plume after the plume reaches either the surface or

its maximum height. For example, the plume resulting from a discharge of 50 m3 s−1

reaches within 5 m of the fjord surface and carries a volume flux of 2000 m3 s−1 at its

maximum height (Figs. 7.3b and e). This volume flux must flow down-fjord away from

the glacier in a layer of finite thickness; therefore it is possible that the plume resulting

from a discharge of 50 m3 s−1 would indeed be visible at the fjord surface. To consider

this possibility we turn to our modelling in MITgcm.

Results from point source plume modelling in MITgcm are shown in Fig. 7.4. The plots

show side-view cross-sections through the centre of the modelled plumes for discharges

from 5 to 500 m3 s−1. The smallest discharge modelled - 5 m3 s−1 (Fig. 7.4a) - results

in a plume which rises to within ∼20 m of the fjord surface. The majority of plume

water finds neutral buoyancy at ∼50 m depth and flows down-fjord at velocities up to

0.1 m s−1. There are slow compensatory inflows of a few cm s−1 (below 100 m depth

and at the surface). The plume induces some disturbance at the surface; however water

velocities here are very small (< 0.05 m s−1) and if there is ice mélange at the surface

we suggest this plume would be unlikely to show any surface expression (c.f. Fig 7.2b).

As subglacial discharge is increased, the modelled plume displays an increasing ability

to drive a surface expression. At a discharge of 50 m3 s−1 (Fig. 7.4e) the plume does

indeed reach the fjord surface. Water from within the plume then flows away from

the glacier in a layer which is 20 m thick in the vertical and with velocities which

exceed 1 m s−1 at the surface. Due to the entrainment of deeper saltier water, and in

agreement with BPT (Fig. 7.3), water in the plume at the surface is denser than the

ambient water. Plume water therefore remains at the surface for only ∼100 m from

the glacier, thereafter diving back down to a level of neutral buoyancy at ∼40 m depth
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Figure 7.4: Point source plume modelling in MITgcm. Plots show a cross-section along

a fjord centreline which passes through the centre of the plume. In each plot the glacier is

at the right and runoff enters at the grounding line at the bottom right, producing a plume.

Subglacial discharge increases from (a) 5 m3 s−1 to (h) 500 m3 s−1. Note logarithmic

velocity colour scale and that arrows indicate direction - but not magnitude - of flow.

Circular symbols indicate the height at which the plume salinity is equal to ambient salinity

according to BPT (Fig. 7.3d) while square symbols indicate the maximum height reached

by the plume according to BPT (Fig. 7.3b). The plots suggest a discharge of 50 m3 s−1 is

required before the resulting plume will be visible at the fjord surface.

(Fig. 7.4e). We propose that this modelled situation corresponds to Fig. 7.2c where a

plume is visible at the fjord surface but confined within a few hundred metres of the

glacier. With a subglacial discharge of 500 m3 s−1 (Fig. 7.4h), the plume drives surface

velocities in excess of 3 m s−1 close to the glacier, and remains at the fjord surface for

a number of kilometres (c.f. Fig. 7.2d).
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Figure 7.5: Plume modelling in BPT assuming a low and very wide subglacial channel

(line source), for discharge per unit width from 0.01 to 2 m2 s−1. A plume initiated by a

discharge of 0.01 m2 s−1 reaches a maximum height ∼100 m below the fjord surface, while

plumes resulting from discharges upwards of 0.5 m2 s−1 will reach - or effectively reach -

the fjord surface.

The maximum height reached by the plume according to BPT is plotted as square

symbols in Fig. 7.4 while the height at which the plume becomes denser than ambient

fjord water according to BPT is plotted as circular symbols. The latter height is thought

to be a good estimate of the depth at which a plume finds neutral buoyancy as it flows

away from the glacier (Carroll et al., 2015). Comparison of the symbols from BPT with

the MITgcm results shows very good agreement between the two methods, though BPT

takes no account of mixing of fjord water as it flows away from the glacier, which may

explain the slightly deeper outflowing layer for discharges of 50 and 100 m3 s−1 (Fig. 7.4e

and f).

Plots from BPT applied to line sources are shown in Fig. 7.5. The results show the

same qualitative features as for point sources, with larger subglacial discharges driving

stronger plumes which reach closer to the fjord surface. Plumes initiated by discharges

of 1 m2 s−1 and upwards reach the fjord surface but slow rapidly near the surface due

to the fresh surface layer in the ambient fjord (Figs. 7.5b and d). A discharge of 0.5
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m2 s−1 generates a plume which reaches within 5 m of the fjord surface and carries a

volume flux of 25 m2 s−1 at its maximum height.

We now return to the question of the critical subglacial discharge required for the

resulting plume to be visible at the fjord surface. Based on BPT, discharges of 100

m3 s−1 for a point source and 1 m2 s−1 for a line source are required for the plume to

reach the surface (Figs. 7.3 and 7.5). However discharges of 50 m3 s−1 and 0.5 m2 s−1

result in plumes which reach within 5 m of the fjord surface and carry significant

volume fluxes which must flow away from the glacier in a layer of finite thickness.

Modelling in MITgcm indeed suggests that a discharge of 50 m3 s−1 will drive a surface

expression where plume water flows away from the glacier at the surface. By analogy

it is reasonable to expect that a line source discharge of 0.5 m2 s−1 would be sufficient

to drive a surface expression.

In this study we consider 50 m3 s−1 or 0.5 m2 s−1 to be the critical subglacial discharge

at which the resulting point or line source plume will drive an expression visible on

the fjord surface. Note that a line source with discharge 0.5 m2 s−1 and width 100 m

carries the same discharge as a point source with discharge 50 m3 s−1.

We note that if there is ice mélange present at the fjord surface (e.g. Fig 7.2b) then the

surface expression of a plume may be inhibited, though this effect is very difficult to

quantify. Our images show that ice mélange is present at the fjord surface throughout

the summer of 2009. During periods of plume state 2, ice melange in the centre of the

fjord is flushed downfjord (Fig. 7.2d), but after these events it quickly returns to cover

the full fjord. The ice mélange appears fairly mobile in our time lapse images, especially

later in the melt season. In support of our choice of critical subglacial discharge,

Bendtsen et al. (2015) have estimated surface current velocities within a mélange-free

surface plume on the order of 0.5 m s−1. This indicates that surface velocities of 1 m s−1,

as modelled in our 50 m3 s−1 case, would be sufficient to locally clear ice mélange from

in front of KNS and give a plume visible at the fjord surface.
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7.4.2 Plume visibility, catchment runoff and subglacial hydrology

Early melt season (day 110-192)

Significant surface melting begins on day 135 following a rapid rise in air temperature

(Figs. 7.6a and b). The ice tongue (Fig. 7.2a) remains structurally intact until rapid

disintegration on day 155 following a further increase in surface melting. There follows

a period of 37 days during which there is no visible surface expression of a plume

(Figs. 7.2b and 7.6d) in spite of substantial modelled surface melting (Fig. 7.6b).

Runoff in the ‘PDD rapid’ case (Fig. 7.6b, purple) is similar to surface melt production

(Fig. 7.6b, green) and regularly exceeds 200 m3 s−1 from day 152 to 192. Runoff as

predicted by HIRHAM5 peaks at 750 m3 s−1 during a large rainfall event. In the ‘PDD

delayed’ case (Fig. 7.6b, pink), peaks in runoff are delayed and smoothed, but between

days 152 and 192, runoff still peaks at 250 m3 s−1 and is sustained at this level for ∼15

days.

Modelled runoff in the early melt season therefore frequently exceeds the critical

discharge required for a plume to show a surface expression. Considering first point

sources, if at a given time there is no surface expression of a plume, our results suggest

that no single channel is carrying a discharge greater than 50 m3 s−1. If at the same

time runoff from the glacier into the fjord is 250 m3 s−1, there must be at least 5

independent subglacial channels so that no individual plume reaches the fjord surface

and creates a visible surface expression. If instead runoff is emerging as a line source

and there is no surface expression of a plume, discharge per unit width at the source

must not exceed 0.5 m2 s−1. If at the same time catchment runoff is 250 m3 s−1, this

implies that the line source has a minimum width of 500 m. Of course, point and

line sources are idealised geometries and a realistic system may consist of a complex

combination of the two. These idealised geometries nevertheless provide an informative

first-order measure of the spatial spreading of runoff at the grounding line.

Modelled plume visibility for various runoff and hydrological scenarios are plotted in

Fig. 7.6e. A label P4/L400 indicates 4 independent point sources or a line source of

width 400 m. As described above, these are equivalent scenarios in terms of plume
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Figure 7.6: (a) air temperature from KNS1 and NUKL PROMICE stations (Fig. 7.1).

(b) Modelled runoff. HIRHAM5 (orange) delays runoff using a parameterisation based on

surface slope. PDD model (green) assumes instantaneous runoff. PDD delay (pink) uses a

transit velocity of 0.05 m s−1 from point of production to the terminus. PDD rapid (purple)

uses a transit velocity of 1 m s−1. The green curve has been smoothed using a 3 day moving

window, the pink and purple curves using... [Caption continues on next page]
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Figure 7.6: [Continued ] ...a 6 hour moving window. Large discrepancies between

HIRHAM5 and the PDD model arise due to rainfall events (e.g. days 177 and 181).

(c) KNS1 daily ice velocity. (d) Plume state as described in Fig. 7.2. (e) Plume visibility

under various runoff and hydrological scenarios, for comparison to observed plume visibility

(top, black). P4 assumes 4 independent narrow subglacial channels (point sources) while

L400 assumes a low and wide subglacial channel of 400 m width (line source). For example,

assuming we had a single narrow subglacial channel and runoff according to the PDD delay

scenario, a plume would be visible at the fjord surface continuously from day 142 to 260.

Dash-dot black line shows timing of ice tongue break-up.

visibility. We expect that the structural integrity of the ice tongue would prevent a

plume from reaching the surface before day 155. The lack of plume visibility from

day 155 to 192 can be reproduced by a drainage system consisting of 8 independent

point sources or a line source of width 800 m (Fig. 7.6e, P8/L800). It is certainly clear

that in any runoff scenario, there cannot be a single large subglacial channel routing

the majority of the runoff, as the resulting plume would be visible at the fjord surface

continuously through the early melt season (Fig. 7.6e, P1/L100). We therefore argue

that during the early melt season, the input of runoff into the fjord from beneath the

glacier occurs in a spatially distributed fashion consisting of either numerous point

sources, a wide line source, or some combination of the two.

Mid melt season (day 192-211)

Surface melting increases from day 185 to a peak on day 195, driven by air temperatures

above zero even at high elevations (Fig. 7.6a). Over the following days surface melting

decreases but runoff remains high (> 250 m3 s−1). A plume is first visible on day 192

in state 1 (Fig. 7.2c) before expanding to state 2 (Fig. 7.2d) on day 195 where it largely

remains until day 206 (Fig. 7.6d). The plume is then visible mostly in state 1 until

day 211 when it briefly disappears, meaning that a plume is consistently visible for 19

consecutive days in late July. While in state 1 the plume appears consistently in the

location seen in Fig. 7.2c. While in state 2 the surface expression of the plume occupies



CHAPTER 7. DISTRIBUTED RUNOFF AT A TIDEWATER GLACIER 157

a significant width of the calving front (∼2 km) and there is infrequently a secondary

plume on the eastern side of the fjord.

A record of ice velocity at KNS1 (Fig. 7.6c) shows a peak on day 192, and the subsequent

decrease of velocity to values below those in the early melt season is suggestive of the

formation of efficient subglacial channels in the vicinity of KNS1 (Sole et al., 2011).

The establishment of efficient channels would suggest that following peak runoff (day &

200), our ‘rapid’ meltwater transit scenario may be appropriate. We continue however

to consider the end member ‘rapid’ and ‘delayed’ cases, with runoff from the former

peaking at 800 m3 s−1 on day 195 and from the latter at 650 m3 s−1 on day 202.

Runoff is sufficiently high in the mid melt season that modelled plume visiblity repro-

duces the observed visibility even for the most spatially distributed case considered,

consisting of 8 independent point sources or a line source of 800 m width (Fig. 7.6e,

P8/L800). We may also compare the plume modelling with our observations of the

fjord surface from our time-lapse imagery. On day 200, the plume flows down-fjord

at the surface for a number of kilometres (Fig. 7.2d). Our modelling (Fig. 7.4) would

suggest this requires upwards of 200 m3 s−1 from a point source or by analogy, upwards

of 2 m2 s−1 from a line source. Since we have argued that in the early melt season

focussed runoff does not exceed 50 m3 s−1 from a point source or 0.5 m2 s−1 from a line

source, there may be a focussing of runoff in the mid melt season relative to the early

melt season.

Late melt season (day 211-260)

From day 211 to day 230, surface melting remains high with a peak of 600 m3 s−1 on

day 222 in the ‘rapid’ scenario and 450 m3 s−1 on day 232 in the ‘delayed’ scenario

(Fig. 7.6e). On day 230 there is a marked decrease in melt with subsequent runoff

remaining below 350 m3 s−1 before ceasing on day 257. In the late melt season, plume

surface expression is sporadic, with frequent switching between state 0 and 1 (Fig. 7.6d).

This variability has no diurnal pattern (i.e. plumes do not appear or disappear at the

same time of day), which is consistent with observed muted diurnal variability in runoff

from large glacial catchments in Greenland (Cowton et al., 2013). The plume does
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however appear in a preferred location, similar to or slightly west of the plume seen in

Fig. 7.2c. The plume is last seen on day 240, with the last of our images taken on day

250.

The lack of correspondence between variability in runoff and plume visibility means that

none of our hydrological scenarios reproduce the observed sporadic plume visibility

(Fig. 7.6e). Runoff during the period of plume fluctuation remains high and would

certainly be large enough to sustain a plume at the fjord surface continuously if all

runoff was emerging from a single narrow subglacial channel. Therefore our inference

is that in the late melt season runoff emerges into the fjord in a spatially distributed

fashion, with sporadic focussing resulting in a plume visible at the fjord surface. In

the late melt season the hydrological system thus appears rather unstable, a point we

return to below.

7.4.3 Summary of results

The hydrological scenario which most closely matches the observed plume visibility

throughout the season consists of 8 independent point sources or a line source of 800

m width (Fig. 7.6e, P8/L800). This spatially distributed scenario broadly reproduces

the lack of plume visibility in the early melt season and the onset of a visible plume

in the mid melt season. Of course the hydrological system may also evolve through

the season; the observed plume visibility would also be recreated by a system which is

more spatially distributed than the P8/L800 scenario in the early melt season and less

spatially distributed than the P8/L800 scenario in the mid melt season. The oscillatory

nature of plume visibility in the late melt season is not captured by any of our runoff

and hydrological scenarios, and is suggestive of a highly dynamic system.

However, our images only rarely show more than one distinct plume, and the plume is

often observed in the same location. This may reflect a preferred location for runoff

which is the largest of many point sources. In the mid melt season the significant width

of calving front in contact with the plume may be indicative of a wide subglacial channel

or perhaps a number of closely spaced point sources with plumes merging before the

fjord surface. Based on scalings in Cenedese and Gatto (2016) and a terminus fjord
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depth of 250 m, two point sources at KNS separated by less than ∼70 m will generate

plumes which interact, potentially reducing entrainment and helping the plumes to

reach the fjord surface.

It is certainly clear that there cannot be a single narrow subglacial channel routing the

majority of the runoff throughout the melt season; the models predict that this would

result in a plume continuously visible at the fjord surface from day 155 to beyond day

250 (Fig. 7.6e, P1/L100), and this is not observed. Under consistently high runoff

(Fig. 7.6b) we instead we see a plume only periodically. The broad conclusion from

our results is therefore that for much of the melt season runoff emerges into the fjord

at the grounding line in a spatially distributed and diffuse fashion.

7.5 Sensitivities

Of critical importance to the conclusions drawn in this paper are the estimates of

catchment runoff and the critical discharge required for a plume to reach the surface.

In this section we describe possible sources of error on these estimates. Sensitivies are

presented for a point source of 50 m3 s−1 discharge; results for line source plumes (not

shown) are similar.

We first consider catchment runoff. HIRHAM5 has a demonstrated ability to simulate

catchment runoff accurately in the Godth̊absfjord region (Langen et al., 2015). The

degree day factors for ice (11.9 mm d−1◦C−1) and for snow (4.5 mm d−1◦C−1) used in

our PDD model are comparable to or slightly higher than values previously reported

for Greenland, a fact which may be explained by the high elevations of KNS1-

4 (Braithwaite, 1995; Hock, 2003). The PDD approach is simple but nevertheless

compares well with the more sophisticated HIRHAM5 (Fig. 7.6b). The agreement

between these two independent approaches gives us confidence in our estimates of

catchment runoff. Perhaps the greatest uncertainty in runoff comes from lack of

knowledge of the transit time of meltwater from production to when it enters the fjord.

We have however shown by considering end members that this complication does not

affect our broad conclusions.



CHAPTER 7. DISTRIBUTED RUNOFF AT A TIDEWATER GLACIER 160

ambient temperature (°C)
-1 0 1 2 3

de
pt

h 
(m

)

-250

-200

-150

-100

-50

0
a

ambient salinity
0 10 20 30

b

8 Feb
5 Aug
15 Sep

radius (m)
0 20 40 60

e

velocity (m s-1)

0 1 2 3 4

f

plume temperature (°C)
-1 0 1 2 3

de
pt

h 
(m

)

-250

-200

-150

-100

-50

0
c

plume salinity
0 10 20 30

d

volume flux (m2s-1)

0 2000 4000

g

base case
8 Feb
15 Sep
,=0.05
,=0.15
with sed
deep GL

Figure 7.7: (a) temperature and (b) salinity profiles from the proglacial fjord in 2009,

digitised from Mortensen et al. (2013). The 8 February profile was taken ∼10 km from

KNS, while the 5 August and 15 September profiles were taken ∼35 km from KNS. Main

plume modelling results shown in Figs. 7.3, 7.5 and 7.4 use the profile from 5 August.

(c)-(g) show sensitivity experiments for a point source plume with 50 m3 s−1 subglacial

discharge. Black lines in (c)-(g), labelled ‘base case’, indicate the default case plotted in

Fig. 7.3. Sensitivities considered are ‘8 Feb’: uses 8 February ambient profiles, ‘15 Sep’ uses

15 September ambient profiles, ‘α = 0.05’ uses a small entrainment coefficient, ‘α = 0.15’

uses a high entrainment coefficient, ‘with sed’ considers a plume with sediment, as described

in the text, and ‘deep GL’ considers a deeper grounding line at 400 m depth (only the 250

m closest to the fjord surface are plotted).

