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Abstract

Jakobshavn Isbræ, a fast-flowing outlet glacier in West Greenland, began a rapid retreat

in the late 1990’s. The glacier has since retreated over 15 km, thinned by tens of meters,

and doubled its discharge into the ocean. The glacier’s retreat and associated dynamic

adjustment are driven by poorly-understood processes occurring at the glacier-ocean in-

terface. These processes were investigated by synthesizing a suite of field data collected in

2007–2008, including timelapse imagery, seismic and audio recordings, iceberg and glacier

motion surveys, and ocean wave measurements, with simple theoretical considerations.

Observations indicate that the glacier’s mass loss from calving occurs primarily in sum-

mer and is dominated by the semi-weekly calving of full-glacier-thickness icebergs, which

can only occur when the terminus is at or near flotation. The calving icebergs produce

long-lasting and far-reaching ocean waves and seismic signals, including “glacial earth-

quakes”. Due to changes in the glacier stress field associated with calving, the lower glacier

instantaneously accelerates by ∼3% but does not episodically slip, thus contradicting the

originally proposed glacial earthquake mechanism. We furthermore showed that the pre-

dominance of calving during summer can be attributed to variations in the strength of

the proglacial ice mélange (dense pack of sea ice and icebergs). Sea ice growth in winter

stiffens the mélange and prevents calving; each summer the mélange weakens and calving

resumes. Previously proposed calving models are unable to explain the terminus dynam-

ics of Jakobshavn Isbræ (and many other calving glaciers). Using our field observations as

a basis, we developed a general framework for iceberg calving models that can be applied

to any calving margin. The framework is based on mass continuity, the assumption that

calving rate and terminus velocity are not independent, and the simple idea that terminus

thickness following a calving event is larger than terminus thickness at the event onset. Al-

though the calving framework does not constitute a complete calving model, it provides a

guide for future attempts to define a universal calving law.
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Chapter 1

Introduction

1.1 Background

The recent calving retreat and coincident flow acceleration of outlet glaciers in Greenland

and Antarctica [De Angelis and Skvarca, 2003; Joughin et al., 2004; Rignot et al., 2004; Howat

et al., 2008] has demonstrated that ice sheets can evolve rapidly in response to oceanic and

atmospheric forcings [Truffer and Fahnestock, 2007]. Models have traditionally assumed,

however, that ice sheets evolve slowly over millenia. The ability of current ice sheet mod-

els to predict future sea level variations is therefore suspect, due in large part to a poor

understanding and parameterization of iceberg calving processes. Attempts to define a

universal calving law are hindered by difficulties in making direct measurements of calv-

ing due to safety concerns, the episodic nature of calving, and the vast size and remote

location of many calving margins. Investigations are further confounded by the wide va-

riety of calving phenomena, including the sub-hourly detachment of small ice blocks from

grounded, temperate glaciers [O’Neel et al., 2003, 2007], the roughly decadal calving of gi-

ant tabular icebergs (with horizontal dimensions of 10–100 km) from floating ice shelves

[Lazzara et al., 1999], and the catastrophic collapse of thin ice shelves within a matter of

days to weeks [Rott et al., 1996; Scambos et al., 2000; Braun et al., 2009; Braun and Humbert,

2009].

Central to the calving “problem” is the realization that calving, glacier flow, and glacier

geometry are related through highly nonlinear and nontrivial relationships. Over annual

time scales, calving rate and terminus velocity tend to scale with each other, such that the

rate of glacier length change is one to two orders of magnitude smaller than calving rate or

terminus velocity [Van der Veen, 1996]; the observation that calving rate and terminus ve-

locity are two numbers of similar magnitude that almost exactly cancel indicates that they

are not independent. This is not entirely surprising because calving is inherently controlled

by ice fracture and subsequent propagation of crevasses and/or rifts through extensional

processes, and calving events change the geometry, and therefore stress distribution, of
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the lower glacier. Although these processes are poorly understood, it is at least clear that

calving processes should not be investigated independently of glacier flow dynamics [see

also Benn et al., 2007a].

Terminus dynamics are additionally affected by numerous secondary processes. For

example fjord convection, which is driven by subglacial discharge, draws warm saline

water toward the glacier terminus where it mixes with freshwater, rises to the fjord sur-

face, and flows down fjord as a relatively thin surface plume. The upwelling plume of

mixed fresh and saline water melts the glacier terminus, and can therefore enable calving

by changing the buoyant torques on the vertical face of the terminus [Motyka et al., 2003]

and/or reducing the terminus thickness, and therefore strength, if the terminus is floating

[e.g., Holland et al., 2008]. Fjord convection similarly impacts the thickness and strength

of sea ice cover or ice mélanges (dense packs of brash ice and icebergs), which have been

postulated to inhibit calving [e.g., Birnie and Williams, 1985; Higgins, 1991; Reeh et al., 2001].

Thus changes in ocean temperature or processes controlling subglacial discharge, such as

surface melting, can strongly impact terminus dynamics. Other processes that may in-

fluence calving include melt-driven propagation of surface crevasses [Scambos et al., 2000]

and flexure and associated fatigue, fracture, and break-up of ice shelves by various types

of ocean waves [e.g., Cathles et al., 2009, and references therein].

Untangling the numerous glacier-ocean feedbacks is clearly a major endeavour. Even

if all of the processes controlling calving were fully understood, though, there would still

remain the daunting task of reconciling the high temporal and spatial resolution necessary

to model these processes with the computational constraints of ice sheet models. An alter-

native is to seek a parameterization of calving that is sufficiently general to be applicable to

any calving margin, yet sufficiently simple to be implementable in ice sheet models. Pre-

vious efforts to parameterize calving include (1) relating calving rate of grounded glaciers

to water depth at the terminus [Brown et al., 1982], (2) continuously adjusting the terminus

position so that terminus thickness always equals some value given by a calving criterion

[Van der Veen, 1996; Vieli et al., 2000; Vieli and others, 2001; Benn et al., 2007a,b], and (3)
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relating calving rate of ice shelves to their thickness, width, and longitudinal strain rate

[Alley et al., 2008]. Although progress has been made in recent years, none of the previous

efforts can fully address the wide range in size and occurrence frequency of calving events.