In our plume modelling we use ambient fjord conditions sampled on 5 August 2009

(Fig. 7.3c and d) approximately 35 km from the terminus of KNS (Mortensen et al.,

2013). The significant distance from the terminus means that the stratification at

the calving front could differ from the profile we use; dense ice mélange prevented
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detailed surveying of the fjord closer to the terminus. The ambient fjord conditions

also show a seasonal evolution with a freshening of water close to the surface during

the summer months (Mortensen et al., 2013). To test how plume dynamics respond

to seasonal changes in fjord stratification we ran BPT with ambient profiles from 8

February and 15 September 2009 (Fig. 7.7a and b). The lack of a fresh surface layer in

the February profile means that the plume reaches the surface more easily, while use

of the September profile produces only very minor differences relative to the default

5 August profile (Fig. 7.7c-g). Observations by Mortensen et al. (2013) suggest that

the fresh surface layer is well established by late June and that the August profile is

therefore likely representative of the stratification for much of the summer. In May

and early June it is possible that the fresh surface layer is absent (Mortensen et al.,

2013); however our modelling suggests that this makes it easier for a plume to reach

the surface, thus lowering the critical discharge needed for the plume to reach the fjord

surface and strengthening our conclusions regarding the distributed nature of subglacial

discharge. In summary, our analysis suggests that seasonal changes in stratification do

not affect our conclusions.

The rate at which the plume entrains ambient fjord water is parameterised in BPT

by assuming that the degree of entrainment is proportional to the vertical velocity of

the plume (Morton et al., 1956). The constant of proportionality, α, has here been set

to 0.1, and the mixing parameters in our MITgcm modelling have also been tuned to

this value (Chapter 4; Slater et al., 2015). However, this turbulence closure has not

yet received validation in the specific case of proglacial discharge plumes adjacent to

tidewater glaciers, and furthermore some authors advocate slightly different values of α

(e.g. Turner , 1979). To test the sensitivity of our results to this choice, we considered

low (α = 0.05) and high (α = 0.15) values, which span the range of values in the

literature. The value of α strongly affects plume dynamics; a higher value results in a

plume with a larger width and volume flux, but lower velocity (Fig. 7.7c-g). However

the value of α does not here strongly affect the height reached by the plume; use of

α = 0.15 results in a plume with maximum height within 4 m of a plume having α = 0.1.
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Therefore, for these ambient conditions, the critical discharge required for a plume to

reach the fjord surface does not depend strongly on the value of α.

Proglacial discharge plumes can contain significant volumes of sediment (Tedstone and

Arnold, 2012) which may alter the dynamics of the plume. The presence of suspended

sediment in the plume would act to increase the density of plume water, thus decreasing

plume buoyancy. As the plume rises, mixing with ambient water would decrease the

sediment concentration. An assessment of the importance of sediment can be achieved

by increasing the density of subglacial discharge by using a non-zero initial salinity. We

model a plume with an initial salinity of 10, resulting in a reduction in plume buoyancy

equivalent to a sediment load of 8 kg m−3, which may be considered high for Greenland

subglacial discharge (Cowton et al., 2012). The sediment-laden plume is, as expected,

weaker than without sediment yet it still shows good evidence of reaching the fjord

surface (Figs. 7.7c and d, ‘with sed’). The relatively small effect of this sediment load

on plume dynamics may be explained by the sub-linear relationship between plume

velocity and initial plume buoyancy (Chapter 5; Slater et al., 2016), meaning that

plume dynamics are quite insensitive to initial plume buoyancy.

The bathymetry near the grounding line at KNS is not known in great detail. A

grounding line depth of 250 m has been widely assumed (Mortensen et al., 2014; Lea

et al., 2014; Bendtsen et al., 2015), however we recognise that the grounding line depth

of KNS could conceivably be somewhat greater and display across-fjord variability.

To test the sensitivity of our results to a deeper grounding line we ran BPT with

a grounding line depth of 400 m. CTD profiles from further down-fjord where the

bathymetry is deeper than 250 m indicate that the fjord is very weakly stratified at

depth (Mortensen et al., 2014), therefore we use the values of temperature and salinity

at 250 m depth to fill the depth range from 250 to 400 m. Under this scenario, the

modelled plume (Fig. 7.7c-g, ‘deep GL’) still reaches the fjord surface due to the weak

fjord stratification at depth and relatively thin fresh surface layer. We therefore suggest

that our conclusions will hold even if future surveys reveal that KNS has a significantly

deeper grounding line than currently believed.



CHAPTER 7. DISTRIBUTED RUNOFF AT A TIDEWATER GLACIER 163

A final important point is that our plume modelling has assumed that the calving front

at KNS is flat and vertical. Side-scan sonar has recently shown that the calving fronts

of a number of tidewater glaciers in west Greenland can be substantially undercut and

deeply incised in the location of plumes (Rignot et al., 2015; Fried et al., 2015). The

confinement of a plume within an incision into the ice could potentially modify the rate

of mixing between the plume and ambient fjord water, thus affecting its likelihood of

reaching the fjord surface. Such feedbacks between the shape of the calving front and

the dynamics of the plume are not captured by our modelling.

7.6 Discussion

7.6.1 Near-terminus subglacial hydrology

Our modelling suggests that for most of the 2009 melt season, runoff volumes easily

exceed the critical discharge required to produce a plume visible at the fjord surface.

Yet particularly in the early and late melt season, plumes are only intermittently

visible. Based on these observations, we argue that runoff must often emerge into

the fjord in a spatially distributed fashion, either through numerous narrow channels,

a single but very wide channel, or through some other complex and diffuse system.

Spatially distributed hydrological systems are associated with high basal water pressure

(Fountain and Walder , 1998); our findings are therefore qualitatively consistent with

borehole water pressure records from near the termini of calving glaciers, which have

found basal water pressures close to ice overburden (Meier et al., 1994; Vieli et al.,

2004; Sugiyama et al., 2011). Furthermore high basal water pressures are associated

with low basal drag, and our results are therefore also consistent with recent ice model

inversions, which found that the beds beneath fast-flowing glaciers in Greenland provide

almost no resistance to flow (Shapero et al., 2016).

Distributed subglacial hydraulic systems may take the form of networks of linked

subglacial cavities or saturated subglacial sediments with channels incised into the

bed (e.g. Fountain and Walder , 1998). Our results do not permit us to differentiate

between these morphologies and both may plausibly persist near the terminus of KNS.



CHAPTER 7. DISTRIBUTED RUNOFF AT A TIDEWATER GLACIER 164

The presence of deforming subglacial sediment is thought to be fundamental to the

fast flow of Antarctic ice streams (e.g Alley et al., 1986) and there is some evidence

for the presence of thick layers of sediment beneath the Greenland ice sheet (Walter

et al., 2014). Walder and Fowler (1994) developed a theoretical framework for

subglacial drainage in saturated, deformable till, suggesting that under conditions of

high subglacial discharge, low effective pressure and low surface slope (all of which are

likely satisfied at the terminus of KNS), drainage may occur stably through shallow and

wide canals incised into the subglacial sediment. It is plausible that such a drainage

system exists near the terminus of KNS, with the resulting low effective pressure driving

high ice velocity, and the wide and distributed nature of canals spreading runoff across

the grounding line and resulting in plumes only intermittently visible at the fjord

surface.

Alternatively, distributed drainage make take place in a network of linked subglacial

cavities, and there is theoretical support (e.g. Kamb, 1987; Fowler , 1987; Schoof , 2010)

for the prevalence of this style of drainage when ice slides rapidly over its bed. Such

work was initially motivated by the study of surging glaciers but is equally applicable to

the fast flowing termini of calving glaciers. These theoretical studies consider drainage

through Röthlisberger channels and linked cavities in the presence of basal sliding. Each

suggests a transition between drainage through channels and drainage through cavities

which depends on sliding velocity and the magnitude of subglacial discharge. For low

sliding velocity and high subglacial discharge, drainage through cavities is unstable

and drainage will preferentially take place through channels. For high sliding velocity

and low subglacial discharge, drainage through efficient channels is unstable and will

instead take place through a network of linked cavities (Kamb, 1987; Fowler , 1987;

Schoof , 2010).

We do not attempt quantitative application of these idealised theories to the terminus

of KNS as this would require values for a number of poorly constrained parameters.

Nevertheless it is plausible that the extremely high sliding velocities near the terminus

of KNS (∼20 m d−1, Fig. 7.1) might render efficient subglacial channels unstable and

promote drainage through an inefficient network of linked subglacial cavities. This
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could explain the spatially distributed nature of subglacial runoff inferred from our

plume observations.

One may also consider the seasonal evolution of the drainage system near the terminus

of KNS. In the early melt season, when we see sustained runoff but no plume, the

drainage system might be expected to exist stably as a network of linked cavities. The

increase in runoff in the mid melt season could be sufficient to cross the threshold into

channelised drainage, while the oscillation of plume visibility in the late melt season

might be indicative of a system which is close to the cavity/channel threshold (Kamb,

1987). Equally, much of the variability in plume visibility can be captured by a single

hydrological scenario (e.g. P8/L800 in Fig. 7.6e), providing evidence for a hydrological

system which is fairly static but spatially distributed throughout the melt season.

We acknowledge that much of this discussion is speculative and it will require much

further study to elucidate the precise nature of the hydrological system near the

terminus of KNS. Consideration of a longer dataset spanning multiple years might

be illuminating, particularly if there is significant interannual variability in runoff. It

would also be interesting to further evaluate our arguments by investigating - along

similar lines to that undertaken in this study - a much slower flowing tidewater glacier.

According to the theories of transition between channelised and distributed drainage

discussed above, a slower flowing tidewater glacier would more readily form efficient

channels near the terminus and should therefore have a plume visible at the fjord surface

more frequently (once catchment runoff and fjord stratification have been taken into

account).

Three recent studies present results which are consistent with our arguments. At

fast flowing Rink Glacier in West Greenland, Bartholomaus et al. (2016) suggest that

routing all runoff through a single narrow subglacial channel would give a plume visible

at the fjord surface far more frequently than is observed. At the same glacier and

based on the presence of plumes visible at the fjord surface long after surface melting

had ceased, Schild et al. (2016) argued for significant subglacial storage of meltwater

and therefore a distributed hydrological system. Finally, Fried et al. (2015) mapped
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the terminus morphology at Kangerlussuup Sermia (KS), west Greenland, finding at

least seven distinct submarine cavities in the calving front, only a few of which were

associated with plumes visible at the fjord surface. Despite the significantly lower ice

velocity at KS, these observations indicate that there are similarities with the drainage

system we infer at KNS, with runoff spread between multiple conduits at the grounding

line, and the resulting plumes not necessarily visible at the fjord surface.

7.6.2 Implications for ice dynamics

The structure and evolution of the subglacial hydrological system exerts a strong control

on ice velocity. We here discuss the possible implications of our findings for ice motion

at KNS.

Land-terminating glaciers in Greenland show a hydrologically-induced seasonal cycle in

ice motion, often displaying slowest motion in late summer during periods of stable or

decreasing runoff when efficient channels reduce basal water pressure over a significant

area of the bed (e.g. Bartholomew et al., 2010; Andrews et al., 2014). Sole et al. (2011)

report that ice velocities at KNS in summer 2009 show this same evolution between 35

km and 48 km from the glacier terminus. Remote sensing of ice velocity (Moon et al.,

2014; Fahnestock et al., 2015) extends evidence for this behaviour to within a few

kilometres of the KNS terminus. Similarly, Howat et al. (2010) showed that a number

of tidewater glaciers further north in Greenland display this same seasonal evolution of

ice velocity, which they infer is driven by the evolution of subglacial drainage.

However, the extent to which this evolution occurs within the last few kilometres before

the glacier terminus remains unclear. Our results suggest that efficient subglacial

channels do not persist near the terminus. In the late melt season it may then be

the case that efficient channels exist further inland, but that runoff from these channels

spreads as it approaches the terminus region. This spreading might be initiated as the

channel approaches the terminus where the glacier becomes close to flotation and basal

sliding becomes sufficiently high (Fig. 7.1) to render Röthlisberger channels unstable

(Kamb, 1987; Fowler , 1987; Schoof , 2010).
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In a distributed system which shows resistance to channelisation, as we infer exists

near the terminus of KNS, water pressure increases with runoff (Kamb, 1987) and

therefore ice velocity would be expected to scale with runoff. Such behaviour has been

observed at lake-terminating Glacier Perito Moreno in Patagonia (Sugiyama et al.,

2011) and Moon et al. (2014) have argued for similar behaviour at a number of marine-

terminating glaciers around Greenland. Thus under distributed subglacial drainage,

increased surface melting may increase basal lubrication and drive tidewater glacier

acceleration. Using an idealised model, Pfeffer (2007) has suggested that increasing

basal lubrication can lead to irreversible tidewater glacier retreat.

Testing these hypotheses requires high temporal resolution records of ice velocity at

the terminus, in order to disentangle hydrologically forced changes in ice motion over

various timescales from other terminus processes affecting ice velocity such as loss

of buttressing and terminus retreat. However, we believe that our results provide

motivation for further study of near-terminus subglacial hydrology, and suggest that

consideration of only a single point on the glacier surface (e.g. Howat et al., 2010; Moon

et al., 2014) may not resolve spatial heterogeneity in glacier dynamics.

7.6.3 Implications for submarine melting

We finally consider the implications of our results for submarine melting of the calving

front of KNS. Both MITgcm and BPT include submarine melting, but submarine

melting has not been the focus of this paper and we include only a brief discussion

here drawing on previous modelling.

Chapter 4; Slater et al. (2015) showed that more distributed near-terminus subglacial

hydrology leads to more homogeneous submarine melting across the glacier calving front

and higher total submarine melt volumes. Based on these results, splitting discharge

over 8 channels (hydrological scenario P8, Fig. 7.6e) would elevate total submarine

melting by a factor 3.5 over the single channel case. However a completely distributed

hydrological scenario considered in Chapter 4; Slater et al. (2015), using comparable

discharge and warmer water than that recorded at KNS, resulted in an average melt rate

of 3.6 m d−1. Thus average submarine melt rates at KNS are likely to be substantially
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smaller than the ice velocity of ∼20 m d−1, irrespective of near-terminus subglacial

hydrology. Routing the majority of subglacial discharge through a single channel can

give very high localised melt rates of ∼10 m d−1 in the vicinity of the channel (Xu et al.,

2013; Kimura et al., 2014), which approaches but is still smaller than the ice velocity

at KNS. It is worth noting that even if submarine melting cannot match ice velocity,

it may still play a role in terminus stability by undercutting the terminus, potentially

influencing calving.

It should of course also be noted that the these melt rates are based on a parameteri-

sation which has yet to receive validation at a tidewater glacier (Holland and Jenkins,

1999; Straneo and Cenedese, 2015). Nevertheless, under current modelling understand-

ing, submarine melt rates at KNS may not pace ice velocity even in a localised fashion,

and when spatially averaged over the terminus are nearly an order of magnitude smaller

than ice velocity.

7.7 Conclusion

We have combined modelled catchment runoff and plume dynamics with a record of

plume surface expression to investigate near-terminus subglacial hydrology at Kangiata

Nunata Sermia, a large tidewater glacier in south-west Greenland. For a large

proportion of the summer the catchment runoff greatly exceeds the discharge required

to create a plume that would reach the fjord surface, yet there are extended periods

when there is no plume visible. This can only be explained by the runoff emerging into

the fjord in a spatially distributed fashion. We thus argue that subglacial drainage near

the glacier terminus is often spatially distributed, formed either from numerous point

sources of subglacial discharge, a single but very wide subglacial channel or possibly a

complex combination of the two. We have discussed how these features may be incised

into subglacial sediment or ice, and in the latter case how rapid basal sliding might

destabilise efficient channels near the terminus.

Our arguments have a number of possible implications. Firstly, distributed subglacial

drainage at the terminus will lead to more homogeneous submarine melting of the
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calving front and higher total submarine melt volumes. Under current modelling

understanding however, spatially averaged submarine melt rates at KNS are at least

an order of magnitude smaller than the terminus ice velocity, and even very focussed

and high magnitude subglacial discharge cannot induce local melt rates matching the

terminus ice velocity. Secondly, the structure and evolution of the subglacial drainage

system exerts an important control on ice velocity. Inland from the terminus the

formation of efficient subglacial channels leads to a pronounced and sustained decrease

in ice velocity in late summer (Sole et al., 2011; Moon et al., 2014; Fahnestock et al.,

2015). If pervasive distributed drainage exists near the terminus, ice velocity in the

terminus region may respond to meltwater forcing differently to ice further inland. In

particular ice velocity in the terminus region may then scale with catchment runoff.

Finally we note that in the absence of a sub-diurnal temporal resolution record

of ice velocity, we cannot fully evaluate these arguments in this study. We hope

that this work will provide motivation for further study of near-terminus subglacial

hydrology at tidewater glaciers. Joughin et al. (2008b) have suggested that surface

melt induced speed-up of tidewater glaciers is of only small relative magnitude near

the terminus and therefore less important than other processes such as terminus

retreat. However it remains possible that increased surface melting may be the driver

of terminus retreat; increased surface melt entering a pervasive distributed drainage

system will lead to increased basal lubrication, and subsequently acceleration and

thinning. This mechanism has the potential to drive unstable retreat as described

by Pfeffer (2007) and could therefore provide an alternative to or amplifier of ocean

forcing in explaining tidewater glacier change in Greenland, particularly for glaciers

where modelled submarine melt rates are very much smaller than ice velocity.
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Chapter 8

Synthesis

The overall aim of this thesis has been to improve understanding of the interaction

between the Greenland Ice Sheet and the ocean through modelling of submarine melt

rates at tidewater glaciers. This work has been motivated by the recent rapid changes

at the marine-terminating margins of the ice sheet, initiated in the mid-1990s (Rignot

and Kanagaratnam, 2006; Moon et al., 2012) and thought to be at least partly related

to oceanic warming (Straneo and Heimbach, 2013). Given likely continued warming of

the ocean around Greenland (Yin et al., 2011), there is clear potential for significant

future mass loss from the ice sheet, yet the details of the interaction between tidewater

glaciers and the ocean are uncertain.

The first section of this synthesis chapter summarises the findings of this thesis. The

findings are then brought together to offer a simple rule for submarine melting which

captures the principal modelled variability in submarine melt rate. Spatial variability in

melt rate and links to calving are discussed, and models from this thesis are compared

with observational constraints on submarine melting. The significance of submarine

melting in the recent past and future evolution of the ice sheet is considered, before

discussion of future directions and concluding remarks.

171
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8.1 Summary of findings

The first results section (Chapter 4) explored links between submarine melting and

the spatial pattern of emergence of subglacial discharge at the glacier grounding line

(‘near-terminus subglacial hydrology’) using the Massachusetts Institute of Technology

general circulation model (MITgcm). Greenland-relevant rates of subglacial discharge

(Q = 125, 250 and 500 m3/s) were input at the glacier grounding line into an idealised

fjord with calving front width of 2 km and ambient fjord conditions representative of

Store Glacier in west Greenland. These discharges were input through either 1, 2, 3,

5, 10 or 50 individual subglacial channels. Three further simulations had the same

subglacial discharges uniformly distributed across the glacier grounding line.