1.2 Project and objectives

To investigate processes influencing calving and associated changes in glacier flow, we be-

gan a comprehensive field campaign in 2006 at Jakobshavn Isbræ, an outlet glacier that

drains roughly 6% of the Greenland Ice Sheet [Bindschadler, 1984]. Over the last fifteen

years the glacier has thinned by tens of meters [Abdalati et al., 2001; Thomas et al., 2003],

doubled its ice discharge into the ocean [Joughin et al., 2004], and retreated over 10 km,

losing an extensive floating tongue in the process [Podlech and Weidick, 2004; Csatho et al.,

2008]. Both the present flow speed and retreated terminus position are maximums in the

observational record. Due to the glacier’s large ice flux, there is concern that the observed

acceleration of the glacier may compromise the stability of the Greenland Ice Sheet. In

addition to being an important outlet glacier in Greenland, Jakobshavn Isbræ makes a

good site for studying calving processes because it is easily accessible from the nearby

town of Ilulissat, prior knowledge of the glacier’s dynamics and geometry has been pro-

vided from several previous studies, the glacier is well-known for regularly calving large

icebergs (large calving icebergs are easier to observe than small icebergs), and very few

detailed studies of calving have been conducted on any of Greenland’s fast-flowing outlet

glaciers. The project aimed to (1) characterize calving events and their impacts, (2) inves-

tigate any unique processes that could give insight into calving dynamics, and (3) use our

observations from (1) and (2) to improve upon previous attempts to parameterize calving.

Our field campaign consisted of timelapse photography of the glacier and fjord, iceberg

and glacier motion surveys with optical surveying methods and GPS receivers, acoustic

and seismic recordings of calving events, and ocean wave measurements. Our observa-

tions suggest that Jakobshavn Isbræ (and presumably similar outlet glaciers in Greenland)

represents a distinct and previously undefined class of calving glaciers. Calving events
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and their impact on the glacier, fjord, and solid earth are described in detail in Chapter 2,

which was published in Geophysical Research Letters.

An interesting feature of Jakobshavn Isbræ is the presence of a dense mélange of ice-

bergs and brash ice in the proglacial fjord that persists year round. Visual observations

suggest that the mélange is essentially a weak, poorly-sorted, granular ice shelf, and is

therefore capable of influencing glacier dynamics by exerting back pressure on the glacier

terminus [see also Thomas, 1979; Geirsdóttir et al., 2008]. Seasonal variations in mélange

strength can occur as sea ice grows and decays. In Chapter 3, which was published in

the Journal of Geophysical Research, we use field measurements and theoretical consider-

ations to investigate the dynamics of the mélange and interactions between the mélange,

glacier, and fjord.

Chapters 2 and 3 raise the following broad questions (among others):

1. Why does the terminus of Jakobshavn Isbræ behave differently from other docu-

mented calving margins (such as temperate tidewater glaciers in Alaska or expansive

ice shelves in Antarctica)?

2. What general form should a calving model assume in order to adequately describe

the terminus behavior of Jakobshavn Isbræ?

With these questions in mind, we developed a broad framework for iceberg calving models

that can be applied to any calving margin. The framework is based on mass continuity,

the observation that terminus velocity and calving rate tend to scale with each other [Van

der Veen, 1996], and the simple idea that terminus thickness increases during a calving

event. Although the framework does not constitute a complete calving model, it is highly

versatile, can be applied to any calving margin, and provides a guide for future attempts to

parameterize calving. The framework is presented in Chapter 4, which has been submitted

for publication in the Journal of Glaciology.

Finally, Chapter 5 summarizes the key findings of this thesis and provides an outlook

for future studies of calving in Greenland and elsewhere.
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Chapter 2

Glacier, fjord, and seismic response to recent large calving events,

Jakobshavn Isbræ, Greenland 1

Abstract

The recent loss of Jakobshavn Isbrae’s extensive floating ice tongue was accompanied by

a change in near terminus behavior. Calving currently occurs primarily in summer from

a grounded terminus, involves the detachment and overturning of several icebergs within

30-60 min, and produces long-lasting and far-reaching ocean waves and seismic signals,

including “glacial earthquakes”. Calving also increases near-terminus glacier velocities by

∼3% but does not cause episodic rapid glacier slip, thereby contradicting the originally

proposed glacial earthquake mechanism. We propose that the earthquakes are instead

caused by icebergs scraping the fjord bottom during calving.

2.1 Introduction

During the past decade Jakobshavn Isbræ (Greenlandic name: Sermeq Kujalleq) and nu-

merous other outlet glaciers draining from the Greenland Ice Sheet have dramatically

thinned, accelerated, and retreated, in some cases doubling their iceberg calving rates [Ab-

dalati et al., 2001; Rignot and Kanagaratnam, 2006]. Although ice discharge accounts for

roughly two-thirds of the mass loss from the Greenland Ice Sheet [Rignot and Kanagarat-

nam, 2006], calving processes, terminus stability, and related changes in glacier motion

remain poorly understood. Consequently, controls on terminus dynamics have not been

fully incorporated into predictions of Greenland’s future mass balance and therefore cur-

rent models may considerably underestimate future sea level rise [IPCC, 2007; Rahmstorf,

2007].

1Published as Amundson, J.M, M. Truffer, M.P. Lüthi, M. Fahnestock, M. West, and R.J. Motyka, 2008.
Glacier, fjord, and seismic response to recent large calving events, Jakobshavn Isbræ, Greenland. Geophys. Res.
Lett., 35(L22501), doi:10.1029/2008GL035281.
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Figure 2.1. Jakobshavn Isbræ and motion surveying data. (a) Map showing locations of the
glacier GPS (black circles), iceberg GPS (plus sign), southern (diamond) and northern (tri-
angle) GPS base stations, and optical survey markers (circles in the inset). A seismometer
and cameras were located near the southern base station. Arrows roughly indicate the ice
flow direction and relative magnitude. Dashed lines mark the margins of fast moving ice.
(b) De-trended along-flow positions for the near terminus marker (light blue circle in (a)),
assuming constant velocity (blue), constant but non-zero strain rate (red), and strain rates
that change at each calving event but otherwise remain constant and non-zero (green).
Calving events are indicated by dashed lines. The root mean square errors are 3.06, 0.86,
and 0.12 m, respectively. Note the break in slope of the red and blue curves on 21 May.
Data gaps are due to bad weather. (c) Velocity of the four fastest survey markers (line
colors correspond to markers in (a)).