It was found that the near-terminus subglacial hydrology strongly influences both the

spatial pattern and the total volume of submarine melting. Discharge through a single

channel results in a vigorous plume which induces rapid but localised submarine melting

directly above the channel, with distal parts of the calving front melting only very

slowly. For example, when 500 m3/s of subglacial discharge emerges from a single

channel, modelled melt rates can exceed 12 m/d within the plume, but drop to less

than 0.2 m/d outside the plume. As the number of subglacial channels is increased, the

subglacial discharge per channel decreases so that the resulting plumes are weaker and

maximum melt rates smaller. Splitting 500 m3/s discharge over 5 channels decreases

the maximum modelled melt rates to 9 m/d. The proportion of the calving front in

contact with a plume however increases with the number of channels, so that more of

the calving front experiences the high water velocities and temperatures responsible

for submarine melting. In consequence, the total submarine melt volume induced

(or equivalently the spatial mean submarine melt rate) increases if subglacial runoff

is split between numerous channels. For a given subglacial discharge, the greatest

submarine melt volume is achieved by spreading the discharge uniformly across the

grounding line; under these circumstances, melt volumes exceed by a factor of 5 those

generated by inputting the same discharge through a single channel. The amplification

factor would likely be even higher if a wider calving front was considered. These
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results demonstrate that the near-terminus subglacial hydrology is a key mediator of

the interaction of a tidewater glacier with the ocean. Channelised delivery of runoff into

the fjord will generate heterogeneity in calving front shape forming incised chimneys,

calving bays and isolated headlands. Distributed delivery of runoff promotes flatter but

perhaps more uniformly undercut calving fronts with higher total ablation by submarine

melting.

In Chapter 5, a much simpler model - buoyant plume theory (BPT) - was used to

investigate the dependence of in-plume submarine melting to variation in key physical

parameters such as the magnitude of subglacial discharge, fjord temperature, density

stratification and the plume geometry. Some of these relationships have been considered

previously (e.g Jenkins, 2011; Xu et al., 2013; Sciascia et al., 2013; Cowton et al., 2015);

the results presented in this thesis build on these valuable studies by (i) focussing

on tidewater glaciers rather than ice shelves, the difference being the dominance

of subglacial discharge in plume buoyancy; (ii) proceeding analytically rather than

numerically, which facilitates greater understanding of why the relationships take the

form they do; (iii) offering an explanation for some of the differences between previous

studies; and (iv) focussing on idealised rather than particular cases, giving a systematic

overview of the factors affecting submarine melt rates.

In common with previous studies (Jenkins, 2011; Xu et al., 2012, 2013; Sciascia et al.,

2013; Kimura et al., 2014), it is found that local melt rate is proportional to the

magnitude of subglacial discharge raised to a power γ, but that the most appropriate

value of γ depends on the magnitude of subglacial discharge, the fjord stratification

and the plume geometry. For very high discharges and weakly stratified fjords, γ < 1/3

regardless of plume geometry, while for low discharges and strongly stratified fjords,

γ = 3/4 (2/3) for point (line) source plumes. In intermediate cases γ is often close

to 1/3. This range in γ helps to explain the variation in the value of γ found in the

above studies. After arguing for a linear dependence of melt on fjord temperature (see

also Jenkins (2011); Xu et al. (2012); Sciascia et al. (2013)) and a non-linear (linear)

dependence of total melt on fjord depth for a point (line) source plume, the scalings

are combined into a single parameterisation providing a useful first-order estimate of
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total submarine melt rate. This parameterisation facilitates a ‘back-of-the-envelope’

calculation suggesting that due to increased ocean temperature and ice sheet surface

melting, submarine melt rates may have increased by ∼50% in recent decades and may

further increase by 80-140% by the end of the century.

Chapter 6 tried to go beyond simply estimating submarine melt rate by beginning to

think about the effect of submarine melting on glacier dynamics through changing the

shape of the calving front, thought to be a key control on calving. This work was

motivated by two papers (Fried et al., 2015; Rignot et al., 2015) published during the

course of this thesis which imaged the submerged part of a number of calving fronts

in west Greenland, revealing undercut and incised chimney features and significant

variability in shape across the calving front. The revealed morphologies are very

different from the uniformly flat and vertical calving fronts assumed in modelling of

melt rates to date. This chapter therefore sought to understand the formation of

undercut calving fronts, and the feedback of undercutting on submarine melting. A

new framework was developed, building on existing BPT (Chapter 5; Jenkins (2011)),

but allowing the ice ocean boundary to evolve according to the modelled melt rates.

For simplicity, only line source plume models were considered so that the results are

strictly appropriate only for wide subglacial channels.

Using this framework, many interesting conclusions can be reached. Firstly, due to a

cancellation between reduced plume buoyancy and reduced entrainment into the plume,

the degree and details of calving front undercutting have little effect on submarine

melt rate at a given depth. All else being equal, submarine melt rate at a given depth

will therefore not differ between a vertical and an undercut calving front. There is,

however, something of a positive feedback because undercutting increases the surface

area of the ice-ocean interface. Given that melt rates at a point are unaffected by

undercutting, this has the effect of increasing total ablation by submarine melting. In

sum, undercutting has a weak effect on local submarine melt rate but increases total

submarine melt rate due to increased ice-ocean surface area. Secondly, steady state

calving fronts are possible, in which the shape of the calving front has completely

adjusted to the vertical profile of submarine melt rate, so that despite differential
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submarine melting, the calving front does not change shape. Whether real glaciers

reach this state is unclear, but it is certainly more likely to occur at slower-flowing

glaciers with infrequent subsurface calving, giving more time for submarine melting to

shape the calving front. Thirdly, submarine melt rates are generally higher at depth due

to warm subtropical water, but all models of submarine melting show an area of very

low melt rate near the grounding line where the plume retains the cold signature of the

emerging subglacial discharge. If beginning from a vertical calving front, this area of

low melt rate will result in the formation of a toe, limiting the undercutting experienced

by the glacier. Alternatively, assuming a channel-like shape near the grounding line can

compensate for low melt rates, driving deep undercutting consistent with observations

(Fried et al., 2015; Rignot et al., 2015). As such, it is suggested that the presence of

subglacial channels (specifically their shape) plays a fundamental role in the process

of undercutting by plume-driven submarine melting. Fourthly, the undercut shapes

obtained depend on the subglacial discharge and fjord stratification; in particular,

steep undercutting is generated at the maximum height in the fjord reached by the

plume, which depends on the two mentioned factors. Lastly, undercutting takes time,

which may not be available at Greenland’s fastest-flowing glaciers with frequent full-

depth calving events. Undercutting may therefore be more prevalent at glaciers where

submarine melt rates can compete with the ice velocity.

The final results chapter sought to compare similar plume modelling to that in

Chapters 4 and 5 with observations from Kangiata Nunata Sermia (KNS), a large

tidewater glacier in south-west Greenland. Based on measured fjord properties

(Mortensen et al., 2011, 2013), plumes were modelled with both MITgcm and BPT,

suggesting that subglacial discharges of 50 m3/s (0.5 m2/s) from a point (line) source are

sufficient for the resulting plume to generate an expression at the fjord surface. Despite

modelled surface runoff (Hock, 2003; Langen et al., 2015) exceeding these thresholds

for the majority of the melt season, hourly observations of the fjord surface by time-

lapse camera (Sole et al., 2011) reveal plumes only infrequently reach the surface. It is

argued that these observations can be reconciled if runoff emerges into the fjord from the

glacier grounding line in a spatially distributed fashion; either through numerous narrow
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subglacial channels or through a smaller number of very wide subglacial channels. It

is certainly clear that a majority of the surface runoff cannot all be routed through a

single narrow subglacial channel for most of the melt season; such a situation would

result in a plume consistently visible at the fjord surface, which is precluded by the

time-lapse imagery.

These results suggest that, in the terminology of Chapter 4, the near-terminus

subglacial hydrology at KNS is located towards the distributed end of the spectrum,

driving more spatially homogeneous submarine melting and higher total melt volumes

(Chapter 4). Despite these higher total melt volumes, under current modelling

understanding neither spatially averaged nor local submarine melt rates will pace the

ice velocity of ∼20 m/d at the terminus (Joughin et al., 2011).

The inferences on near-terminus subglacial hydrology at KNS were also used to motivate

a discussion on subglacial hydrology and links to ice dynamics at fast-moving tidewater

glaciers. The suppression of efficient subglacial channels under rapid basal sliding

in theoretical models (Fowler , 1987; Kamb, 1987; Schoof , 2010) is highlighted as a

potential explanation for the inferred distributed hydrology near the terminus. It is

therefore suggested that if sustained, a distributed drainage system near the terminus

could induce sustained ice flow acceleration under increased surface melting, contrary

to findings at land-terminating glaciers (e.g. Bartholomew et al., 2010) but similar to

those at lake-terminating Perito Moreno in Patagonia (Sugiyama et al., 2011). Such

hydrology-dynamics coupling could provide an alternative mechanism to the ocean in

driving tidewater glacier thinning, acceleration and retreat.

8.2 Synthesis of findings

Having summarised the findings of this thesis, the results are now brought together

to provide an overview of key factors influencing spatial and temporal variability in

submarine melting. Armed with this overview, the effect of submarine melting on

calving front shape and links to calving are discussed, followed by a comparison to

observational constraints on submarine melt rate.
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8.2.1 Factors affecting submarine melt rate

The findings from Chapters 4-6 of this thesis can be combined and synthesised to

provide a comprehensive quantification of the factors affecting in-plume submarine

melt rates at tidewater glaciers. Eqs. 5.11 and 5.20 provide first-order estimates for the

total submarine melt rate induced by a half-conical and line plume respectively in an

unstratified fjord. A few brief extensions may be made to improve the utility of these

expressions and to take into account the relationships developed in Chapters 4 and 6.

The spatial average in-plume melt rate (measured in m/d) is perhaps a more intuitive

quantity than the total submarine melt rate given by Eqs. 5.11 and 5.20. The former

quantity is obtained by dividing the total submarine melt rate by the plume-ice contact

area 3
5αh

2 for the half-conical plume and by the plume height h for the line plume, where

a factor of z0 has been neglected in the half-conical expression. The expressions apply

for an unstratified fjord, and the notation is the same as in Chapter 5.

As discussed in Chapter 6, undercutting of the calving front increases the ice-ocean

surface area. If the calving front is uniformly undercut (i.e. the ice-ocean boundary is

a straight line) and θ, measured from the horizontal, is the slope of the calving front

(Fig. 6.1) then the surface area of the ice-ocean boundary scales as (sin θ)−1. Since (for

a line plume) the melt rate at a given depth is little affected by undercutting, the total

submarine melt rate has the same scaling. Furthermore the ‘horizontal melt rate’ (or

displacement of the ice-ocean boundary in the along-fjord direction due to submarine

melting) also scales as (sin θ)−1.

These considerations, together with Eqs. 5.11 and 5.20 then suggest that for a line

source plume, the mean in-plume melt rate ṁ may be well approximated by a

relationship of the form

ṁ = AlQ
1/3
0 (Ta − Tl)/ sin θ (8.1)

where Al and Tl are constants to be determined, Q0 is the subglacial discharge per

unit width, Ta is the (unstratified) fjord temperature and θ is the angle between the

uniformly undercut calving front and the horizontal. For a point source plume, the
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equivalent relationship is

ṁ = ApQ
1/3
0 (Ta − Tp)h−1/3 (8.2)

where Ap and Tp are constants, Q0 is the subglacial discharge, Ta is the (unstratified)

fjord temperature and h is the fjord depth. As described in Chapter 6, consideration of

the effect of undercutting on point source plumes has not been attempted in this thesis

due to the significant difficulties of capturing the interaction between ice geometry,

entrainment and plume dynamics in three dimensions. As such, it is not yet clear how

θ should be incorporated into Eq. 8.2, and inclusion of θ is not attempted here.

As in Chapter 5, the constants Al, Ap, Tl, and Tp are obtained by running the

full plume model for varying parameters and then minimising the root mean square

relative error between full plume model melt rates and simple parameterisation melt

rates (Eqs. 8.1 and 8.2). The result of this procedure for the line plume is shown

in Fig. 8.1 (‘Unstratified’), with best fit constants Al = 1.05 s1/3(◦C)−1d−1 and

Tl = −1.48 ◦C, giving a root mean square relative error of 12%. The equivalent result

for the point source plume is shown in Fig. 8.2 (‘Unstratified’), with best fit constants

Al = 1.63 m1/3s1/3(◦C)−1d−1 and Tl = −1.47 ◦C, and root mean square relative error

of 22%.

A significant limitation of these expressions is that they are strictly appropriate only for

unstratified fjords. While some proglacial fjords, particularly in Svalbard and Alaska

(e.g. Bartholomaus et al., 2013; Sundfjord et al., 2017) can be close to unstratified,

proglacial fjords are generally stratified in both salinity and temperature (e.g. Straneo

and Cenedese, 2015). It has been shown in Chapter 5 that stratification may modify,

for example, the relationship between melt rate and subglacial discharge. Furthermore,

Eq. 8.1 is only strictly appropriate when the calving front is uniformly undercut, so that

sin θ does not vary with depth. For calving fronts which are concave or convex, sin θ

varies with depth. There are, however, reasons to believe that Eqs. 8.1 and 8.2 may

provide a good first-order estimate of submarine melt rate even in stratified fjords with

complex calving front shapes, if depth-averaged fjord temperature is used in place of Ta,

and depth-averaged calving front angle is used in place of θ. A number of studies using
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Figure 8.1: Comparison of mean in-plume submarine melt rate as predicted by full buoyant

plume theory (x-axis) and the simple scaling Eq. 8.1 for a line plume. Light grey markers

show results from unstratified fjords with all combinations of Q0 = 0.1, 0.6, 1.1, 1.6, 2.1

m2/s; h = 100, 300, 500, 700 m; Ta = 0, 2, 4, 6, 8 ◦C; Sa = 30, 32, 34 psu; and calving

front slope θ from the five shapes in Fig. 6.2a. Black line is the 1-1 relationship while grey

shading shows 20% either side of the 1-1 line. Coloured markers indicate results for the

real fjord stratifications described in the text, for the same range of Q0 and calving front

shape.

more realistic, stratified fjord conditions find similar relationships between submarine

melt rate and subglacial discharge (Xu et al., 2012; Sciascia et al., 2013; Cowton et al.,

2015), and submarine melt rate and depth-averaged water temperature (Xu et al., 2013)

to those in Eqs. 8.1 and 8.2. This may be because proglacial fjords are typically weakly

stratified at depth so that for a significant height of the calving front, plumes behave

as if in an unstratified fjord (Chapter 5). The use of a depth-averaged calving front

angle may be a good approximation because for convex or concave calving fronts, the

depth-average angle will overestimate the slope in some places and underestimate it in

others.



CHAPTER 8. SYNTHESIS 180

Figure 8.2: Comparison of mean in-plume submarine melt rate as predicted by full buoyant

plume theory (x-axis) and the simple scaling Eq. 8.2 for a point plume. Light grey markers

show results from unstratified fjords with all combinations of Q0 = 10, 60, 110, 160, 210

m3/s; h = 100, 300, 500, 700 m; Ta = 0, 2, 4, 6, 8 ◦C and Sa = 30, 32, 34 psu. Black line

is the 1-1 relationship while grey shading shows 20% either side of the 1-1 line. Coloured

markers indicate results for the real fjord stratifications described in the text, for the same

range of Q0.

The utility of Eqs. 8.1 and 8.2 in real fjord stratifications and with more complex

calving front shapes can be tested by once more comparing the full plume model

melt rate with Eqs. 8.1 and 8.2. Figs. 8.1 and 8.2 show the results for four realistic

stratifications from Store (Chauché et al., 2014), Helheim (Straneo et al., 2011),

Kangerdlugssuaq (Christoffersen et al., 2011) and LeConte (Motyka et al., 2013)

Glaciers, and for the idealised calving front shapes used in Chapter 6 (Fig. 6.2a).

The simple parameterisations tend to overestimate melt rate relative to the full plume

model at LeConte Glacier, and there is a general underestimation at the other three

large Greenland glaciers. Some possible reasons for disagreement have already been

touched on in Chapter 5. Rather than embarking on extensive discussion at this late

stage of the thesis, analysis of this disagreement is left for future work. The important
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Factor First-order relationship Second order comments

Subglacial discharge

Q0

Q
1/3
0 Exponent can be smaller than 1/3 for high Q0 and up

to 2/3 for low Q0 and a linearly stratified fjord

Fjord temperature Ta Linear function of depth-

averaged temperature Ta

For very small Q0, melt rate can become more sensi-

tive to Ta. Deviation from scaling also due to using

depth-averaged temperature when temperature varies

with depth

Fjord salinity Sa Independent of Sa Larger Sa slightly increases plume buoyancy and

therefore melt rates. Use of a depth-average salinity

is equivalent to assuming an unstratified fjord; plume

dynamics will differ in a stratified fjord

Fjord depth h Independent of h Melt rates may increase weakly with h due to the

dependence of in-situ freezing point on pressure

Calving front undercut

shape θ

Reciprocol of depth-

average (sin θ)−1

Only strictly appropriate for uniformly undercut calv-

ing fronts - more complex for curved calving fronts

Table 8.1: Summary of line plume melt rate scalings.

point here is that Eqs. 8.1 and 8.2 do indeed continue to provide useful estimates of melt

rate even in realistically stratified fjords and at calving fronts with complex shapes.

Finally, hydrology may be incorporated into these simple estimates of submarine

melting following Chapter 4. If Qcatchment is the total catchment runoff and is split over

n channels, then the runoff per channel is Qcatchment/n. In Chapter 4, for example,

Qcatchment takes the value 125, 250 or 500 m3/s and n is either 1, 2, 3, 5, 10 or 50. Based

on the scalings in Eqs. 8.1 and 8.2, the melt rate in each plume then scales with n−1/3

while the total melt rate from all n plumes scales with n2/3. This is essentially the same

relationship described in Chapter 4 (section 4.3.1 and Fig. 4.3), the small discrepancy

lying in the Q-exponent, which is here and in Chapter 5 assumed to be 1/3, while in

Chapter 4 was assumed to be 0.4. From a practical perspective, the difference between

these exponents is minimal. If instead a line plume of width w is assumed, then the

discharge per unit width initiating the plume is Qcatchment/w, so that the melt rate in

the plume scales with w−1/3 and the total volume of melting due to the plume scales

with w2/3. This provides something of an extension or restatement of the conclusions

from Chapter 4, in which the width of the line plume was fixed at w = 2 km. These
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Factor First-order relationship Second order comments

Subglacial discharge

Q0

Q
1/3
0 Exponent can be smaller than 1/3 for high Q0 and up

to 3/4 for low Q0 and a linearly stratified fjord

Fjord temperature Ta Linear function of depth-

averaged temperature Ta

As for line plume

Fjord salinity Sa Independent of Sa As for line plume

Fjord depth h h−1/3 As for line plume

Calving front undercut

shape θ

Not studied in this thesis

Table 8.2: Summary of point plume melt rate scalings.

scalings once more suggest that the total melt volume increases as discharge becomes

distributed, in this case as the width of a line plume is increased.