Jakobshavn Isbræ (Figure 2.1a), which drains 7% of the Greenland Ice Sheet [Bind-

schadler, 1984], began a calving retreat in the 1990’s [Luckman and Murray, 2005] after roughly

50 years of terminus stability [Sohn et al., 1998]. Initial thinning [Thomas, 2004] and accel-

eration [Joughin et al., 2004] of the glacier has been followed by the collapse of an exten-

sive floating tongue and over 10 km of terminus retreat [Csatho et al., 2008]. The termi-

nus, which now fluctuates ∼5 km annually [double the pre-retreat fluctuations, Sohn et al.,

1998], is floating in winter and grounded in late summer. These variations are visible in
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time-lapse photography: icebergs calved in summer often contain dirty basal ice and are

smaller and more rounded (never tabular) than icebergs calved in winter. Furthermore,

surveying measurements (discussed below) show that there is no vertical tidal motion of

the terminus in summer. Calving that occurs in summer therefore differs from calving

events that occurred prior to the loss of the glacier’s extensive floating tongue, which per-

sisted year round and calved tabular icebergs in summer [Hughes, 1986]. In this paper we

characterize recent large calving events and the glacier, fjord, and seismic response to these

events.

2.2 Methods

During summer 2007 we deployed several instruments, all synchronized to UTC time, to

study Jakobshavn Isbræ and its proglacial fjord (Figure 2.1a) before, during, and after large

calving events. Three cameras took photos of the terminus and fjord every 10 minutes from

13 May to 8 June 2007, every hour from 8 June to 17 August 2007, every six hours from 23

August 2007 to 7 May 2008, and every 10 minutes from 7 May to 14 May 2008. Ocean and

seismic waves from calving events were recorded with a tide gauge and a seismometer.

A Keller DC-22 pressure sensor, which has a resolution of 0.002 m, was placed in Ilulissat

Harbor, 50 km west of the glacier terminus; it logged data every 10 minutes from 11 May

to 22 August 2007. A Mark Products L22 3-component velocity seismometer was placed

on bedrock 1 km south of the glacier terminus and ran with a sampling frequency of 200

Hz from 17 May to 17 August 2007 and 100 Hz from 22 August to 22 November 2007 and

from 9 April to 9 May 2008. The data gap in winter was due to a loss of battery power. The

instrument has a natural frequency of 2 Hz and a sensitivity of 88 V s m−1.

Optical and GPS surveys were conducted to monitor iceberg and glacier motion. Six

survey reflectors were placed on the lower 4 km of the glacier and surveyed every 15 min-

utes with a Leica automatic theodolite from 15 May to 9 June 2007. Nine dual-frequency

GPS receivers were deployed higher on the glacier, five on the main flow line and four on

a perpendicular transect. These units were installed between 22 May and 1 June 2007 and,
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except for three that failed in July, ran until 23 August 2007. Additionally, two telemetered

GPS units were placed on large icebergs; data from these were retrieved from 29 May to 8

June 2007. All GPS units logged position data every 15 seconds. The data were differen-

tially corrected against one of two base stations located on opposite sides of the fjord. The

measurement uncertainties of the optical and GPS surveys were estimated by de-trending

several days of data at a time, removing extreme outliers that clearly indicate bad surveys,

and calculating the root mean square errors. The errors for the optical and GPS surveys

were ±0.15 m and ±0.02 m, respectively.

2.3 Description of Calving Events

We documented 32 large calving events between 13 May 2007 and 14 May 2008 (Table 2.A-

1) with time-lapse photography and passive seismology. Seven events, including one in

2006, were directly observed. Twenty-five events occurred between 16 May and 2 August

2007, or at a mean rate of about one every 75 hours. The calving rate greatly decreased in

winter: three events occurred between 17 August and 17 October 2007 and no additional

events occurred until April 2008. The short floating tongue that developed over winter

disintegrated in a sequence of four calving events between 19 April and 10 May 2008.

Hereafter we focus on calving that occurred in summer from a grounded terminus. We

observed calving icebergs that penetrated the entire glacier thickness (∼900 m, see below)

and were a kilometer in lateral width and several hundred meters in the flow direction

(Figure 2.2). The calving events typically lasted 30–60 min, during which several of these

icebergs calved and overturned (top toward or away from the terminus). Each iceberg

rotated 90◦ within 5 min (Figure 2.2c–f), displaced up to ∼0.5 km3 of water, and lost more

than 1014 J of potential energy. As a result the icebergs sprayed water and ice particles over

the 100 m high terminus, produced ocean waves with local amplitudes of several meters

and periods greater than 30 s (Videos 2.B-1 and 2.B-2), and propelled most icebergs in the

ice-choked fjord rapidly down fjord (∼2 km in an hour, Figure 2.A-1). Icebergs near the

terminus abruptly decelerated once the events ended (Video 2.B-2). On one occasion (17
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c     5 June 2007, 14:09:58 UTC

100 m

400 m

d     5 June 2007, 14:11:40 UTC

200 m

e     5 June 2007, 14:14:00 UTC

900 m

f     5 June 2007, 14:18:34 UTC

500 m

b     11 June 2006, 15:25:01 UTCa     11 June 2006, 15:24:23 UTC

1000 m

100 m

Figure 2.2. Imagery of calving events. (a–b) A calving event on 11 May 2006. Photos were
taken from the north side of the fjord. The time stamps may differ from UTC by 1–2 min.
(c–f) The third of three calving events on 5 June 2007. Photos were taken from the south
side of the fjord. The time stamps are within seconds of UTC. In (f), the arrow represents
the distance that the notch in the iceberg (marked in red) traveled between frames (e) and
(f).

August 2007) icebergs at the fjord mouth 50 km away were observed moving 1–2 km hr−1

several hours after an event. Furthermore, waves from all events were detected by our tide

gauge 30 min after calving initiated and for a duration of six hours (with amplitudes much

reduced, Figure 2.A-2). Similar waves have been attributed to, but not correlated with,

calving [Sørensen and Schrøder, 1971]. In contrast, between events icebergs in the upper

fjord were pushed forward at the same speed as the advancing terminus (∼35 m d−1, see

Figure 2.A-1 and below).

A similar calving event was recently observed at Columbia Glacier, Alaska, as its termi-

nus became buoyant (T. Pfeffer, personal communication, 2008). More commonly, though,

large calving events observed at grounded tidewater glaciers in Alaska involve the top,

middle, and bottom parts of the termini calving separately and in succession within 5–30
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min [O’Neel et al., 2003].

Our local, land-based seismometer recorded unique seismic signals originating from

the calving events. The seismograms are characterized by (1) emergent, cigar-shaped en-

velopes that last about as long as the calving events (up to an hour) and have several

peaks, (2) high energy between 0.5 and 30 Hz with maximum energy at ∼4 Hz, (3) ground

motion that, at low frequencies, is preferentially-oriented perpendicular to the fjord walls,

(4) continuously elevated seismic activity for several hours after calving (sometimes over

24 hours)(Figure 2.3), (5) resemblance to seismograms produced by icebergs overturning

in the fjord (Figure 2.A-3) during periods of no calving, and (6) occasionally have one or

two high amplitude spikes that document maximum ground motion during the events

and contain significant energy below 1 Hz (Figure 2.3c–f). Characteristics (1) and (2) are in

good agreement with observations at Columbia Glacier [Qamar, 1988; O’Neel et al., 2007].

While these seismograms may be a result of water-driven fracture propagation [O’Neel

et al., 2007], characteristics (1) and (3)–(5) suggest that much of the local seismic signal is

instead caused by the loading and unloading of the coast by large ocean waves [e.g., Yuan

et al., 2005], which may disturb the densely-packed fjord for hours. We propose that the

emergent, cigar-shaped envelopes reflect the gradual growth and decay of ocean waves

during calving events and the peaks reflect the detachment and overturning of individual

icebergs.

Seismograms of glacial earthquakes (discussed below) closely resemble local and far-

field seismograms from calving events (Figure 2.A-4). This more tightly-constrains the

observation that glacial earthquakes are associated with calving [Joughin et al., 2008]. Not

all calving events produce glacial earthquakes and furthermore, glacial earthquakes only

occupy short time windows within the locally recorded seismograms (e.g., the spike in

Figure 2.3c is a candidate for a glacial earthquake).

In contrast to the activity at the terminus and in the fjord, changes in glacier motion

associated with calving were small. At no time before, during, or after calving did any of

the glacier survey markers experience jumps in horizontal position larger than the error
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of the survey measurements (±0.15 m and ±0.02 m for the near-terminus optical and up-

glacier GPS surveys, respectively)(Figures 2.1b, 2.A-5, and 2.A-6). However, the position

plots for the near-terminus markers do show breaks in slope, which are indicative of step

changes in velocity, that coincide with calving events (Figure 2.1b and 2.A-5). To quantify

the step changes, we split the data into intervals bounded by calving events, rotated them

into along- and across-flow directions, and assumed that the velocity at fixed points in

space remains constant between calving events. Thus, the total derivative of a marker’s

along-flow velocity within each interval is

Du
Dt

=
∂u
∂x

dx
dt

+
∂u
∂t

= ε̇xxu, (2.1)

where x, u, and ε̇xx are the along-flow position, velocity, and extensional strain rate, and t
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is time. Integrating twice gives

x(t) =
u0

ε̇xx

[
exp(ε̇xx(t− t0))−1

]
+ x0. (2.2)

x0, u0, and ε̇xx are found for each interval by fitting Equation 2.2 through the position data.

The results are used to calculate u(t) (Figure 2.1c).

The glacier velocity was∼35 m d−1 near the terminus (Figure 2.1c), decreasing to 20–25

m d−1 just 4 km upglacier. During calving events the velocities of the markers increased

by ∼3% (0.5–1.5 m d−1). Changes were largest for markers located closest to the termi-

nus and were only detectable within 3–4 km of the terminus. The velocity changes were

comparable to multiplying the longitudinal strain rate at a survey marker by the amount

of terminus retreat from a given calving event. We therefore attribute the velocity changes

to the glacier rapidly adjusting its stress field as the terminus (a free boundary) moves up

glacier.

2.4 Calving-Induced Glacial Earthquakes

Our surveying data contradicts the hypothesis that teleseismic glacial earthquakes are gen-

erated by glaciers sliding several decimeters to several meters within minutes [Ekström

et al., 2003, 2006; Tsai and Ekström, 2007], possibly in response to calving [Joughin et al.,

2008; Tsai et al., 2008]. Such earthquakes are characterized by long period (35–150 s), large

magnitude (Msw 4.6–5.1) tremors that originate from the terminal regions of major out-

let glaciers in Greenland (including Jakobshavn Isbræ), occur predominantly in summer,

have occurred more frequently as the glaciers have retreated [Ekström et al., 2003, 2006;

Tsai and Ekström, 2007], and appear to be associated with the calving of large, overturning

icebergs from grounded termini [Joughin et al., 2008]. Far-field seismic waveforms from

the earthquakes can be fit with mass-sliding models using force vectors that are horizontal

and parallel to the glacier flow lines [Ekström et al., 2003, 2006; Tsai and Ekström, 2007].

We propose the alternative hypothesis, consistent with these and our observations, that

glacial earthquakes are generated by icebergs overturning [also proposed by Tsai et al.,
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2008] and scraping the fjord bottom during calving. Hydrostatic imbalance during over-

turning greatly increases the energy of a calving iceberg and, furthermore, icebergs that

calve from a grounded or nearly-grounded terminus and penetrate the entire glacier thick-

ness must scrape the fjord bottom as they overturn. Our hypothesis is also consistent with

the observation that most known glacial earthquakes that originated near Jakobshavn Is-

bræ occurred as the glacier was retreating past a shallow pinning point [Luckman and Mur-

ray, 2005; Tsai and Ekström, 2007].