The foregoing discussion on factors affecting submarine melt rate is summarised in

Tables 8.1 and 8.2. Across a wide parameter space in subglacial discharge, fjord

stratification, calving front height and calving front shape, the in-plume submarine

melt rate (or more precisely, the horizontal retreat of the calving front due to in-plume

submarine melting) scales with the magnitude of subglacial discharge raised to the

power of 1/3 and is linearly related to the thermal forcing (Eqs. 8.1 and 8.2), and for

a line plume is inversely proportional to the sine of the calving front slope (Eqs. 8.1).

Despite the acknowledged complications regarding neglected factors, real stratifications

and complex calving front shapes, it remains the case that Eqs. 8.1 and 8.2 capture

these first-order relationships between submarine melt rate and key physical parameters

(Figs. 8.1 and 8.2). These results may therefore provide useful first-order estimates of

submarine melt rates at tidewater glaciers for inclusion in coarse-scale, depth-integrated

ice sheet models, or for estimating variability in submarine melt rate over many glaciers

or through time with minimal data requirements. For such purposes it may be sufficient

to capture only the leading order variability in melt rate, with the higher order effects

(Tables 8.1 and 8.2) of little practical significance. More detailed or precise study of

melt rate can always be achieved through recourse to full BPT (Chapters 5-7) or general

circulation models such as MITgcm (Chapters 4 and 7).
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8.2.2 Spatial variability in submarine melt rate

Of course, the characterisation of submarine melting at a glacier, or even per plume, by

a single number is rather simplistic as it neglects vertical variation in melt rate, lateral

variation in melt rate within the plume, and lateral variation in melt rate across the

wider calving front due to the presence or absence of plumes and due to wider fjord and

calving front circulation. As such, this thesis has also focussed on spatial variability in

melt rate, and the effect of differential melting on calving front shape.

Vertical variation in melt rate within plumes arises largely due to vertical variation in

plume temperature and velocity, arising from plume dynamics and fjord stratification.

Considering first plume temperature, within a short distance above the grounding

line, plumes have not yet had sufficient time to mix substantially with the ambient

fjord water and therefore retain the cold signature of the emerging subglacial discharge

(Chapters 4 and 5, Figs. 4.2 and 5.2). This has the effect of producing an area of low

submarine melt rate near the grounding line. This effect prevails over a height above

the grounding line (z0 in Chapter 5) which depends on the magnitude of subglacial

discharge, so that for example, the plume is 80% as warm as the ambient fjord by ∼50

m above the grounding line for a half-conical plume of discharge 50 m3/s or for a line

plume of discharge 2 m2/s. As such, for shallow glaciers, the plume may retain the

cold signature of subglacial discharge over the full height of the calving front while for

deeply grounded glaciers this effect is important only in a small region close to the

grounding line. Above this region, the temperature stratification of the fjord becomes

more important. Plumes do not however simply track the fjord stratification because

the water entrained at a certain depth mixes with all of the water entrained up to that

depth. To generalise, fjords in Greenland are warm at depth and cold at the surface

(e.g. Straneo and Cenedese, 2015). Plumes transport the warm deep water towards the

surface and therefore often only cool slightly once reaching the colder surface waters

(e.g. Figs. 7.3 and 7.5). Thus if proglacial fjords experience cold surface water, this

can slightly decrease melting (e.g. Fig. 6.2b).

For a half-conical plume, plume velocity decreases with height above the grounding line
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(Chapter 5, Fig. 5.2), particularly so if the plume encounters fresher, lighter water close

to the fjord surface (Chapter 7, Fig. 7.3), as is often found in proglacial fjords. For

a line plume, plume velocity is approximately constant with depth in an unstratified

fjord, but will again decrease with height above the grounding line in a stratified fjord

(Chapters 5 and 7, Fig. 7.5). Since submarine melt rate is proportional to plume velocity

(Chapter 3), the result is to decrease submarine melt rates with height. The vertical

profile of submarine melting is ultimately determined by both temperature and velocity.

In the region where the plume retains the signature of the cold subglacial discharge,

vertical variation in melt rate is controlled by plume temperature (Chapter 5) and melt

rate increases with height above the grounding line. Above this region, vertical variation

in melt rate is controlled by plume velocity (Chapter 5) and melt rate decreases with

height above the grounding line. The maximum melt rate is thus located between

the two regimes; for deeply grounded glaciers this will be close to the grounding line

(Chapters 4 and 6, Figs. 4.2 and 6.2b) while for shallow glaciers entering relatively

unstratified fjords, the maximum melt rate could be closer to the fjord surface (e.g.

Fig. S3.2c).

Lateral variation of melt rate within a plume is mentioned briefly here but has not

been a focus of this thesis; indeed all the results chapters have used ‘top-hat’ buoyant

plume theory in which plume properties are averaged over the width of the plume,

clearly removing any lateral variability within the plume. The modelling of plumes in

MITgcm in Chapter 4 resolves lateral variability in plume properties (e.g. Fig. 4.2). As

might be expected, velocities are highest in the core of the plume and decrease towards

the edges. In terms of temperature, the core of the plume is somewhat insulated from

the ambient fjord water; thus the core of the plume remains colder for a greater height

above the grounding line and is warmer at the fjord surface. The effect on melting

appears similar to that discussed above for vertical variation: close to the grounding

line, plume temperature controls lateral variability in melting with lower melt rates in

the core of the plume relative to the edges (Fig. 4.2i). Closer to the surface, plume

velocity dominates, giving highest melt rates in the core of the plume (Fig. 4.2i).

Strong lateral variability in melt rate at a calving front arises from the presence or
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absence of plumes, in turn controlled by the locations at which subglacial discharge is

discharged at the grounding line (Chapter 4). Parts of a calving front in contact with

a plume melt rapidly due to the high water velocities and the transport of warm water

from depth, while parts of a calving front distant from a plume melt much more slowly

as they lack high water velocities with which to drive the transfer of heat from ocean

to ice (Fig. 4.2). While the entrainment of water into plumes does result in elevated

across-ice water velocities close to the plume, the magnitude of these velocities is at

least an order of magnitude smaller than within the plume, so that the melt rates

generated are significantly smaller. The contrast in melt rate can be very significant;

for a single plume initiated by a high subglacial discharge, the simulations presented

in Chapter 4 suggest a possible ∼12 m/d differential in melt rate over a few hundred

metres (Fig. 4.2i). As the number of discharging channels is increased, the proportion

of the calving front directly affected by a plume increases and the lateral variability in

melt rate decreases. If subglacial discharge emerges uniformly along the grounding line

there is no lateral variability in melt rate. As such, the key control on lateral variability

in submarine melting is the near-terminus subglacial hydrology. This motivated the

work presented in Chapter 7, in which it was suggested that at KNS, drainage into

the fjord often occurs in a spatially distributed fashion consisting of numerous narrow

channels or perhaps a few very wide channels. The implication is that lateral variation

in submarine melt rate at KNS is supressed, though there may still be some large

differences in melt rate between locations in contact with a plume and those which are

not (e.g. Fig. 4.2j and k).

8.2.3 Effect of spatial variability in melt rate on calving front shape

and links to calving

Differential rates of submarine melting across the calving front will, if sustained, change

the shape of the calving front. The shape of the calving front influences stresses

within the ice and possibly the calving process (O’Leary and Christoffersen, 2013;

Wagner et al., 2016), and is therefore a key link between the ocean and tidewater

glacier dynamics. Chapter 6 sought to understand how vertical variability in submarine

melt rate affects calving front shape. Because submarine melt rates broadly decrease
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with height above the grounding line (section 8.2.2), submarine melting will generally

undercut calving fronts. Particularly marked undercutting can occur if the plume does

not reach the fjord surface - in this case, melt rates are high within the plume but

low just above, creating a strong differential in melt rate. A similar effect may occur

when the plume reaches the fjord surface because ice above the water will melt less

rapidly than the submerged ice; in this case the marked undercutting would occur at

the waterline.

There are, however, complications to this overall picture of undercutting. As described

above, plumes can for some distance retain the signature of the cold subglacial

discharge, resulting in a region where melt rates increase with height above the

grounding line. If this profile of submarine melting is applied to an initially vertical

calving front, it will result in a region which is ‘overcut’, or ‘toes-out’ near the grounding

line. I would suggest that, in the location of subglacial channels, these features will

not form. Firstly, it should be said that the near-grounding line details emerging from

the models presented in this thesis should not be over-interpreted for a number of

reasons, including (i) that the size of subglacial channels at the glacier grounding line

is not known, and the concept of transition from channel to plume is not well-defined,

and (ii) neither MITgcm nor BPT as presented are ideally suited for examining these

details: the former has insufficient resolution to resolve the details, and the latter omits

key processes such as the likely reduction of entrainment due to the proximity of the

ocean floor. Despite these caveats, I would suggest that an initially vertical calving

front may not be appropriate near the grounding line - it is much more likely that

there is a smooth transition into the horizontal ice-water interface characterising the

roof of the subglacial channel as you move up-glacier, and that this feature prevails

throughout the year. Secondly, supposing a toe did form, the plume may detach a

little from the ice (e.g. Kimura et al., 2014) so that the ‘lee’ side of the toe could

experience reduced melt rate while the remainder of the toe might continue to melt

rapidly; such a process would tend to melt away such toes. A final point, which is the

most persuasive, is that such toes are not seen in side-scan sonar data, which instead

shows deep undercutting disappearing underneath the glacier (Fried et al., 2015; Rignot
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et al., 2015). In Chapter 6 it was shown that the effect of melting on the ice depends not

only on the melt rate but also on the shape of the calving front, and that despite low

melt rates near the grounding line, toes do not form if a subglacial channel-like shape

is imposed in the initial calving front. It may therefore be the case that the subglacial

channel itself plays a key role in creating the deeply undercut calving fronts which

have been observed by compensating for the region of low melt rates found near the

grounding line. Some toe features have however been observed at locations displaced

from subglacial channels (Fried et al., 2015; Rignot et al., 2015). These may result from

across-ice water motion driven by entrainment into plumes.

A second complication concerns timescales of undercutting. Based on the results in

Chapter 6, it takes approximately a melt season (or ∼100 days) for a calving front to

transition from approximately vertical into a stationary undercut shape (Fig. 6.4). The

largest and fastest-flowing glaciers in Greenland undergo frequent full-depth calving

events which may regularly reset the calving front to vertical. In contrast, slower-flowing

glaciers with infrequent full-depth calving events may be systems where submarine

melting has more time to shape the calving front. Such discussion is at present rather

speculative; in particular we do not know whether glaciers are undercut seasonally or

perhaps more likely retain some imprint of their late-summer morphology through the

winter, when small volumes of subglacial meltwater may still emerge at the grounding

line. Thus while vertical profiles of submarine melting may promote undercutting, the

actual shape reached by the calving front may vary from glacier to glacier and depend

on additional factors such as the ice velocity.

Calving fronts will also be shaped by lateral variability in submarine melt rate. In

particular, the contrast between strong melting within a plume and weak melting to

the sides of the plume (e.g. Fig. 4.2i) will incise ‘chimney’ features into a calving

front. If there are multiple plumes (e.g. Fig. 4.2j) there may be multiple incisions, with

isolated ‘headlands’ developing between the plumes. Combined with the undercutting

discussed in the previous paragraph, calving fronts may develop numerous incised,

undercut chimneys. This morphology has now been observed at tidewater glaciers in

west Greenland (Fried et al., 2015; Rignot et al., 2015).
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Undercutting of the terminus may promote calving by destabilising the ice above (e.g.

Benn et al., 2007), with calving occurring when surface crevasses intersect the roof of the

undercut cavity (Fried et al., 2015). If there are no additional feedbacks, the calving

rate would in this case be equal to the submarine melt rate at depth. O’Leary and

Christoffersen (2013) however suggest that undercutting of the calving front displaces

the stress field up-glacier, promoting larger calving events and leading to a calving

rate which exceeds the submarine melt rate forcing. This would provide a mechanism

for even low rates of submarine melting to drive rapid calving, potentially lending

submarine melting a role at the fastest-flowing glaciers in Greenland, where current

understanding suggests the ice velocity is significantly larger than the submarine melt

rate. Other authors (Cook et al., 2014; Todd and Christoffersen, 2014; Krug et al.,

2015) reach the opposite conclusion in finding little effect of undercutting on calving

rate, and it has been suggested the discrepancy arises because the model considered

in O’Leary and Christoffersen (2013) was diagnostic (not time-evolving). In the other

models, it appears that the glacier geometry adjusts to the undercutting so that the

stress field is not substantially perturbed (Cook et al., 2014); it remains unclear however

whether this is true in general or is affected by the details of the glaciers modelled (in

particular their velocity and their proximity to flotation). A further factor emerges once

across-fjord variability is considered - it may be that if the incised chimney is narrow,

the ice either side is able to stabilise the undercut ice through bridging stresses. At

present, the effect of undercutting on calving is far from clear.

Calving at Greenland’s fastest-flowing glaciers such as Jakobshavn Isbrae is dominated

by full-depth buoyancy-driven events. Bottom-out rotational events may be promoted

by the presence of toes near the grounding line (Wagner et al., 2016), and arguably

the low melt rates near the grounding line which arise from the modelling in this thesis

could form these toes (see also Carroll et al. (2016)). Conversely, undercutting of these

huge calving fronts might reduce the bottom-out buoyancy of these huge icebergs,

potentially stabilising the terminus.

Lateral calving front morphology is also likely to be a first-order control on calving,

but has been little investigated due to the difficulties in modelling calving in three
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dimensions. It has been suggested that at Store Glacier, rapid submarine melting

due to plumes promotes undercut-driven calving in some parts of the calving front,

and creates isolated headlands which undergo infrequent full-depth buoyancy-driven

calving (Chauché et al., 2014; Todd and Christoffersen, 2014). Despite these large

calving events being driven by buoyancy, it may still be submarine melting which paces

the process through determining the rate at which the headlands are isolated. As for

the vertical dimension then, the link between lateral calving front shape and calving is

also poorly understood and is a significant limitation when trying to assess the impact

of submarine melting on tidewater glacier dynamics.

8.3 Comparison to observations

Ideally, the modelling results presented in this thesis could be validated by comparison

to field observations. For submarine melting, this is problematic due to the extreme

difficulty of making such measurements, and due to the number of factors which can

influence melt rates. This thesis identifies subglacial hydrology, subglacial runoff and

fjord temperature as the three most important factors influencing submarine melt rate

at a tidewater glacier. An ideal dataset would constitute simultaneous knowledge of

these three factors and submarine melt rate. At present, only fjord temperature can be

directly measured (e.g. Straneo et al., 2010); subglacial runoff can only be estimated

by surface melt modelling and assumptions about routing thereafter (Chapter 7),

hydrology only inferred from plume surface expression (Chapter 7), fjord hydrography

(Stevens et al., 2016) or calving front morphology (Fried et al., 2015; Rignot et al.,

2015), and submarine melt rate estimated from indirect methods such as fjord heat

fluxes (Jackson and Straneo, 2016) or above-water terminus evolution (Luckman et al.,

2015). Unsurprisingly, combining uncertainties from these factors obfuscates attempts

to make quantitative model to observation comparisons.

Fried et al. (2015) present side-scan sonar observations of marine-terminating Kanger-

lussuup Sermia in west Greenland, showing multiple undercut chimneys (Fig. 2.11),

presumably associated with multiple subglacial channels discharging runoff into the
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fjord. These observations strongly support the style of melting modelled in Chap-

ter 4 (Fig. 4.2j), with elevated melt rates within plumes and weaker melting elsewhere.

The number of undercut chimneys suggests that, on the scale presented in Chapter 4,

Kangerlussuup Sermia is towards the distributed end of the spectrum. As an aside, the

terminology which has been used might be considered misleading - ‘distributed sub-

glacial hydrology’ has conventionally been used to describe subglacial water draining

inefficiently through a network of linked cavities or subglacial till (Fountain and Walder ,

1998), whereas in the recent tidewater literature it has been used to describe a system

with multiple channels discharging runoff into a fjord (Chapter 4; Fried et al. (2015)).

The latter situation is in many senses ‘channelised’, and perhaps its description should

be more explicit.

The system observed rather directly by Fried et al. (2015) is similar to that inferred

to persist at KNS (Chapter 7). Whether this is a general result applicable across

all tidewater glaciers is not clear. Schild et al. (2016) have observed four distinct

plumes on the fjord surface in front of Rink Glacier (west Greenland), and indeed

there may be more plumes which do not reach the surface in this deep and stratified

fjord (Bartholomaus et al., 2016). Conversely, Stevens et al. (2016) suggest that at

Saqqarliup Sermia (also west Greenland), the vast majority of surface melt emerges

from a single subglacial channel. Saqqarliup Sermia flows significantly more slowly (∼1

m/d; Joughin et al. (2010)) than Kangerlussuup Sermia (∼5 m/d; Fried et al. (2015)),

KNS (∼20 m/d; Joughin et al. (2010)) or Rink (∼12 m/d; Bartholomaus et al. (2016)).

As discussed in Chapter 7, perhaps the ice velocity exerts a control on near-terminus

subglacial hydrology, with multiple discharging channels at fast-flowing glaciers, while

slow-flowing (well-grounded) glaciers behave more like land-terminating glaciers with

only one or two subglacial channels.

Because subglacial hydrology exerts such a strong influence on submarine melting

(Chapter 4), any comparison of front-wide modelled and observed melt rate must

consider hydrology. Xu et al. (2013) report good agreement between modelled (2±0.3

m/d) and fjord heat flux inferred melt rate (3±1 m/d). By modelling a section of

the calving front measuring 150 m in the across-fjord direction, and assuming this was
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representative of the full calving front, there is an implicit assumption of numerous

subglacial channels spaced at 150 m. As shown in Chapter 4, the presence of numerous

channels increases the area-averaged melt rate. While uncertain, there are thought to

be two main channels at Store (Todd et al., 2017), so that if all discharge was routed

through these two channels, the modelled area-averaged melt rate would likely decrease

into disagreement with the observationally inferred value of 3 m/d.

Such considerations pervade comparison of modelled melt rates with observational

constraints. Under the modelling undertaken in this thesis, calving front-averaged melt

rates >1 m/d, a value significantly exceeded by almost all of the observational estimates

of melt rate (section 2.4.3), are only achievable with numerous subglacial channels.