The calving icebergs in Figure 2.2 penetrated the entire ice thickness and brought dirt

to the fjord surface. Thus they were approximately 900 m thick: the glacier was 1000

m thick in the late 1980’s at what is now the terminus [Clarke and Echelmeyer, 1996] and

has since thinned by 100 m [Thomas, 2004]. Furthermore, since the terminus is grounded

during summer, the water depth must not exceed about 800 m. Icebergs that are 900 m

thick by 400 m along flow (e.g., Figure 2.2c–f) achieve a maximum total vertical dimension

of 985 m during overturning; the icebergs can therefore reach ∼200 m above sea level by

pushing off the fjord bottom during calving. The iceberg in Figure 2.2a–b rotated 45◦ in

30–40 s; it had a rotational kinetic energy of 5.0–9.0×1012 J (1000 m wide, 900 m high, 400

m long). For comparison, a tabular iceberg that ran aground in Antarctica had a kinetic

energy of 1.1×1013 J prior to grounding and produced a moderately sized earthquake (Ml

3.6) containing low-frequency tremors (<0.5 Hz). The iceberg contained four orders of

magnitude more energy than was needed to produce the Ml 3.6 earthquake [Müller et al.,

2005]. Thus some calving icebergs contain enough energy to produce glacial earthquakes.

2.5 Conclusions

Calving at Jakobshavn Isbræ involves the detachment and overturning of several large

icebergs within 30–60 min, causes most icebergs in the ice-choked fjord to move 2 km in

an hour, produces ocean waves that are detectable 50 km away, and emits long-lasting

and far-reaching seismic signals. It is now clear that teleseismic glacial earthquakes are

generated during calving events, although the specific source mechanism remains unclear
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[Tsai et al., 2008]. Despite the large amount of energy released during calving there is

little response from the glacier, thus indicating that glacial earthquakes are not caused by

episodic rapid glacier slip [e.g., Ekström et al., 2003]. The observations presented here are

an important step toward assessing the mechanisms controlling calving at major outlet

glaciers in Greenland.
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Appendix 2.A

Table 2.A-1: List of all recorded calving events and associated seismograms (UTC time)
from Jakobshavn Isbrae between 13 May 2007 and 14 May 2008. One photo was taken
every 10 minutes from 13 May to 9 June 2007 and from 7 May to 14 May 2008, every hour
from 9 June to 17 August 2007, and every six hours from 23 August 2007 to 15 March 2008.
No photos were taken between 17–23 August 2007. The time given refers to the last photo
taken prior to there being any noticeable calving. The seismograms are highly emergent, so
the onset times should be used with caution. The seismicity on 18 May 2007 was generated
by an iceberg overturning during a period of no calving (Figure S3). Times were not given
for the photos of the 19 September 2007 and 17 October 2007 events as they could only
be photographically constrained to within 24 hours. * indicates events that were observed
and photographed in person.

Date Time of Photo Seismogram Onset

*16 May 2007 19:29:31 null

*18 May 2007 09:49:33 09:51:40

21 May 2007 null 16:32:36

29 May 2007 13:59:48 14:04:32

*5 June 2007 09:09:58 09:11:07

*5 June 2007 13:09:58 13:07:42

*5 June 2007 13:59:58 14:07:44

20 June 2007 05:00:20 05:30:00

27 June 2007 15:00:31 15:05:04

29 June 2007 05:00:34 05:49:30

30 June 2007 null 10:41:48

3 July 2007 20:00:40 20:37:48

4 July 2007 06:00:40 06:46:54

4 July 2007 16:00:41 16:43:35

10 July 2007 07:00:49 07:52:00

14 July 2007 07:00:55 07:38:05

16 July 2007 10:00:58 10:34:05

Continued on next page
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Date Time of Photo Seismogram Onset

16 July 2007 15:00:58 15:21:43

17 July 2007 15:00:59 15:29:47

26 July 2007 18:01:12 18:22:02

30 July 2007 11:01:17 11:25:22

30 July 2007 19:01:18 18:49:29

1 August 2007 20:01:21 19:51:43

2 August 2007 13:01:22 13:31:31

2 August 2007 19:01:22 19:02:54

*17 August 2007 12:01:43 null

19 September 2007 null 06:16:56

17 October 2007 null 08:49:01

19 April 2008 null 15:39:48

26 April 2008 null 11:58:01

3 May 2008 09:24:04 09:49:00

*10 May 2008 21:01:50 21:00:12
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Figure 2.A-1. Iceberg motion recorded with a GPS. The dotted line indicates the timing
of a calving event. (a) Northing (black) and easting (gray) of the iceberg relative to the
southern GPS base station. (b) Flow line coordinates for the time period preceding the
calving event. A least-squares regression to this line gives a mean velocity of about 35 m
a−1.
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Figure 2.A-2. Example of a wave in Ilulissat Harbor, near the fjord mouth, that was pro-
duced by a calving event (dotted line). The plot was generated by running a 3-hr high pass
filter on the tide data.
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during a period of no calving. The data was corrected for instrument response and passed
through a 1–5 Hz band-pass filter. (a–c) Vertical, north, and east components, respectively.
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Figure 2.A-4. Comparison of seismograms recorded during a calving event to those
recorded during known teleseismic glacial earthquakes. All seismograms have been fil-
tered with a 1–5 Hz band-pass filter. (a) Locally recorded seismogram during the 4 July
2007 calving event. This signal was corrected for instrument response. (b) Seismogram
recorded at Global Seismic Network (GSN) station SFJD during the same event as in (a).
SFJD is located 250 km south of the glacier terminus. (c–e) Seismograms recorded at GSN
stations SFJD and SFJ (SFJ was replaced by SFJD in 2005) during known teleseismic glacial
eartquakes that originated from the terminal region of Jakobshavn Isbrae. The gray lines
indicate the estimated onset times of the glacial earthquakes [Tsai and Ekström, 2007].
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Figure 2.A-5. Glacier motion at one of the optical survey markers (dark blue circle in
Figure 1a). The various lines assume constant velocity (blue), constant but non-zero strain
rate (red), and strain rates that change at each calving event but otherwise remain constant
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Figure 2.A-6. Glacier motion at one of the GPS sites (the circled block dot in Figure 1a).
De-trended longitudinal (blue), transverse (green), and vertical (red) positions. The 4 July
2007 calving event is indicated with a dotted line.
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Appendix 2.B

The following supplementary videos are included in a DVD at the end of the thesis.