Even for an example with high subglacial discharge and warm water, the modelling

presented in Chapter 4 suggests that for a single subglacial channel, area-averaged melt

rates are just 0.65 m/d, and would be lower if a wider calving front had been modelled.

This could be considered evidence for the existence of numerous channels (as observed

at Kangerlussuup Sermia; Fig. 2.11; Fried et al. (2015)), but such a conclusion may

be overly simplistic for many reasons including principally the uncertainty associated

with ‘observed’ melt rates and the neglect of processes which might drive submarine

melting outside of plumes. Due to their ability to drive very rapid submarine melting,

this thesis has focussed on plumes, but in the absence of numerous subglacial channels,

the majority of the area of the calving front may undergo ‘non-plume’ melting. This

could take the form of melting induced by wider fjord circulation, for example water

pulled across the calving front for entrainment into plumes, or perhaps melt-driven

convection where the buoyancy driving the convection is provided by melting itself

rather than subglacial discharge. At present, neither of these is predicted to drive

rapid melting; melting from outside of the plume in Fig. 4.2i contributes only ∼25% of

the total, and maximum melt rates from melt-driven convection have been estimated

at ∼0.2 m/d (Magorrian and Wells, 2016). These processes have therefore not received

as much attention as plumes and have perhaps even fewer observational constraints.

Despite the predicted weaker melt rates, these processes could dominate the front-wide
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melting on the glacier but are poorly understood and present another barrier in the

comparison of modelled and observed melt rates.

Two datasets in particular illuminate variability in submarine melt rate and facilitate

more detailed comparison. The first comes from estimates of toward-glacier fjord heat

flux at LeConte Glacier in Alaska (Motyka et al. (2013), Fig. 2.13) which describes

variability in total submarine meltwater flux under varying subglacial discharge.

Application of the parameterisations Eqs. 5.11 and 5.20 (since they are formulated in

terms of the total submarine meltwater flux) is shown in Fig. 8.3. As already discussed,

the assumption of a single channel giving rise to a single point source plume results in a

total submarine meltwater flux significantly lower than suggested by the data (Fig. 8.3).

Even increasing to 5 subglacial channels does not significantly improve agreement. By

contrast, the assumption of a wide subglacial channel producing a wide line plume

gives better agreement with the data, although for the best match a channel width

comparable to the width of the calving front (∼1 km, Motyka et al. (2013)) must be

assumed. More broadly, and as described by Motyka et al. (2013), the data in Fig. 8.3

support the functional form of the relationship between melting and subglacial runoff;

that is, submarine melt rate being proportional to the magnitude of runoff raised to

the power of 1/3.

The second dataset is that in Luckman et al. (2015), which presents satellite-derived

frontal ablation rates from three tidewater glaciers in Svalbard over slightly longer than

one year. There are very strong correlations between frontal ablation rate and ocean

temperature, suggesting that calving is being driven by melt undercutting. It is not

entirely obvious that the frontal ablation rate (i.e. rate of calving of ice above the

water) should be identical to the submarine melt rate (rate of ice removal below the

water). If the two are not in balance, the calving front would become steadily more

undercut, or develop a toe; and presumably this situation would have to be resolved

by infrequent large calving events. However, given the consistency of the relationship

between frontal ablation and temperature over more than one year, it seems reasonable

to assume that ablation and melting are in balance, so that the frontal ablation rates

can be thought of as submarine melt rates.
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Figure 8.3: Relationship between subglacial discharge Qsg and submarine meltwater

flux Qm at LeConte Glacier. Black and blue markers show observational estimates, based

on hydrographic data at a flux gate ∼1.5 km from the terminus (Motyka et al., 2013).

Coloured lines show modelled in-plume submarine meltwater fluxes based on Eqs. 5.11 and

5.20. Figure modified from Motyka et al. (2013).

Fig. 8.4 shows the result of estimating frontal ablation rate using the simple parame-

terisations described above (Eqs. 8.1 and 8.2), for various subglacial discharges. Inter-

estingly, no single value of subglacial discharge provides a good fit to the data. In order

to match the gradient of melt rate versus ocean temperature suggested by the data

requires a high subglacial discharge. But a high subglacial discharge overestimates the

melt rate at low ocean temperature. Therefore, a good fit to the data requires vari-

able subglacial discharge, with larger subglacial discharge when ocean temperatures are

high. This is eminently reasonable, as the low ocean temperatures occur during winter

when runoff is minimal, with high ocean temperatures during summer when runoff is

high. Thus, it is interesting to note that while the data presented in Luckman et al.

(2015) most obviously show that submarine melt rate responds to ocean temperature,

application of the simple melt rate parameterisations in Eqs. 8.1 and 8.2 suggests that
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Figure 8.4: Comparison of frontal ablation at Kronebreen, Svalbard (Luckman et al.,

2015) with in-plume submarine melt rates from the simple parameterisations developed in

section 8.2.1 above. Left: line plume and right: point source plume. Lines are overlain on

the figure from Luckman et al. (2015) and show the relationship between modelled melt

rate and ocean temperature for the indicated subglacial discharges.

the data also support a role for subglacial discharge. Similarly, the data presented in

Luckman et al. (2015) is not quite evidence that melt rate responds linearly to ocean

temperature; this would be the case if all other variables were fixed, but subglacial

discharge in particular will have varied through the period of study. Thus, the frontal

ablation rates at high ocean temperature are not directly comparable to those at low

temperature because it is likely that subglacial discharge will have differed, and we

understand subglacial discharge to impact melt rate. According to the modelling pre-

sented in this thesis, the observed response of melt rate to temperature is too sensitive

to be due to temperature alone, invoking subglacial discharge as an additional driver

of melting. Once this is done, a good fit of modelled to ‘observed’ melt rate can be

achieved.

It should however be noted that the frontal ablation rates presented in Luckman et al.

(2015) are averaged over the width of the calving front, while the parameterisations

Eqs. 8.1 and 8.2 apply only where there are plumes. It is conceivable that the entire

calving front could be covered by plumes, but this would require an extremely high
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catchment discharge, on the order of 3000 m3/s for the highest melt rates, while

melt modelling suggests maximum catchment discharge of ∼500 m3/s for Kronebreen

(Darlington, 2015). This discrepancy could be interpreted in a number of ways: (i) the

heat transfer coefficient in the melt rate parameterisation should be increased, giving

higher melt rates for lower discharges, (ii) high rates of submarine melting occur even

outside of plumes, so that it is not necessary to cover the calving front in plumes to

generate melting over the width of the calving front, or (iii) rapid and concentrated

melting occurs inside the plumes, but this concentrated melting induces widespread

calving, so that the calving process spreads the effect of submarine melting over the

width of the calving front. Based on observations of plumes at the fjord surface, and

inferences of focussed subglacial runoff at other tidewater glaciers (Fried et al., 2015;

Stevens et al., 2016), it seems unlikely that the whole calving front would be covered

by plumes and thus my interpretation is that processes (ii) and (iii) may be important

at tidewater glaciers. Of course, the heat transfer coefficient is also poorly constrained

so that it is possible that factor (i) is also involved.

In spite of the many difficulties in the comparison of modelled and observed melt rates,

an optimist could argue for signs of agreement under the assumption of numerous

subglacial channels or a single very wide channel (e.g. Xu et al. (2013); Fig. 8.3).

Furthermore, the modelled dependencies of submarine melting on water temperature

and the magnitude of subglacial runoff are rather roughly supported (Motyka et al.

(2013); Luckman et al. (2015); Figs. 8.3 and 8.4). If anything, front-wide observed

melt rates might be considered higher than modelled equivalents, particularly if there

are few subglacial channels (e.g. Fig. 8.3). In the latter case, melt rates outside of

plumes become important but are currently very poorly understood. As has been seen

in the examples presented, there are so many factors at play that the comparisons are

not sufficiently strong or quantitative to offer constraints on the heat and salt transfer

coefficients in the melt rate parameterisation (Chapter 3), which is the root of much

of the model uncertainty. Further observations are therefore imperative to constrain

modelled melt rates.
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8.4 Importance of submarine melting to Greenland ice

sheet dynamics

This thesis was motivated by the recent observations of rapid dynamic changes at

the marine-terminating margins of the Greenland Ice Sheet, potentially initiated by

increased submarine melting at the calving fronts of tidewater glaciers. This thesis

used numerical modelling in an attempt to illuminate the poorly understood process of

submarine melting and to assess its importance for the stability of the Greenland Ice

Sheet.

A first-order assessment of the importance of submarine melting is to compare

submarine melt rate to ice velocity. These comparisons come with the caveat that the

heat transfer coefficient in the melt rate parameterisation is not well constrained. Under

current modelling understanding then, and for typical Greenland fjord conditions,

submarine melt rates may reach very high values at localised points, for example

exceeding 12 m/d in Fig. 4.2i. Once a calving front-wide average is considered, the

melt rate typically drops considerably (to ∼1 m/d) unless the majority of the calving

front is covered by plumes, when the average rate may reach ∼3 m/d (Chapter 4).

As such, localised submarine melt rates are likely to exceed the ice velocity at the

majority of Greenland’s tidewater glaciers, while front-wide average rates are likely to

exceed the ice velocity only at the slowest-flowing glaciers. At Greenland’s fastest-

flowing glaciers, such as Jakobshavn Isbrae, Helheim and KNS, even localised melting

may not pace the ice velocity. The relevance of such arguments depends on the effect

of melting on calving. It could be that in order for melting to have a significant

effect, the pace of melting must exceed the ice velocity over a significant fraction of the

calving front. This being the case, current modelling of submarine melting does not

suggest a particularly important role for submarine melting. Alternatively, it could be

that focussed melting exceeding the ice velocity drives localised grounding line retreat

which subsequently spreads across the calving front, destabilising the glacier. The

observations of Luckman et al. (2015) perhaps support this latter conclusion, and one

could then conclude that submarine melting is an important factor at the majority of
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Greenland’s tidewater glaciers. On a final note, the presence of the sin θ term in Eq. 8.1

means that glaciers with ice shelves or ice tongues (e.g. Petermann Glacier or 79N) are

intrinsically more sensitive to submarine melting - they have such a huge surface area in

contact with the ocean that even weak submarine melting can contribute significantly

to terminus mass balance.

In general, it is not possible to draw sweeping conclusions on the importance of

submarine melting without better knowledge of how melting may influence calving.

This thesis has taken steps towards this goal by considering the effect of differential

melting on calving front shape (Chapters 4 and 6). In agreement with observations

(Fried et al., 2015; Luckman et al., 2015) the results suggest melting will undercut and

cut notches into calving fronts, which may define calving style. However, the results

also suggest that this process requires time, which may not be afforded at Greenland’s

fastest-flowing glaciers due to frequent full-depth calving events which presumably reset

the calving front to a ‘pre-melt’ state. This could be taken as further evidence that

melting has perhaps a greater role at slower-flowing glaciers, but once more this makes

assumptions on the coupling of melting and calving; it could be that even a minor

reshaping of the calving front is sufficient to increase full-depth calving rate (O’Leary

and Christoffersen, 2013). It is certainly clear that ice dynamics play a central role in

the recent behaviour of Greenland’s tidewater glaciers. The modelled rates of submarine

melting are not sufficient to have driven retreat directly, rather melting might be seen

as a perturbation which retreats the grounding line into an unstable position at which

ice dynamics takes over and drives the glacier towards a new, stable, retreated state.

Even if submarine melting turns out to be less important at faster-flowing glaciers, this

does not preclude a role for the ocean. Ice flow modelling of these systems suggests that

buttressing by ice mélange has a strong influence on calving rate and glacier stability

(Cook et al., 2014; Todd and Christoffersen, 2014; Krug et al., 2015). Glaciers such as

Jakobshavn Isbrae, Helheim and Kangerdlugssuaq certainly have thick, year-round ice

mélange, and it could be that the arrival of warm water thins the ice mélange, reducing

the backstress on the glacier and increasing calving rate.
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Considering time-evolution of submarine melt rate, a back-of-the-envelope calculation

described in Chapter 5 and repeated here based on Eqs. 8.1 and 8.2 suggests that in

recent decades, under a 50% increase in subglacial discharge and a fjord temperature

increase from 2◦C to 3◦C, submarine melt rate has increased by ∼50%. This could have

a significant impact at a glacier where previously, submarine melt rate and ice velocity

were in some sense balanced.

In sum and if pushed, I would argue there is good evidence for the importance of

submarine melting in the dynamics of slower-flowing glaciers in Greenland. At the

fastest-flowing glaciers, other mechanisms may be more important, such as variability

in ice mélange buttressing and surface-melt induced acceleration. Increased submarine

melting could, therefore, very well have initiated much of the dynamic change observed

at tidewater glaciers around Greenland and may continue to have a significant impact

on the ice sheet in the future as the ocean warms. As has already been stated, such

conclusions overlook our lack of understanding of the effect of melting on calving, and

uncertainty in crucial melt rate parameters. Further work on the coupling of melt to

calving, and better observational constraints on submarine melting are much needed

to strengthen or refute these conclusions.

8.5 Limitations

There are a number of limitations of the results presented in this thesis which prevent

the drawing of clear conclusions on the relevance of submarine melting to the Greenland

Ice Sheet. Firstly, the extreme difficulty of gaining observational data on submarine

melting means it is currently problematic to validate modelled submarine melt rates.

As described above, comparisons between model and observation can be made, but it

is currently not possible to draw rigorous or quantitative conclusions. In particular,

modelled melt rates are essentially linearly sensitive to the heat exchange parameter

γT (Chapter 3). It has been acknowledged throughout this thesis that uncertainty in

the value of this parameter is a significant limiting factor in our confidence of modelled

melt rates.



CHAPTER 8. SYNTHESIS 199

Secondly, this thesis has focussed on plumes initiated by subglacial discharge. Plumes

play an important role in pulling warm water towards the calving front (Cowton et al.,

2016), and it is very likely that the highest rates of submarine melting are found where

such plumes are in contact with a calving front (Chapter 4). However, plumes may

cover only a small fraction of the calving front (e.g. Fig. 4.2i), and in the absence of

numerous plumes, the majority of the calving front may undergo melting due to other

processes, such as secondary fjord circulation or melt-driven convection. These other

processes may dominate the front-wide submarine melt rate. The relative importance

of in-plume melting and wider melting for glacier dynamics remains unclear, but it is

certainly the case that there are other forms of submarine melting besides the in-plume

melting studied in this thesis, and a full understanding of ice-ocean interaction requires

further study of wider calving front processes.

Finally, due to poor understanding of calving processes, it might be said that even

with a perfect knowledge of submarine melting, we would still be unsure of the effect

on glacier dynamics. This thesis has taken important steps towards understanding the

coupling of submarine melting and calving through calving front shape (Chapter 6),

but the interaction of submarine melting and calving across the many calving styles

observed around Greenland remains poorly understood. As such, the results presented

in this thesis are one step removed from the glacier dynamics which motivated the

research questions, limiting the reach of the conclusions that can be drawn.

8.6 Future directions

As should be clear from the preceding discussion, much further work is needed to gain

a good understanding of ice-ocean interaction and the importance of this process for

the dynamics of the Greenland Ice Sheet. This work could take a number of directions

and philosophies.

First and foremost, we require better observational constraints on submarine melt rates.

It is not yet clear how this can be achieved given the difficulty of obtaining such

constraints. One method is the fjord heat flux method where detailed oceanographic
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measurements at a flux gate allow the calculation of a toward-glacier heat flux which

can be converted to a submarine melt rate. In order to reduce the large uncertainties

on these estimates, the heat flux gate should be located close to the glacier and should

be densely sampled, observations should be made over as long a period as possible,

and there would ideally be few icebergs present at the fjord surface (Jackson and

Straneo, 2016). These factors are easiest to satisfy at small glacier-fjord systems, and

by combining with modelling, the results from these smaller systems could then be

transferred up to large fast-flowing glaciers.

An alternative method is that taken by Luckman et al. (2015), who used high spatial and

temporal resolution satellite imagery to calculate frontal ablation rates at a tidewater

glacier, which they then compare to fjord temperature. With improving satellite

capability, it may now be possible to apply this procedure to glaciers around Greenland.

An obvious difficulty is in the monitoring of fjord temperature, but this may be less of

a concern in Greenland due to the limited seasonality in deep fjord water temperature

compared to Svalbard (Straneo et al., 2011; Luckman et al., 2015). The largest seasonal

variability in forcing in Greenland may come from subglacial discharge, which could be

estimated from surface melt modelling (e.g. Chapter 7).

A second important direction concerns the coupling of melting to calving. At various

points in this thesis the conclusions have been limited by poor understanding of the

effect of melting on calving. Work on this process could use time-lapse imagery to

study the relationship between calving style and proxies for submarine melting, such

as fjord water temperature or the presence of plumes. Another approach could use

three-dimensional ice flow modelling to understand the effect of submarine melting on

stresses within the glacier (Todd et al., 2017).

Concerning the philosophy of approach, the advantage of studies such as Luckman et al.

(2015) is in their derivation of the frontal ablation (or calving) rate. Ultimately, ice

flow models need calving rate parameterisations. Estimates of submarine melting are

one step removed from calving rate, with that step being the coupling of melting to

calving. Arguably, working directly with the calving rate, and seeking relationships
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between calving rate and forcings motivated by understanding of submarine melting

(e.g. Eqs. 8.1 and 8.2 and Figs. 8.3 and 8.4) is a more straightforward and practical

approach. These calving rate parameterisations could then be incorporated into ice

flow models, and the approach validated by studying the resulting glacier dynamics, on

which there is significant data over many years. Such an approach acknowledges the

complexity of the ice-ocean interaction process but does not seek to understand every

detail, instead aiming to capture and parameterise the first-order relationships and

validate the approach indirectly through easily measurable quantities. On the other

hand, it is not clear that this approach would lead to improved process understanding,

or represent the important processes appropriately. Furthermore, easily measurable

quantities such as ice velocity and terminus position respond to many more factors

than submarine melting, and separating out the effect of submarine melting would be

difficult.

8.7 Concluding remarks

This thesis has undertaken numerical modelling of submarine melt rates at Greenland’s

tidewater glaciers, thought to be a key process driving their recent thinning, acceleration

and retreat. Despite its potential importance, submarine melting is poorly understood,

limiting our ability to predict future evolution of the Greenland Ice Sheet.

This thesis identifies near-terminus subglacial hydrology, fjord water temperature

and the magnitude of subglacial runoff as the principal controls on the magnitude

of submarine melt rate. A model for calving front undercutting by submarine

melting was developed, suggesting that the impact of submarine melting increases

as a calving front becomes more undercut. These factors have been combined into

simple parameterisations capturing leading order variability in modelled submarine

melt rate. Of these principal controls, subglacial hydrology is perhaps the least well

constrained; the final results chapter suggests that at a large tidewater glacier in south-

west Greenland, subglacial hydrology is often distributed in nature.

This thesis has made important progress in understanding variability in melt rate and
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the effect of melting on calving through changing calving front shape. Nevertheless,

reaching definitive conclusions regarding the importance of submarine melting to

Greenland tidewater glaciers is not yet appropriate, due to the lack of observational

data with which to constrain modelled melt rates, and the lack of understanding of the

effect of submarine melting on calving. At present therefore, it is rather tentatively

suggested that there is an important role for submarine melting at slower-flowing

glaciers in Greenland, but that unless the calving process is substantially amplified

by melting, melt rates are not sufficient to perturb the dynamics of the fastest-flowing

glaciers, where other factors such as variability in mélange butressing could dominate.

Better observations are essential, and when combined with improved modelling, will

drive much-needed progress in this relatively young field of study, ultimately leading

to better constraints on Greenland’s future contribution to sea level.



Chapter S1

Supporting information for

‘Effect of near-terminus

subglacial hydrology on tidewater

glacier submarine melt rates’

S1.1 Initial and Boundary Conditions

The hydrographic sections of Chauché et al. (2014) (their Figure 2), taken from close to

Rink and Store Glaciers in West Greenland, were digitized and averaged to obtain initial

and boundary conditions for the model. We have excluded their ‘Store 2010 plume’

data since we initiate the simulations without a plume. We also exclude the ‘Store

2010’ data due to the existence of a cold layer at ∼125 m depth which is anomalous

compared to the other three sections. The average profiles are shown in Fig. 4.1a. They

are applied throughout the domain as an initial condition, and also used as a boundary

condition at the ocean end of the domain where, as in Sciascia et al. (2013), we apply a

sponge layer which restores properties towards the initial conditions. Net flow of water

203
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into the domain is maintained at zero by applying small correction velocities to the

open ocean boundary.

S1.2 Model diffusivities

As discussed in the main article, the turbulent nature of subglacial discharge plumes

leads to the entrainment of surrounding fjord water, and since this turbulence is not

fully resolved in the model, some parameterization is required. This is achieved in

the model using Laplacian eddy diffusivities. Under the choices described in the

main article, we leave one degree of freedom (K) with which to set the magnitude of

entrainment into the plume, and calibrate this as follows. We model a cubic domain of

side 500 m, with ambient conditions identical to those of the main fjord runs (Fig. 4.1a).

From the centre bottom of the domain we issue a discharge q of fresh (0 psu), cold (0◦C)

water, with q taking values 1, 3, 10, 30, 100 and 500 m3/s. The result is a buoyant

plume rising upwards through the water column. We model this process at 2.5, 5 and 10

m isotropic resolution. We vary the model diffusivity K in increments of 0.01 m2/s and

compare the modeled plume radius, velocity, temperature and salinity to that predicted

by buoyant plume theory. The buoyant plume model we use is that presented in Morton

et al. (1956), which solves equations ensuring conservation of mass, momentum, heat

and salt for an axisymmetric plume with top-hat profiles for properties in the plume

cross-section.

In order to extract plume radius B(z), and top-hat vertical velocity W (z), temperature

T (z) and salinity S(z) from the simulations, we first let the simulations reach a steady

state, achieved ∼2000s after model initiation. We then take temporal averages of

model outputs over the period between 2000s and 10000s model time, which provides a

sufficient time interval to smooth out the turbulence present in the model. We calculate

volume QV , momentum QM , heat QT and salt flux QS as

QV (z0) = ∆x∆y
∑

w (S1.1)

QM (z0) = ∆x∆y
∑

w2 (S1.2)
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QT (z0) = ∆x∆y
∑

wt (S1.3)

QS(z0) = ∆x∆y
∑

ws (S1.4)

where the sums run over all cells at z = z0 having vertical velocity w > 0. ∆x = ∆y

are the x and y grid resolutions and t/s are the temperature/salinity in each cell. The

top-hat plume quantities we are interested in can then be calculated as

B(z) = QV /
√
πQM (S1.5)

W (z) = QM/QV (S1.6)

T (z) = QT /QV (S1.7)

S(z) = QS/QV (S1.8)

We quantify the agreement of plume theory and MITgcm by calculating the root mean

square difference in radius, velocity, temperature and salinity predicted by the two

methods. Buoyant plume theory is not well suited to predicting plume behaviour

when plumes reach neutral buoyancy (e.g. Morton et al., 1956), nor does it make any

account of the plume reaching the fjord surface. These zones are therefore excluded

from comparison, as detailed in the examples below.

For q = 500 m3/s, our highest discharge, there is generally excellent agreement

between plume theory and MITgcm, with the simulations capturing both the expected

magnitudes and profile shape for radius, velocity, temperature and salinity (Fig. S1.1).

Note that the divergence close to the surface is, as mentioned above, due to the fact that

plume theory makes no account of the fjord surface. A value of K = 0.15 m2/s provides

marginally the lowest root mean square difference between modeled and theoretical

plume velocity, but in general underestimates mixing between the plume and ambient

water, as is reflected in the poor fit to width, temperature and salinity. Use of K = 0.14

m2/s gives excellent agreement between simulation and theory for width, temperature

and salinity, and reasonable agreement for velocity. We therefore take K = 0.14 m2/s

as the best value to simulate a plume with initial discharge q = 500 m3/s.
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Figure S1.1: Comparison of buoyant plume theory (black) and MITgcm simulations of

varying K (colors), for a vertically issuing plume of initial flux 500 m3/s. In (a) we compare

plume width, (b) velocity, (c) salinity and (d) temperature. The inset table shows the root

mean square difference between plume theory and MITgcm, excluding the top 50 m.

For a lower discharge of q = 30 m3/s (Fig. S1.2), agreement is poor in the lowest 50 m,

though this does not prevent good agreement further up the water column. We attribute

the poor fit at depth to the fact that the plume is contained within very few cells, and

that at 5 m resolution, we are forcing what is a relatively weak plume to occur over

an area of at least 25 m2. We therefore discount the bottom 50 m from the root mean

square difference calculation. Plume theory and MITgcm also diverge as plume theory

reaches neutral buoyancy. This arises because the MITgcm plume initially overshoots its

level of neutral buoyancy before sinking back down to finally reach buoyant equilibrium.

The final level reached is illustrated by the dashed horizontal lines in Fig. S1.2a, and

shows good agreement with plume theory for the higher values of K considered. We

therefore also exclude the 50 m below the plume theory neutral buoyancy level from

the root mean square difference calculation. The lowest root mean square difference

between MITgcm and theory for velocity, temperature and salinity is then achieved
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when K = 0.07 m2/s, which also closely approximates the neutral buoyancy level

predicted by plume theory. Using K = 0.06 m2/s provides a marginally better fit to

plume width, but a significantly worse fit to velocity, temperature and salinity. We

therefore choose K = 0.07 m2/s as the best value to simulate the q = 30 m3/s plume.
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Figure S1.2: Comparison of buoyant plume theory (black) and MITgcm simulations of

varying K (colors), for a vertically issuing plume of initial flux 30 m3/s. In (a) we compare

plume width, (b) velocity, (c) salinity and (d) temperature. The inset table shows the root

mean square difference between plume theory and MITgcm, excluding the 50 m closest

to neutral buoyancy (as defined by plume theory) and the 50 m at the bottom. Dashed

horizontal lines in panel (a) indicate the level at which the MITgcm plume finally finds

neutral buoyancy.

Similar arguments for q = 1, 3, 10 and 100 m3/s yield best values for diffusivity

of K = 0.03, 0.05, 0.05 and 0.1 m2/s respectively. These results are presented in

Fig. 4.1b. A power law fit to this data suggests K is approximately proportional to

q1/4. This might be expected since in a linear stratification, Morton (1956) shows using

plume theory that plume velocity scales with initial buoyancy flux (here equivalent to q)

raised to the power 1/4. Since in plume theory the rate of entrainment is proportional
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to plume velocity, it follows that entrainment is proportional to q1/4, which appears to

be reflected in our fitted values of K. We use this power law fit (Fig. 4.1b) to set a

diffusivity K for each α experiment. Explicitly, for a total discharge Q and n = 1/α

channels, we set K = 0.032 (Q/n)0.237. In the α = 0 experiments, we set Q/n to be the

discharge per cell along the calving front. Thus for example in the Q125α0 simulation

we set K = 0.032 (125/400)0.237 = 0.025 m2/s.

For our experiments regarding sensitivity to resolution, we use the same fitting

procedure to find appropriate values of K for simulating plumes with q = 5 and 250

m3/s at 2.5 m and 10 m resolution. At 2.5 m resolution we obtain best values of

K = 0.03 m2/s for q = 5 m3/s and K = 0.06 m2/s for q = 250 m3/s. The 10 m

resolution equivalents are K = 0.06 m2/s for q = 5 m3/s and K = 0.34 m2/s for

q = 250 m3/s. As expected therefore, diffusivity should increase with grid size, and as

at 5 m resolution, diffusivity increases with plume discharge.

S1.3 Melt rate parameterization

The full equations used to calculate the submarine melt rate on the calving front in the

model are

ṁ (ci (Tb − Ti) + L) = cwC
1/2
d ΓTU (T − Tb) (S1.9)

ṁSb = C
1/2
d ΓSU (S − Sb) (S1.10)

Tb = λ1Sb + λ2 + λ3z (S1.11)

U = max
(√

v2 + w2, U0
)

(S1.12)

ṁ is the submarine melt rate; (Tb, Sb) are the ice-ocean boundary layer temperature

and salinity; Ti is the ice temperature; (L, cw, ci) are the latent heat of melting and

heat capacities of water and ice; and (λ1, λ2, λ3) describe the variation of freezing point

with salinity Sb and depth z. C1/2
d ΓT and C1/2

d ΓS are the thermal and diffusive Stanton

numbers. T , S and v/w are the free-stream temperature, salinity and ice-tangential

water velocities in the region beyond the ice-ocean boundary layer, and are taken from

the grid cells adjacent to the ice. U0 is a minimum melt velocity which is motivated
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as described in the main article. Eqs. S1.9 and S1.10 provide a statement of heat and

salt conservation at the ice-ocean boundary, while Eq. S1.11 ensures that the boundary

remains at the salinity and pressure dependent melting point.

Symbol Description Value Units

Ti ice temperature -25 ◦C

ci ice heat capacity 2000 J / kg ◦C

cw water heat capacity 3994 J / kg ◦C

L latent heat of ice melt 3.34× 105 J/kg

C
1/2
d ΓT thermal Stanton number 1.10× 10−3 -

C
1/2
d ΓS haline Stanton number 3.10× 10−5 -

U0 minimum melt velocity 0.04 m/s

λ1 freezing point salinity slope -0.0575 ◦C/psu

λ2 freezing point offset 0.0901 ◦C

λ3 freezing point depth slope 7.61× 10−4 ◦C/m

ρi ice density 917 kg/m3

ρw meltwater density 1000 kg/m3

ρ̄w average fjord water density 1028.6 kg/m3

A Glen’s flow law parameter 10−24 1 / Pa3s

p Glen’s flow law parameter 3 -

f friction factor 0.1 -

η Darcy-Weisbach exponent 5/4 -

g gravitational acceleration 9.81 m/s2

h terminus ice thickness 600 m

d fjord depth 500 m

Table S1.1: Values of physical parameters used in this study.
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S1.4 Channel sizes

S1.4.1 Theory

In each of our simulations, a fixed total discharge Q is split between a number of

channels. In order to relate discharge through each channel to a channel cross-sectional

size and channel flow velocity, we balance wall melt and creep closure in a semi-circular

Röthlisberger channel (Röthlisberger , 1972). The defining equations are from Schoof

(2010), and the notation is identical with the exception of channel size X, which has

been changed from S to avoid a clash with the fjord water salinity, the Glen’s Flow

Law parameter p, which has been changed from n to avoid a clash with the number

of channels, and the Darcy-Weisbach exponent η, which has been changed from α to

avoid a clash with the parameter indexing our simulations. The time evolution of the

cross-sectional size, X, of a semi-circular subglacial channel is given by

dX

dt
= c1qΨ− c2N

pX (S1.13)

where q is the channel discharge, Ψ is the hydraulic gradient, defined below, and

N = pi−pw is the effective pressure; pi is the ice pressure and pw is the water pressure in

the channel. p and A are Glen’s flow law parameters, while c1 = 1/ρiL and c2 = 2Ap−p

are constants related to wall melt and creep closure; ρi is ice density and L is the latent

heat of melting ice.

The second defining equation, in common with Schoof (2010), is the Darcy-Weisbach

law relating discharge, channel size and hydraulic gradient through

q = c3X
η|Ψ|−1/2Ψ (S1.14)

where c3 = (21/2(π + 2)/π1/2ρwf)1/2 is a geometric constant; ρw is water density and

f is a friction factor. η = 5/4 is constant. The hydraulic gradient Ψ is given by

Ψ = −ρwg
∂b

∂s
− ∂pw

∂s
(S1.15)
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where s is a coordinate along the channel, g is gravity and b(s) is the bed topography.

At first glance, Eq. S1.14 provides the needed relation between discharge and channel

size, but Ψ is not independent of q and X, so further manipulation is required. In

steady state (which we assume to exist), the channel size does not change in time, so

Eq. S1.13 becomes

c1qΨ− c2N
pX = 0 (S1.16)

Eqs. S1.14 and S1.16 are then two equations in the two unknowns pw (through Ψ) and

X. All other variables are pre-defined. Solving Eq. S1.14 for X results in

X = c
−1/η
3 Ψ−1/2ηq1/η (S1.17)

and substituting into Eq. S1.16 gives a relation

Ψ = kN2ηp/(2η+1)q(2−2η)/(2η+1) (S1.18)

where k = (c1c
−1
2 c

1/η
3 )−2η/(2η+1) is constant. Eqs. S1.17 and S1.18 give the final result.

Noting η = 5/4 we obtain X ∝ q6/7 and using q = XV gives V ∝ q1/7. For a total

discharge Q split evenly between n channels, each channel has X ∝ (Q/n)6/7 and

V ∝ (Q/n)1/7.

Concerning the stability of this equilibrium channel size, we have here assumed that

the through channel discharge q is fixed. This choice results in the equilibrium channel

size being stable (e.g. Nye, 1976). The other possibility offered by Eq. S1.14 is to hold

Ψ constant - in this case the equilibrium channel size is unstable (e.g. Schoof , 2010).

The above analysis is valid for a channel which is hydraulically isolated from other

channels, a situation which may occur even when channels are in close proximity due

to pressure gradients set up by bed topography (Schoof , 2010). In our most distributed

cases however, we do not expect the channels to be hydraulically isolated, and in these

cases, many studies (e.g. Fountain and Walder , 1998; Schoof , 2010) suggest that some

channels would grow at the expense of others, eventually leading to a smaller number of

larger channels. The more distributed cases we model might therefore not be considered
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steady state cases - rather these might approximate a transient state of the subglacial

hydrologic system early in the melt season, with a transistion to a more channelized

(larger α) system as the summer progresses.

S1.4.2 Implementation

The values of constant parameters in Eqs. S1.17 and S1.18 are listed in Table S1.1. For

a discharge q through a given channel it remains to define effective pressure N = pi−pw

in order to calculate X and thus channel flow velocity V . We are only concerned with

the values of these variables at the channel mouth. The channel mouth is situated

at the grounding line of the glacier, 500m under the fjord surface in our model, thus

pw = ρ̄wgd where d = 500 m and ρ̄w is the average density of fjord water through

the water column. The ice pressure is related to the thickness h of the glacier at the

terminus by pi = ρigh. Many tidewater glaciers in Greenland are close to flotation, so

in this idealized model we take h = 600 m. The resulting relationship between channel

discharge, size and velocity is plotted in Fig. 4.1c. At the model resolution of 5 m at

the calving front, the channel size has to be rounded to the nearest 25 m2, and the

velocity readjusted to achieve the required discharge.

S1.5 Further discussion of sensitivity experiments

Results of the sensitivity experiments are displayed in Table 4.1, summarized in the

main article and discussed further here.

The melt calculation used in this study has been discussed extensively elsewhere (e.g.

Holland and Jenkins, 1999). Total melt proves relatively insensitive to change in ice

temperature Ti because of the dominance of the latent heat L in Eq. S1.9. Total melt

does not quite increase in a 1:1 fashion with C
1/2
d ΓT due to the limiting effect of salt

diffusion, but this is a secondary effect for the range of conditions encountered in this

study.

Regarding sensitivity to a uniform shift in ambient temperature ∆Ta at all depths,

spatially averaged submarine melt rate changes by approximately 25% in response to
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Figure S1.3: Snapshots of ice-tangential water velocity and ice-adjacent temperature,

and time averaged melt rates for all the experiments having a total discharge Q = 125

m3/s.

a decrease/increase in ambient temperature of 1◦C, consistent with linear relationships

between melt rate and water temperature described by Xu et al. (2012) and Sciascia

et al. (2013). A shift in ambient salinity Sa by ±0.5 psu at all depths does not have a

great impact on total melt because the magnitude of change in salinity is not sufficient

to result in a significant increase in plume buoyancy.

An increase in channel width (with channel size held constant) results in an increase in

total melt, because the resulting plume is broader and retains its buoyancy for longer.

This leads to higher plume water velocities and thus higher melt rates. Supposing

channels preferred a broad and low shape rather than the semi-circular cross-section
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assumed in this study, melt would increase in each of our simulations, but the increase

would be greater in the more distributed cases. In common with the results of Kimura

et al. (2014), use of a no-slip condition in our model dramatically reduces melt rates, as

it creates a layer of slow moving water in the cells adjacent to the ice. Since the model

configuration in this study does not have sufficient resolution to resolve the viscous ice-

ocean boundary layer, use of the no-slip condition here is not justified (Kimura et al.,

2014).

Figure S1.4: Equivalent of Fig. S1.3 for Q = 250 m3/s.

In order to maintain a certain discharge, a reduction in channel flow velocity requires an

increase in channel size. The decrease in total melt when channel velocity is increased

is therefore consistent with the presence of a narrower channel. In addition, and as

in Kimura et al. (2014), a high channel velocity results in the core of the plume being

more separated from the ice, leading to lower melt rates. The magnitude of change in
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total melt resulting from a halving or doubling of channel velocity is not large however,

being less than 6%. Note that it was not possible to undertake sensitivity to channel

width and velocity for α = 0.02, because the channels in this experiment consist of a

single cell and thus cannot be made smaller or changed in shape.

We now turn to sensitivity to diffusivity K. For a single plume, a decrease in K

increases the turbulence in the model, which results in greater mixing between the

plume and the ambient fjord water, and thus a broader and slower plume. A broader

plume will melt a larger area of the calving front, while a decrease in water velocity

will decrease local melt rates.

Figure S1.5: Equivalent of Fig. S1.3 for Q = 500 m3/s.