Video 2.B-1: Time-lapse video of a calving event at Jakobshavn Isbrae on 5 June 2007. The

video runs from 14:10–14:28 UTC. Photos were taken every 10 seconds.

Video 2.B-2: Time-lapse video of a calving event at Jakobshavn Isbrae on 17 August 2007.

The video runs from 12:42–13:21 UTC. Photos were taken every 5 seconds.
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Chapter 3

Ice mélange dynamics and implications for terminus stability,

Jakobshavn Isbræ, Greenland 1

Abstract

We used timelapse imagery, seismic and audio recordings, iceberg and glacier velocities,

ocean wave measurements, and simple theoretical considerations to investigate the inter-

actions between Jakobshavn Isbræ and its proglacial ice mélange. The mélange behaves

as a weak, granular ice shelf whose rheology varies seasonally. Sea ice growth in winter

stiffens the mélange matrix by binding iceberg clasts together, ultimately preventing the

calving of full-glacier-thickness icebergs (the dominant style of calving) and enabling a

several kilometer terminus advance. Each summer the mélange weakens and the termi-

nus retreats. The mélange remains strong enough, however, to be largely unaffected by

ocean currents (except during calving events) and to influence the timing and sequence of

calving events. Furthermore, motion of the mélange is highly episodic: between calving

events, including the entire winter, it is pushed down fjord by the advancing terminus (at

∼40 m d−1), whereas during calving events it can move in excess of 50×103 m d−1 for more

than 10 min. By influencing the timing of calving events, the mélange contributes to the

glacier’s several-kilometer seasonal advance and retreat; the associated geometric changes

of the terminus area affect glacier flow. Furthermore, a force balance analysis shows that

large-scale calving is only possible from a terminus that is near floatation, especially in the

presence of a resistive ice mélange. The net annual retreat of the glacier is therefore limited

by its proximity to floatation, potentially providing a physical mechanism for a previously

described near-floatation criterion for calving.

1Published as Amundson, J.M, M. Fahnestock, M. Truffer, J. Brown, M.P. Lüthi, and R.J. Motyka, 2010.
Ice mélange dynamics and implications for terminus stability, Jakobshavn Isbræ, Greenland. J. Geophys. Res.,
115(F01005), doi:1029/2009JF001405.
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3.1 Introduction

The recent thinning [Thomas et al., 2000; Abdalati et al., 2001; Krabill et al., 2004], acceleration

[Joughin et al., 2004; Howat et al., 2005; Luckman et al., 2006; Rignot and Kanagaratnam, 2006],

and retreat [Moon and Joughin, 2008; Csatho et al., 2008] of outlet glaciers around Greenland

has stimulated a discussion of the processes controlling the stability of the Greenland Ice

Sheet. These rapid changes are well correlated with changes in ocean temperatures both

at depth [Holland et al., 2008] and at the surface [Howat et al., 2008]. Furthermore, velocity

variations on these fast flowing outlet glaciers appear to be linked to changes in glacier

length and are largely unaffected by variations in surface melt rates [Joughin et al., 2008b].

Thus, the observed changes in glacier dynamics and iceberg calving rates are likely driven

by processes acting at the glacier-ocean interface.

Large calving retreats at some glaciers have been correlated with the loss of buttressing

sea ice [e.g., Higgins, 1991; Reeh et al., 2001; Copland et al., 2007]. Likewise, the seasonal

advance and retreat of Jakobshavn Isbræ (Fig. 3.1)(Greenlandic name: Sermeq Kujalleq),

one of Greenland’s largest and fastest-flowing outlet glaciers, is well-correlated with the

growth and decay of sea ice in the proglacial fjord [Birnie and Williams, 1985; Sohn et al.,

1998; Joughin et al., 2008c]. It therefore appears that sea ice, despite being relatively thin,

may help to temporarily stabilize the termini of tidewater glaciers.

Presently, calving ceases at Jakobshavn Isbræ in winter, causing the terminus to ad-

vance several kilometers and develop a short floating tongue [Joughin et al., 2008b; Amund-

son et al., 2008]. The newly-formed tongue rapidly disintegrates in spring after the sea

ice has retreated to within a few kilometers (or less) of the terminus [Joughin et al., 2008c]

and before significant surface melting has occurred. The rapid disintegration of the newly-

formed tongue, which occurs over a period of a few weeks, suggests that the tongue is little

more than an agglomeration of ice blocks that are prevented from calving by sea ice and

ice mélange (a dense pack of calved icebergs). (Note that we prefer the term ice mélange

over the Greenlandic word “sikkusak” [as used in Joughin et al., 2008c], as observations

presented here may be applicable to non-Greenlandic glaciers, such as to the Wilkins Ice
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Figure 3.1. MODIS image of the terminal region of Jakobshavn Isbræ and proglacial fjord
from 26 May 2007 (day of year 146). The terminus is marked with a dashed line. The seis-
mometer, audio recorder, GPS base station, and one to six timelapse cameras were located
near our camp, indicated by a star. An additional camera was placed on the north side of
the fjord (triangle) and pointed in the down-fjord direction. The approximate field of view
of the cameras is indicated by the white lines. Also indicated are the initial positions of the
2007 (black circles) and 2008 (white circles) surveying prisms used in Figure 3.3, the initial
positions of the 2007 (black square) and 2008 (white square) iceberg GPS receivers, and the
pressure sensor (small cross) that was used to measure ocean waves.

Shelf during its recent disintegration [e.g., Scambos et al., 2009; Braun et al., 2009].)

Visual observations of Jakobshavn Isbræ’s proglacial ice mélange suggest that (1) the

mélange forms a semi-rigid, visco-elastic cap over the innermost 15–20 km of the fjord,

(2) motion of the mélange is primarily accomodated by deformation and/or slip in nar-

row shear bands within and along the margins of the mélange, and (3) icebergs within the

mélange gradually disperse and become isolated from each other as they move down fjord.

We propose that the mélange is essentially a weak, poorly-sorted, granular ice shelf, and is

therefore capable of influencing glacier behavior by exerting back pressure on the glacier

terminus [Thomas, 1979; Geirsdóttir et al., 2008]. When shear stresses within the mélange

exceed some critical value, the mélange fails along discrete shear margins. Sea ice forma-

tion in winter stiffens the mélange matrix and promotes the binding of clasts (icebergs and
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larger brash ice components), thereby increasing the mélange’s critical shear stress. Thus,

sea ice and ice mélange may act together to influence glacier and terminus dynamics.

Here, we use a suite of observations and simple theoretical considerations to investi-

gate the dynamics of Jakobshavn Isbræ’s ice mélange and possible mechanisms by which

the mélange may influence glacier behavior. Our results have implications for fjord and

glacier dynamics, the sequence and timing of calving events, and limitations on the glacier’s

rate of retreat.

3.2 Methods

Observations in this paper are based on measurements made at Jakobshavn Isbræ (Fig.

3.1) from May 2007 to August 2008. Data collection included several timelapse cameras

pointed at the glacier and fjord, optical and GPS surveys of glacier and iceberg motion,

a pressure sensor for measuring ocean waves, a seismometer, and an audio recorder. All

instruments recorded in UTC.

Anywhere from one to six timelapse cameras were pointed at the terminus and inner

fjord between 13 May 2007 and 3 August 2008. The camera systems consisted of a variety

of Canon digital cameras, Canon timers, and custom-built power supplies. Four of the

cameras were used to capture the seasonal evolution of the glacier’s terminus position,

which varies ∼5 km over the course of a year [Joughin et al., 2008c; Amundson et al., 2008].

The photo interval for these cameras ranged from 10 min to 6 hr, depending on data storage

capacity and the amount of time between field campaigns. The other two cameras took

photos of the terminus every 10 s during two field campaigns (from 8–12 May 2008 and

from 9–25 July 2008) to capture the full sequence of calving events; they captured nine

events before failing. One additional camera was placed ∼10 km down fjord from the

terminus and pointed in the down fjord direction; it took photos every hour from 16 May

to 9 July 2008 and every 15 min from 9 July to 6 August 2008. During our field campaigns

all camera clocks were occasionally checked to correct for clock drift.

Optical surveying prisms were deployed on the lower 4 km of the glacier in both 2007
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(7 prisms) and 2008 (10 prisms). The prisms were surveyed with a Leica TM1800 automatic

theodolite and DS3000I Distomat every 10–15 min, weather permitting, from 15 May to 9

June 2007 and from 12 July to 4 August 2008. In 2007 five prisms lasted more than 18 days,

three of which lasted the entire field campaign. In 2008 one prism lasted the entire field

campaign and another lasted 17 days; all others fell over or calved into the ocean within

nine days of deployment. The error in the surveyed positions was estimated to be±0.15 m

[Amundson et al., 2008]. The position data were smoothed with a smoothing spline (using

the curve fitting toolbox in MATLAB) and differentiated to calculate velocities. Errors

in the velocity calculations are not easily estimated, though we can provide bounds over

various time intervals: 0.21 m d−1 for daily average velocities, and 0.85 m d−1 for 6-hour

average velocities.

Iceberg motion was measured with custom built L1-only GPS receivers that were de-

signed for rapid deployment from a hovering helicopter. In 2007 we used a Vexcel

microserver (“brick”; http://robfatland.net/seamonster/index.php?title=Vexcel_Micro

servers). The microserver was connected to a wireless transmitter, enabling data retrieval

from camp. In 2008 we used a similar, custom-built 1 W receiver.

GPS data from both years were broken into 15 min intervals and processed as static

surveys against a base station at camp. During some periods, such as when the icebergs

were moving quickly, we also processed the data using Natural Resources Canada’s pre-

cise point positioning tool in kinematic mode. The positional uncertainty, determined by

calculating the standard deviation of a de-trended section of data, was typically around

1.0 m regardless of whether the data were processed as static or kinematic surveys. As

with the optical surveying data (above), the position data were smoothed with a smooth-

ing spline and differentiated to calculate velocities. Error bounds are 1.4 m d−1 for daily

average velocities, and 5.7 m d−1 for 6-hour average velocities.

Ocean stage was measured every 5 s from 15–24 July 2008 with a Global Water water-

level sensor (model WL400) that recorded to a Campbell Scientific CR10X datalogger. The

sensor had a range of 18.3 m; its output was digitized to a resolution of 4×10−3 m. The
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instrument was placed in a small tide pool roughly 3 km from the glacier terminus; it was

not rigidly attached to the ocean bottom but was weighted with ∼5 kg of rocks.

A Mark Products L22 3-component velocity seismometer was deployed on bedrock

south of the terminus. The instrument has a natural frequency of 2 Hz and a sensitivity

of 88 V s m−1. The data were sampled with a Quanterra Q330 datalogger and baler. The

sample frequency was 200 Hz from 17 May–17 August 2007 and 10 May–3 August 2008,

and 100 Hz from 22 August 2007–9 May 2008.

Audio signals were recorded in stereo with two Sennheiser ME-62 omnidirectional con-

denser microphones separated by 50 m; stereo recording enabled determination of the in-

strument to source direction. The microphones were powered by Sennheiser K6 power

modules and connected to a Tascam HD-P2 stereo audio recorder with Audio Technica

XLR microphone cables. The frequency response of the microphones ranges from 20 Hz–

20 kHz and is flat up to 5 kHz. Rycote softie windshields were used to reduce wind noise;

they have virtually no effect on signals with frequencies higher than ∼400 Hz but cause

a 30 dB reduction in signals with frequencies lower than ∼80 Hz. The recorder gain was

set at 8 (out of 10); it logged with a sample frequency of 44.1 kHz and recorded WAV

(waveform audio format) files to 8-GB compact flash cards. The flash cards were swapped

every 12 hours. The time was recorded when starting and stopping the 12 hour sessions;

we estimate that the instrument time was always within 2 s of UTC. Nearly continuous

recordings were made from 8–14 May 2008 and 13 July–2 August 2008.