In the Q250α1 case, the change in total melt arising from variation in K is dominated

by variation in plume width, such that spatially averaged melt rate increases with
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decreasing K. Conversely, for Q250α0.02, melt rate decreases with a lower value of K;

while the same analysis regarding plume width applies at depth, the plumes soon merge

so that they cannot increase their width any further. Thereafter, the increased mixing

associated with lower values of K means that the plume is less buoyant and thus less

energetic as it rises, resulting in decreased melt rates close to the surface, and driving

the decrease in total melt. Using the higher value of K in the Q250α0.02 results in no

change in total melt; in this case the decrease in melt at depth from narrower plumes

balances the increase in melt near the surface from reduced plume mixing.

As described above, we have attempted to choose appropriate values for K at 2.5 m and

10 m resolution. However, these do not provide subgrid-scale mixing entirely equivalent

to the 5 m resolution case, since the spatial pattern of difference in melt achieved by

change in model resolution is similar to that of the low and high diffusivity experiments

at 5 m resolution. In the 2.5 m resolution simulations, melt rates are decreased at depth,

but increased near the surface relative to the 5 m resolution equivalents. Ultimately

this leads to modest increases in total melt. At 10 m resolution and for α = 0.02

or α = 1 we obtain melt rates which are decreased by ∼15% relative to the 5 m

resolution simulations. The patterns of melt change indicate that in our 10 m resolution

simulations, the plumes are not mixing with ambient water to the extent they do at

5 m resolution. Therefore agreement might be improved by decreasing K in our 10 m

resolution experiments.



Chapter S2

Supporting information for

‘Scalings for submarine melting

at tidewater glaciers from

buoyant plume theory’

S2.1 Dropping melt and drag terms from plume equations

In the main article we quote a scaling for when the melt and drag terms in Eqs. 5.1

become important. These are derived here.

S2.1.1 Melt terms

We first estimate the height on the calving front Zm at which the volume added to the

plume from melting becomes comparable to the initial volume flux Q0m:

Zm∫
0

2bṁ dz ≈ Q0m (S2.1)

217
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Since both submarine melt and the initial volume flux have zero salinity, this provides

an estimate of when the buoyancy added to the plume by submarine melt becomes

comparable to the initial buoyancy flux.

At a first level of approximation, the integral may be evaluated using the solution to

the plume equations excluding melt and drag terms (i.e. using Eqs. 5.6), and by taking

the point source limit (i.e. neglecting the finite source correction). We also use

ṁ = cwC
1/2
d ΓTu(T − Tb)

ci(Tb − Ti) + L
≈
cwC

1/2
d ΓTu(T − Tb)

L
≈
cwC

1/2
d ΓTu(Ta − T0)

L
(S2.2)

where the first approximation follows as L� ci(Tb−Ti), and the second approximation

holds (roughly) for z � z0 as in this regime T → Ta. The integral may then be evaluated

as
Zm∫
0

2bṁ dz = 2cwC1/2
d ΓT (Ta − T0)

L

(9αQ0mg
′
0

5π

)1/3 Zm∫
0

z2/3 dz (S2.3)

By equating to the initial volume flux as in Eq. (S2.1) we obtain a relationship between

the height on the calving front Zm and the subglacial discharge Q0m at which total

submarine melt flux is similar to the initial volume flux

Q
2/3
0m = 6

5
cwC

1/2
d ΓT
L

(9αg′0
5π

)1/3
(Ta − T0)Z5/3

m (S2.4)

S2.1.2 Drag term

The right hand side of Eq. 5.1b may be written

π

2 b
2g′−2Cdbu2 = π

2 b
2g′−2Cdb2g′

u2

bg′
≈ π

2 b
2g′−2Cdb2g′

5
8α = π

2 b
2g′
(

1− 5Cd
2πα

)
(S2.5)

Where the second equality follows from the definition of Γ in section 5.2.4. We see that

including drag reduces plume buoyancy by a factor 5Cd/2πα ≈ 0.08, and the effect

is equivalent to reducing g by the same factor. Therefore an approximate analytical

solution to the plume equations with a drag term can be obtained simply by replacing

g with (1 − 5Cd/2πα)g throughout Eqs. 5.6. Considering particularly plume velocity
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Symbol Description Value Units

α entrainment coefficient 0.1 -

g gravitational acceleration 9.81 m s−2

Cd plume-ice drag coefficient 9.7× 10−3 -

ΓT heat transfer coefficient 1.1× 10−2 -

ΓS salt transfer coefficient 3.1× 10−4 -

cw heat capacity of water 3974 J kg−1 ◦C−1

ci heat capacity of ice 2009 J kg−1 ◦C−1

L latent heat of ice melt 334000 J kg−1

Ti ice temperature -10 ◦C

λ1 freezing point salinity slope -5.73× 10−2 ◦C psu−1

λ2 freezing point offset 8.32× 10−2 ◦C

λ3 freezing point depth slope -7.53× 10−4 ◦C m−1

βS haline contraction coefficient 7.86× 10−4 psu−1

βT thermal expansion coefficient 3.87× 10−5 ◦C−1

Table S2.1: Chapter 5 parameter values

in the point source limit, this replacement introduces a factor

(1− 5Cd/2πα)1/3 ≈ 1− 5Cd/6πα (S2.6)

Therefore the presence of the drag term reduces plume velocity by ∼2.5%. The

magnitude of change is such that we can safely neglect the drag term in the plume

equations.
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S2.2 Mathematical details from the uniform stratification

solution

S2.2.1 Properties of Tb

In the main article we state a number of results regarding Tb; these are derived here.

Consider the melt rate parameterisation Eqs. 5.2. By eliminating ṁ from Eq. 5.2a

using Eq. 5.2b and then eliminating Tb in favour of Sb using Eq. 5.2c we can obtain a

quadratic for Sb
a1S

2
b + a2Sb + a3 = 0 (S2.7)

where the coefficients are given by

a1 = λ1(ciΓS − cwΓT ) (S2.8)

a2 = cwΓT (T − λ2 − λ3(h− z)) + ΓS(ci(λ2 + λ3(h− z)− λ1S − Ti) + L) (S2.9)

a3 = −ΓSS(ci(λ2 + λ3(h− z)− Ti) + L) (S2.10)

and then Sb is given by the positive branch of the quadratic formula

Sb = 1
2a1

(
−a2 +

√
a2

2 − 4a1a3

)
(S2.11)

Note that u does not appear in any of the coefficients, it cancels when we substitute

Eq. 5.2b into Eq. 5.2a. Therefore dSb/du = 0. Further we use Eq. 5.2c to get

dSb/du = λ−1
1 dTb/du, therefore we also have dTb/du = 0.

By direct differentiation of Eq. (S2.11) we get

dTb
dT

= −λ1cwΓT
2a1

1− a2√
a2

2 − 4a1a3

 (S2.12)

For parameters within a reasonable range for glacial fjords (and see also Table S2.1)

it may be shown that a1 > 0, a2 > 0 and a3 < 0, and so 0 < a2/
√
a2

2 − 4a1a3 < 1.

The prefactor in Eq. (S2.12) is constant and may be evaluated as −λ1cwΓT /2a1 ≈ 1/2
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(note ciΓS � cwΓT and λ1 < 0), and therefore it follows that 0 < dTb/dT < 1, as is

stated in the main article.

Lastly, differentiation with respect to S gives (note we use ci(Tb − Ti)� L)

dTb
dS

= λ1ΓSL√
a2

2 − 4a1a3
(S2.13)

from which it easily follows (noting λ1 < 0) that dTb/dS < 0, which is the final result

used in the main article.

S2.3 Mathematical details from the linear stratification

section

S2.3.1 Non-dimensionalisation of equations

While this procedure has been extensively studied previously (e.g. Morton et al., 1956;

Morton, 1959; Turner , 1979) we believe it worthwhile to include a sketch of the non-

dimensionalisation of the plume equations and characteristic plume heights as our

prefactors differ slightly from others in the literature. We first define plume volume

flux Q = πb2u/2, momentum flux M = πb2u2/2, buoyancy flux B = πb2ug′/2. We

define equivalent non-dimensional fluxes Q̃, M̃ and B̃, and non-dimensional depth z̃ by

Q = (2π)1/4 α1/2B
3/4
0 (N2)−5/8Q̃ (S2.14a)

M = B0(N2)−1/2M̃ (S2.14b)

B = B0B̃ (S2.14c)

z = (2π)−1/4 α−1/2B
1/4
0 (N2)−3/8z̃ (S2.14d)

where B0 is the initial buoyancy flux of the plume. One can then show with these

definitions that the analytical model plume equations reduce to

dQ̃

dz̃
= M̃1/2 dM̃

dz̃
= Q̃B̃

M̃

dB̃

dz̃
= −Q̃ (S2.15)
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Figure S2.1: Solution to the non-dimensional plume equations for (a) half-conical plume

geometry and (b) line plume geometry. Solid lines are the linear stratification solution,

dashed lines are the uniform stratification solution. Note that (a) differs from Fig. 1 of

Morton et al. (1956) and Fig. 6.17 of Turner (1979) only in the prefactors of the non-

dimensional variables.

For a point source of buoyancy only, the relevant initial conditions are Q̃ = 0, M̃ = 0,

B̃ = 1 at z̃ = 0, starting from which Eqs. (S2.15) can be solved numerically with solution

shown in Fig. S2.1a. To make contact with the main article define non-dimensional

radius by b̃ =
√

2Q̃2/πM̃ , velocity by ũ = M̃/Q̃ and reduced gravity by g̃′ = B̃/Q̃.

The expressions for characteristic plume heights presented in Eqs. 5.16 are obtained by

combining the solution in Fig. S2.1a with Eq. S2.14d and Eq. 5.6c.

S2.3.2 Total submarine melt rates

In general total submarine melt rates for the plume in a linear stratification are difficult

to investigate analytically, but some progress can be made. Following arguments made

in the main article, let us take some multiple of plume velocity βu (for constant β)

as a proxy for local submarine melt. We can then rewrite total melt in terms of the

non-dimensional variables introduced above and in the main article. Consider first the

case where the plume does not reach the surface.

Ṁ = 2β (2π)−1/4 α−1/2 (Q0g
′
0
)3/4 (N2)−5/8

2.57∫
z̃0

b̃ũ dz̃ (S2.16)
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If we were considering a point source, then the lower limit of the integral would be

0, such that the integral would be independent of Q0 and N2 and then we’d have

Ṁ ∝ Q
3/4
0 (N2)−5/8. Since we in fact have a finite source of subglacial discharge, we

need to retain the lower limit z̃0 which means the integral is not quite independent

of Q0 and N2. We can split the integral into the point source contribution and the

correction for a finite source

2.57∫
z̃0

b̃ũ dz̃ =
2.57∫
0

b̃ũ dz̃ −
z̃0∫

0

b̃ũ dz̃ (S2.17)

In the main article we noted that for tidewater glacier-relevant parameters we have

z0 < z1 (where z1 is defined in the main article or using Eq. (S2.14d) with z̃ = 1). In

non-dimensional terms this is stated as z̃0 < 1, and means that the uniform stratification

solution b̃ ∝ z̃ and ũ ∝ z̃−1/3 can be used to evaluate the second integral

z̃0∫
0

b̃ũ dz̃ ∝ z̃5/3
0 (S2.18)

so that the finite source correction term is proportional to Q3/4
0 (N2)−5/8 ·Q1/4

0 (N2)5/8 =

Q0. This is an increasing function of Q0 and therefore its presence slightly reduces the

3/4 exponent which would be obtained taking into account only the first integral.

Numerically we find that the second integral is often small compared to the first,

therefore a total melt rate-discharge exponent of 3/4 is a good approximation when

the plume does not reach the surface.

When the plume does reach the surface we have instead

Ṁ = 2β (2π)−1/4 α−1/2 (Q0g
′
0
)3/4 (N2)−5/8

z̃h∫
z̃0

b̃ũ dz̃ (S2.19)

where z̃h = (2π)1/4 α1/2 (Q0g
′
0)−1/4 (N2)3/8(z0 + h) is the non-dimensional height

corresponding to the fjord surface. This is best investigated numerically as is discussed

in the main article, but we can recover the uniform stratification scaling here. Suppose

the fjord stratification is sufficiently weak (N2 close to 0) that we have z̃h < 1. Then we
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can evaluate the integral with the uniform stratification solution b̃ ∝ z̃ and ũ ∝ z̃−1/3

z̃h∫
z̃0

b̃ũ dz̃ ∝ z̃5/3
h − z̃5/3

0 (S2.20)

such that total melt scales as

Ṁ ∝ Q3/4
0 (N2)−5/8Q

−5/12
0 (N2)5/8

[
(z0 + h)5/3 − z5/3

0

]
= Q

1/3
0

[
(z0 + h)5/3 − z5/3

0

]
(S2.21)

and finally taking the point source limit h � z0 we recover the uniform stratification

total melt scaling Ṁ ∝ Q1/3
0 h5/3 as in Eq. 5.11.

S2.3.3 Derivation of plume temperature contrast for stratification in

temperature and salinity

We provide here a derivation of Eq. 5.18. By combining Eqs. 5.12 and integrating we

obtain
Qg′T −Q0g

′
T0

N2
T

= Qg′S −Q0g
′
S0

N2
S

(S2.22)

Upon rearranging, noting g′ = g′T + g′S and using Eq. (S2.14c) we get

Qg′T = Q0(g′T0 + g′S0)B̃ −Q0g
′
S0 +Q0g

′
T0N

2
S/N

2
T

1 +N2
S/N

2
T

(S2.23)

At zmh we have B̃ = −|λ| where λ is some constant (Fig. S2.1a). Due to the dominance

of salinity in the equation of state we have g′S0/g
′
T0 ∼ 250. By considering the limits of

Eq. (S2.23) one can show that for 10 < |N2
S/N

2
T | < 50 (which covers glacial applications)

we have

Qg′T ≈ −(1 + |λ|)N
2
T

N2
S

Q0g
′
S0 (S2.24)

giving

Ta − T ≈ −(1 + |λ|)dTa/dz
dSa/dz

Q0
Q

(Sa,0 − S0) (S2.25)

which is proportional to Q
1/4
0 (N2

T )(N2
S)−3/8 using Eqs. (S2.14a)-(S2.14d) and again

noting N2 ≈ N2
S .
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S2.4 Line plumes

S2.4.1 Uniform stratification

In the line plume case the plume is wedge-shaped (Fig. S2.2) with thickness b. The

defining equations which are the equivalent expressions to Eqs. 5.1 can be found in

Jenkins (2011).

Figure S2.2: Line plume geometry. In this case b refers to the thickness of the plume.

In the line plume case the dimensionless number characterising the balance between

buoyancy and momentum of the plume is given by Γ = bg′/αu2. As before we fix b0

and u0 by setting Q0 = b0u0 and Γ0 = 1, giving

b0 =
(
αQ2

0
g′0

)1/3

u0 =
(
Q0g

′
0

α

)1/3
(S2.26)

Neglecting melt and drag terms as before and specialising to a uniform stratification, the

plume solution is given by (e.g. Linden et al., 1990; Kaye, 2008; Straneo and Cenedese,

2015)

b = α [z + z0] u =
(
Q0g

′
0

α

)1/3
(S2.27a)
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T = T0 + (Ta − T0)
(

1− z0
z + z0

)
S = Sa

(
1− z0

z + z0

)
(S2.27b)
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Figure S2.3: Equivalent of Fig. 5.4 for the line plume. Comparison of total submarine

melt per unit width as predicted by the full model and by Eq. 5.20. Points with h . 70z0

(e.g. Q0 = 2.1 m3 s−1, h = 100 m) have been excluded as the total melt rate-discharge

exponent is not well approximated by 1/3 for these points.

The finite source correction z0 =
(
Q2

0/α
2g′0
)1/3 may be obtained by ensuring Q(z =

0) = Q0. Regarding submarine melting, Fig. S2.3 is the equivalent of Fig. 5.4, and

shows the result of using Eq. 5.20 to predict total submarine melt rates. Points with

h . 70z0 (e.g. Q0 = 2.1 m3 s−1, h = 100 m) have been excluded as the total melt

rate-discharge exponent is not well approximated by 1/3 for these points.

S2.4.2 Linear stratification

Again while this procedure has been discussed extensively in the literature (e.g. Wright

and Wallace, 1979; Bush and Woods, 1999) we believe it worth providing an outline

here. Define flux quantities for volume Q = bu, momentum M = bu2 and buoyancy
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B = bug′. Define non-dimensional equivalents by

Q = α1/3B
2/3
0 (N2)−1/2Q̃ (S2.28a)

M = B0(N2)−1/2M̃ (S2.28b)

B = B0B̃ (S2.28c)

z = α−1/3B
1/3
0 (N2)−1/2z̃ (S2.28d)

where B0 ≈ Q0g
′
0 is the initial buoyancy flux per unit width. The plume equations

then reduce to
dQ̃

dz̃
= M̃

Q̃

dM̃

dz̃
= Q̃B̃

M̃

dB̃

dz̃
= −Q̃ (S2.29)

For an infinitessimal line source of buoyancy only, the relevant initial conditions are

Q̃ = 0, M̃ = 0, B̃ = 1 at z̃ = 0, starting from which Eqs. (S2.29) can be solved

numerically with solution shown in Fig. S2.1b. To make contact with the main article

define non-dimensional width by b̃ = Q̃2/M̃ , velocity by ũ = M̃/Q̃ and reduced gravity

by g̃′ = B̃/Q̃. Expressions for characteristic line plume heights in a linear stratification

are (e.g. Wright and Wallace (1979); Bush and Woods (1999), see also Fig. S2.1b)

zmh = 2.09 (N2)−1/2
(
Q0g

′
0

α

)1/3
−
(
Q2

0
α2g′0

)1/3

(S2.30a)

zbr = 1.44 (N2)−1/2
(
Q0g

′
0

α

)1/3
−
(
Q2

0
α2g′0

)1/3

(S2.30b)
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Chapter S3

Supporting information for ‘A

model for tidewater glacier

undercutting by submarine

melting’

S3.1 Derivation of evolution equation

We here provide a derivation of Eq. 6.3 as it may seem counterintuitive for the sin θ

term to appear in the denominator. Ignoring ice velocity, which simply translates

the calving front to the right, a schematic of calving front evolution under submarine

melting is shown in Fig. S3.1. We consider a section of calving front at time t with

slope θ. At time t+δt, submarine melting at rate ṁ has retreated the calving front by a

perpendicular distance ṁ δt. Assuming that the calving front slope is still θ then simple

trigonometry gives the horizontal displacement of the calving front as δx = ṁ δt/ sin θ.

Therefore, including ice velocity, the displacement of the calving front at fixed z is

given by ∂x/∂t = v − ṁ/ sin θ, as in Eq. 6.3. We may additionally express sin θ as

229
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Figure S3.1: Schematic of calving front evolution.

(1 + (∂x/∂z)2)−1/2. Note that the possibility that the calving front slope at t + δt

might differ slightly from θ is a higher-order consideration.

S3.2 Definition of ‘broad’ subglacial channels

In the main article we note that use of a line plume model is only strictly appropriate

for ‘broad’ subglacial channels generating ‘broad’ plumes, as the line plume model

neglects entrainment at the sides of the plume. At a vertical calving front, a line

plume of across-fjord breadth W which reaches the fjord surface will have a frontal

entraining area hW , where h is the fjord depth. This area will increase if the calving

front becomes undercut. In an unstratified fjord, the along-fjord width of the plume at

the fjord surface will be approximately b = αh (Chapter 5; Slater et al., 2016), where

b has the same definition as in Fig. 6.1. Thus the surface area of the two triangular

sides of the plume is approximately 2× 1
2 × αh× h = αh2. Use of a line plume model

neglects entrainment at these sides. This might be considered a good approximation

provided the surface area of the sides is small relative to the frontal surface area, say

when αh2/(hW ) < 0.2. For α = 0.1 we obtain W > h/2. Thus when h = 500 m, we

obtain W > 250 m. At a smaller calving front, say with h = 250 m, we’d need W > 125

m.
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S3.3 Numerical details

Eqs. 6.1-6.3 are solved numerically in MATLAB. As outlined in the main article, we may

for sufficient subglacial discharge neglect the feedback of calving front shape on plume

dynamics. Thus Eqs. 6.1-6.2 decouple from Eq. 6.3; that is, we may solve Eqs. 6.1-6.2

assuming a vertical calving front, and use the obtained profile of submarine melt rate

to solve Eq. 6.3.

Eqs. 6.1-6.2 of the main article are solved using an explicit Runge-Kutta 4th/5th order

method (MATLAB function ode45 ), which gives a profile of submarine melting at

arbitrary vertical resolution ∆z. Eq. 6.3 of the main article is integrated using a first-

order upwind method, in which the calving front position xn+1
i at depth z and timestep

t+ ∆t, is given in terms of the calving front position xni at depth z and timestep t and

the calving front position xni−1 at depth z −∆z and timestep t by

xn+1
i = xni + ∆t

v − ṁi

[
1 +

(
xni − xni−1

∆z

)2]1/2
 (S3.1)

where ṁi = ṁ(z). The near-grounding line slope boundary condition
(
∂x
∂z

)
gl

referred

to in the main article is enforced at the grid point closest to the grounding line (i = 1).

Note that while it is neglected in this paper, the feedback of calving front morphology

on plume dynamics could be included by solving Eqs. 6.1-6.2 at each timestep, using

the updated calving front shape from Eq. S3.1, which appears in Eqs. 6.1-6.2 through

the sin θ term.

We apply Eq. S3.1 on a uniformly spaced grid with ∆z = 1 m and with a timestep

∆t = 0.1 days. The grid begins at a height of 1 m above the grounding line. Sensitivity

tests show that our results are insensitive to grid resolution and proximity to the

grounding line. Note that for stability, the grid spacing and timestep must satisfy

the Courant-Friedrichs-Lewy (CFL) condition ṁ cos θ∆t/∆z < 1, where ṁ cos θ is the

vertical component of ice-ocean boundary motion due to melting. Since cos θ < 1, the

CFL condition will be satisfied when ṁ∆t/∆z < 1.
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The steady state solutions shown in Fig. 6.3 of the main article are also obtained

numerically. Eq. 6.5 may be written

∂x

∂z
=

√(
v

ṁ

)2
− 1 (S3.2)

which is integrated using the same explicit Runge-Kutta 4th/5th order method

(MATLAB function ode45 ) and with initial condition x = 0 m at z = 1 m.

As described in the main article, for the examples in which we include a ‘subglacial

channel’ the initial calving front shape is taken from one of the steady state examples

up until the depth of maximum melt rate, and thereafter merged into a vertical calving

front. Exactly how this merging is done is not critical, but we include details of our

choice here. We denote the height of maximum melting by zmm, the calving front

position at this depth as xmm, and the slope of the calving front at this depth, as

defined by the steady state calving front, as smm.

For z < zmm, the initial calving front shape is therefore defined by Eq. 6.5. Above,

we merge to vertical over a smoothing height hs in which the calving front position is

given by

x(z) = xmm +
z∫

zmm

smm

(
1− z′ − zmm

hs

)
dz′ zmm < z < zmm + hs (S3.3)

which is essentially the simplest smooth function with the properties ∂x/∂z = smm at

zmm and ∂x/∂z = 0 (i.e. vertical) at zmm+hs. For the examples described in the main

paper we choose a smoothing height hs = 200 m. Finally for zmm + hs < z < h the

initial calving front is vertical.

S3.4 Stationary calving fronts with alternative fjord strat-

ification

Stationary calving fronts are described by Eq. 6.5. Their shape therefore depends on the

profile of submarine melting. In turn, this depends on the assumed fjord stratification.
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Figure S3.2: Effect on stationary calving front of having an unstratified fjord: (a) ambient

temperature, (b) ambient salinity, (c) melt rate and (d) stationary calving front shape.

In the main article we use an idealised stratification which is generally representative

of deep fjords in Greenland (Straneo and Cenedese, 2015). Some (generally shallower)

glacial fjords are however very weakly stratified for much of the water column (e.g.

Bartholomaus et al., 2013).

Fig. S3.2 shows the effect on stationary calving front shape of assuming unstratified

fjord conditions in a shallower fjord (h = 300 m). The unstratified conditions lead to a

melt rate profile which is nearly constant with height, except for a region close to the

grounding line where plume temperature and thus melt rate are increasing (Fig. S3.2c).

As a result, the stationary calving fronts have a fairly constant slope, except near the

grounding line where they are convex (Fig. S3.2d).

S3.5 Sensitivity of results to initial subglacial channel

shape

In the main article we motivate the inclusion of a subglacial channel at the base of the

initial calving front shape and show some examples of calving front evolution (Fig. 6.4).

At the end of section S3.3 above we described how the shapes of the initial subglacial



CHAPTER S3. SUPPORTING INFORMATION FOR CHAPTER 6 234

channel in the main article are defined. Here we show that the steady state shape

reached by the calving front is not sensitive to the choice of initial channel shape (for

a given grounding line boundary condition).
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Figure S3.3: Various possible initial channel geometries given by Eq. S3.4 for the example

shown in Fig. 6.4a.

A rather general expression for the shape of a subglacial channel having grounding line

slope sgl at a height z0, and merging to vertical over a height hv is given by

x(z) =
z∫

z0

sgl

[
1−

(
z′ − z0
hv

)β]
dz′ z0 < z < z0 + hv (S3.4)

There are two free parameters: hv controls the height of the channel and β controls

how quickly the roof of the channel merges into the vertical. For the slope boundary

condition used in Fig. 6.4a-c (sgl = 1.9) a number of possible channel shapes are

plotted in Fig. S3.3. Evolution of the calving front using these shapes is shown in

Fig. S3.4. If the channel shape imposed is rather different to the steady state shape

(e.g. Fig. S3.4g), it can take some time for the front to adjust to the imposed subglacial

channel. In each case however, the calving front tends towards the same shape shown

in Fig. 6.4a, suggesting that the shape of calving front reached is insensitive to the

details of the subglacial channel imposed.
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(a) as Fig. 4a
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Figure S3.4: Sensitivity of calving front evolution to the imposed initial subglacial channel

shape. (a) shows the same simulation as Fig. 6.4a, but run for an additional 100 days.

(b)-(g) show evolution, over 200 days, for the different initial channel shapes plotted in

Fig. S3.3.

.

S3.6 Discharge threshold for neglecting the feedback of

submarine melting, drag and morphology

In the main article we state that provided there is sufficient subglacial discharge, the

feedback of submarine melting and drag on plume dynamics may be neglected, and

since these are the only terms in which the calving front shape appears, calving front

shape may also be neglected. A detailed analysis for a point source plume at a vertical
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calving front was made in Chapter 5; Slater et al. (2016), here we adapt the result

therein to a line source plume at a undercut calving front.

The volume flux of submarine meltwater will be roughly equal to the volume flux of

subglacial discharge Q when (details in Chapter 5; Slater et al. (2016))

Q2/3 ≈
cwC

1/2
d ΓT (Ta − T0)

L

(
g′0
α

)1/3
l (S3.5)

where parameter values are given in Table S3.1. A subscript ‘0’ denotes values at the

grounding line, and l is the length of the calving front, measured from the grounding

line to the fjord surface. For a given fjord temperature Ta and calving front length

l, if subglacial discharge Q exceeds that given by Eq. S3.5 then we may neglect the

aforementioned feedbacks on plume dynamics. For the examples considered in the main

paper we have Ta − T0 ≈ 3◦C and l ≈ 1000 m at most, giving a threshold discharge

of Q = 0.01 m2/s, above which the feedback of shape may be neglected. The two

examples considered in the main paper, Q = 0.1 and 2 m2/s, lie above this threshold.

S3.7 Richardson number-dependent entrainment param-

eterisation

Throughout the main paper we use a slope-dependent entrainment parameterisation

(Pedersen, 1980)

ė = α sin θ u (S3.6)

with α = 0.1 (Turner , 1979). This parameterisation has seen common use in models of

glacial plumes (e.g. Jenkins, 2011; Magorrian and Wells, 2016) and has field support

(Pedersen, 1980). A more general Richardson number-dependent parameterisation

(Kochergin, 1987) has however also been used in a glacial setting (e.g. Holland and

Feltham, 2006), so we here test the sensitivity of our results to use of this alternative

entrainment parameterisation. The Kochergin (1987) parameterisation is defined by

ė = C2
L

Sct

√
1 + Ri

Sct
u (S3.7)



CHAPTER S3. SUPPORTING INFORMATION FOR CHAPTER 6 237

along-fjord distance x (m)

0 100 200 300 400

h
ei
gh
t
ab
ov
e
gr
ou
n
d
in
g
li
n
e

z
(m
)

0

100

200

300

400

500

(a)

melt rate _m (m/d)

0 2 4 6

(b)

Q = 0:1 m2/s

Q = 2 m2/s

BP entrainment

melt rate _m (m/d)

0 2 4 6

(c)

Q = 0:1 m2/s

Q = 2 m2/s

K entrainment

discharge Q (m2/s)

0.1 2

to
ta
l
m
el
t
ra
te
,
n
or
m
al
is
ed
b
y
ve
rt
ic
al
ca
se

1

1.1

1.2

1.3

1.4
(d) BP

K

Figure S3.5: As Fig. 6.2, but additionally comparing the Pedersen (1980) entrainment

parameterisation (BP) used throughout the main paper with the alternative Kochergin

(1987) entrainment parameteristion (K).

where Ri = bg′/u2 is the Richardson number, Sct is the turbulent Schmidt number,

given by

Sct = Ri
0.0725

(
Ri + 0.189−

√
Ri2 − 0.316Ri + 0.1892

) (S3.8)

and we take CL = 0.9 so that Eq. S3.7 agrees with Eq. S3.6 when the parameterisations

are applied at a vertical calving front in an unstratified ambient. Note that this

entrainment parameterisation is not well defined when Ri becomes negative so we

additionally impose Ri = max
[
0, bg′/u2].

Fig. S3.5c shows the results of using the Kochergin (1987) entrainment parameterisation

at the various calving front shapes considered in Fig. 6.2. For comparison we

also duplicate the results for the Pedersen (1980) entrainment parameterisation used

throughout the main paper (Fig. S3.5b). Use of the Kochergin (1987) parameterisation

lends submarine melt rate a slightly higher dependence on calving front shape,

with more undercut calving fronts having slightly lower local submarine melt rate

(Fig. S3.5c). As a result, total melt rate is less elevated at undercut calving fronts

relative to vertical calving fronts when using the Kochergin (1987) parameterisation

(Fig. S3.5d). Nevertheless, with the Kochergin (1987) parameterisation, it remains

a good approximation to neglect the feedback of calving front shape on submarine
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Symbol Description Value Units

α entrainment coefficient 0.1 -

g gravitational acceleration 9.81 m s−2

Cd plume-ice drag coefficient 9.7× 10−3 -

ΓT heat transfer coefficient 1.1× 10−2 -

ΓS salt transfer coefficient 3.1× 10−4 -

cw heat capacity of water 3974 J kg−1 ◦C−1

L latent heat of ice melt 334000 J kg−1

Table S3.1: Chapter 6 parameter values

melting, as is done in sections 6.3.2 and 6.3.3 of the main paper based on the Pedersen

(1980) parameterisation.



Bibliography

Ahlstrom, A. P., et al. (2008), A new programme for monitoring the mass loss of
the Greenland ice sheet, Geological Survey of Denmark and Greenland Bulletin, 15,
61–64.

Ahlstrom, A. P., et al. (2013), Seasonal velocities of eight major marine-terminating
outlet glaciers of the Greenland ice sheet from continuous in situ gps instruments,
Earth System Science Data, 5 (2), 277–287, doi: 10.5194/essd-5-277-2013.

Alley, R. B., D. D. Blankenship, C. R. Bentley, and S. T. Rooney (1986), Deformation
of till beneath ice stream B, West Antarctica, Nature, 322 (6074), 57–59, doi:
10.1038/322057a0.

Andresen, C. S., et al. (2012), Rapid response of Helheim Glacier in Greenland
to climate variability over the past century, Nature Geoscience, 5, 37–41, doi:
10.1038/ngeo1349.

Andrews, L. C., G. A. Catania, M. J. Hoffman, J. D. Gulley, M. P. Luthi, C. Rsyer,
R. L. Hawley, and T. A. Neumann (2014), Direct observations of evolving sub-
glacial drainage beneath the Greenland ice sheet, Nature, 7520 (514), 80–83, doi:
10.1038/nature13796.

Baines, P. G., and R. S. J. Sparks (2005), Dynamics of giant volcanic ash
clouds from supervolcanic eruptions, Geophysical Research Letters, 32 (24), doi:
10.1029/2005GL024597.

Bamber, J. L., et al. (2013), A new bed elevation dataset for Greenland, The
Cryosphere, 7 (2), 499–510, doi: 10.5194/tc-7-499-2013.

Bartholomaus, T. C., C. F. Larsen, and S. O’Neel (2013), Does calving matter?
Evidence for significant submarine melt, Earth and Planetary Science Letters, 380,
21–30, doi: 10.1016/j.epsl.2013.08.014.

Bartholomaus, T. C., et al. (2016), Contrasts in the response of adjacent fjords and
glaciers to ice-sheet surface melt in West Greenland, Annals of Glaciology, 57, 25–38,
doi: 10.1017/aog.2016.19.

Bartholomew, I., P. Nienow, D. Mair, A. Hubbard, M. A. King, and A. Sole (2010),
Seasonal evolution of subglacial drainage and acceleration in a Greenland outlet
glacier, Nature Geoscience, 3, 408–411, doi: 10.1038/ngeo863.

239



BIBLIOGRAPHY 240

Batchelor, G. K. (1954), Heat convection and buoyancy effects in fluids, Quar-
terly Journal of the Royal Meteorological Society, 80 (345), 339–358, doi:
10.1002/qj.49708034504.

Bendtsen, J., J. Mortensen, K. Lennert, and S. Rysgaard (2015), Heat sources for
glacial ice melt in a West Greenland tidewater outlet glacier fjord: The role of
subglacial freshwater discharge, Geophysical Research Letters, 42 (10), 4089–4095,
doi: 10.1002/2015GL063846.

Benn, D. I., C. R. Warren, and R. H. Mottram (2007), Calving processes and
the dynamics of calving glaciers, Earth-Science Reviews, 82 (3-4), 143–179, doi:
10.1016/j.earscirev.2007.02.002.

Bevan, S. L., A. Luckman, S. A. Khan, and T. Murray (2015), Seasonal dynamic
thinning at Helheim Glacier, Earth and Planetary Science Letters, 415, 47–53, doi:
10.1016/j.epsl.2015.01.031.

Bjork, A. A., K. H. Kjaer, N. J. Korsgaard, S. A. Khan, K. K. Kjeldsen, C. S. Andresen,
J. E. Box, N. K. Larsen, and S. Funder (2012), An aerial view of 80 years of climate-
related glacier fluctuations in southeast Greenland, Nature Geoscience, 5, 427–432,
doi: 10.1038/ngeo1481.

Bondzio, J. H., H. Seroussi, M. Morlighem, T. Kleiner, M. Rückamp, A. Humbert,
and E. Y. Larour (2016), Modelling calving front dynamics using a level-set method:
application to Jakobshavn Isbræ, West Greenland, The Cryosphere, 10 (2), 497–510,
doi: 10.5194/tc-10-497-2016.

Box, J. E., L. Yang, D. H. Bromwich, and L. Bai (2009), Greenland ice sheet surface
air temperature variability: 1840-2007, Journal of Climate, 22 (14), 4029–4049, doi:
10.1175/2009JCLI2816.1.

Braithwaite, R. J. (1995), Positive degree-day factors for ablation on the Greenland ice
sheet studied by energy-balance modelling, Journal of Glaciology, 41 (137), 153–160,
doi: 10.3198/1995JoG41-137-153-160.

Bush, J. W. M., and A. W. Woods (1999), Vortex generation by line plumes in a
rotating stratified fluid, Journal of Fluid Mechanics, 388, 289–313.

Campbell, F. M., P. W. Nienow, and R. S. Purves (2006), Role of the supraglacial
snowpack in mediating meltwater delivery to the glacier system as inferred from dye
tracer investigations, Hydrological Processes, 20 (4), 969–985, doi: 10.1002/hyp.6115.

Carr, J. R., A. Vieli, and C. Stokes (2013), Influence of sea ice decline, atmospheric
warming, and glacier width on marine-terminating outlet glacier behavior in north-
west Greenland at seasonal to interannual timescales, Journal of Geophysical Re-
search: Earth Surface, 118 (3), 1210–1226, doi: 10.1002/jgrf.20088.

Carroll, D., D. A. Sutherland, E. L. Shroyer, J. D. Nash, G. A. Catania, and L. A.
Stearns (2015), Modeling turbulent subglacial meltwater plumes: implications for
fjord-scale buoyancy-driven circulation, Journal of Physical Oceanography, 45 (8),
2169–2185, doi: 10.1175/JPO-D-15-0033.1.



BIBLIOGRAPHY 241

Carroll, D., et al. (2016), The impact of glacier geometry on meltwater plume structure
and submarine melt in Greenland fjords, Geophysical Research Letters, 43 (18), 9739–
9748, doi: 10.1002/2016GL070170.

Cenedese, C., and V. M. Gatto (2016), Impact of two plumes’ interaction on submarine
melting of tidewater glaciers: A laboratory study, Journal of Physical Oceanography,
46 (1), 361–367, doi: 10.1175/JPO-D-15-0171.1.

Cenedese, C., and P. F. Linden (2014), Entrainment in two coalescing axisymmetric
turbulent plumes, Journal of Fluid Mechanics, 752 (R2), doi: 10.1017/jfm.2014.389.
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