3.3 Results

3.3.1 Temporal Variations in Terminus and Ice Mélange Dynamics

The behavior of Jakobshavn Isbræ’s ice mélange is highly seasonal and tightly linked to

terminus dynamics. In winter, calving ceases, the terminus advances and develops a short

floating tongue, and the mélange and newly-formed sea ice are pushed down fjord as a

cohesive unit at the speed of the advancing terminus [see also Joughin et al., 2008c]. The

mélange strengthens sufficiently to inhibit the overturning of unstable icebergs and fur-
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a.   30 September 2007

b.   7 December 2007

slowly overturning iceberg

collapsing terminus

Figure 3.2. Timelapse imagery of the ice mélange. (a) In late September 2007 the terminus
began to collapse but was unable to push the mélange out of the way. The slump was
present until a calving event on 17 October 2007. (b) A large iceberg in the mélange began
overturning on 27 November 2007 and slowly rotated over the course of more than three
weeks. Note the smooth transition between ice mélange and floating tongue.

thermore, the floating tongue and ice mélange become nearly indistinguishable in time-

lapse imagery (Fig. 3.2). The terminus becomes clearly identifiable only after the floating

tongue disintegrates in spring.

Motion of the ice mélange is highly episodic in summer [Video 3.A-1; see also Birnie and

Williams, 1985; Amundson et al., 2008]. Between calving events the mélange moves down

fjord at roughly the speed of the advancing terminus (∼40 m d−1). One to two days prior

to a calving event the mélange and lowest-most reaches of the glacier can accelerate up to

∼60 m d−1 (Fig. 3.3a–b). This acceleration results in 10–20 m of additional displacement

and could be due to rift expansion a short distance up-glacier from the terminus. At the

onset of a calving event the entire lateral width of the mélange rapidly accelerates away

from the terminus, even if the event onset only involves a small portion of the terminus

(Videos 3.A-2–3.A-4). Rapid acceleration of the mélange away from the terminus does not

appear to precede calving (Fig. 3.3c). During a calving event the mélange can reach speeds

greater than 50×103 m d−1 and extend longitudinally. Once calving ceases, frictional forces
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Figure 3.3. Measurements of iceberg and glacier motion. Velocity of an iceberg (gray)
and of survey markers on the lower reaches of the glacier (black) during (a) summer 2007
and (b) summer 2008. The large jumps in iceberg velocity are coincident with calving
events. The survey markers on the glacier accelerate as they approach the terminus and
are eventually calved into the ocean. (c) Iceberg velocity during a calving event on 24
July 2008 (day of year 206; see video 3.A-4). A, B, and C signify the onset of the calving-
generated seismogram, the first evidence of activity in the fjord (a small iceberg close to
the terminus collapsed), and the first sign of horizontal acceleration of the mélange away
from the terminus, as seen in the timelapse imagery.

within the mélange and along the fjord walls cause the mélange to decelerate to roughly

one-half of the terminus velocity in ∼30 minutes. Over the next several days the mélange

gradually re-accelerates until reaching the speed of the advancing terminus.

In addition to the overall velocity variability described above, the mélange also expe-

riences tidally-modulated, semi-diurnal variations in velocity with an amplitude of ∼4%

of the background velocity. No vertical or horizontal tidal signals were observed on the

glacier, indicating that the terminus is grounded in summer.
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3.3.2 Glaciogenic Ocean Waves

In addition to the rapid horizontal displacement of the ice mélange during calving events,

ocean waves generated by calving icebergs cause the mélange to experience meters-scale

vertical oscillations. Calving-generated waves can have amplitudes exceeding 1 m at a

distance of ∼3 km from the terminus with dominant periods of 30–60 s (frequencies of

0.0017–0.033 Hz) (Fig. 3.4a–b; waves can also be seen in Videos 3.A-2–3.A-4). Waves ex-

ceeding 1 m amplitude caused the pressure sensor, which was not rigidly attached to the

sea floor, to move about in the water column. We are therefore unable to put a reliable up-

per bound on the size of the ocean waves. We note, though, that waves from one calving

event tossed the sensor onto shore from a depth of 10 m. Furthermore, in the vicinity of

the terminus, icebergs have been observed to experience vertical oscillations on the order

of 10 m during calving events [Lüthi et al., 2009].

Large calving events can also generate lower frequency waves, with spectral peaks at

150 s and 1600 s (0.007 Hz and 6×10−4 Hz, respectively). These peaks likely represent

eigenmodes (seiches) of the fjord; for example, the shallow water approximation predicts

that the fundamental seiche period [e.g., Dean and Dalrymple, 1991] is 1250 s for a fjord that

is ∼0.8 km deep [Holland et al., 2008; Amundson et al., 2008] and 55 km long. The long-

period (1600 s) seiche generated on 19 July 2008 had a maximum amplitude of 0.035 m at

the site of our pressure sensor, lasted over 8 hours, and decayed with an e-folding time of

roughly 3 hrs (Fig. 3.4c). Given our limited observations, it is unclear whether these values

are typical. Seiches from the calving events are also recorded in Ilulissat Harbor, over 50

km from the glacier terminus [Fig. 3.A-2 in Amundson et al., 2008]; similar waves have been

recorded at Helheim Glacier in East Greenland [Nettles et al., 2008].

3.3.3 Seismic and Acoustic Signals Emanating from the Fjord

Three main types of seismic signals were recorded by the seismometer: (I) impulsive sig-

nals with durations of 1–5 s and dominant frequencies of 6–9 Hz (Fig. 3.5a–b), (II) emergent

signals with durations of 5–300 s and dominant frequencies of 4–6 Hz (Fig. 3.5c–d), and
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Figure 3.4. Ocean waves produced by a calving event on 19 July 2008. (a) Ocean stage
during the calving event after filtering with a 7200-s high-pass filter to remove tidal signals.
(b) Spectrogram of the ocean stage showing three spectral peaks. (c) 1000–2000 s band-pass
filtered component of the wave; note the different scale of the x- and y-axes.

(III) long-lasting (5–60 min), emergent, high amplitude signals generated by calving ice-

bergs (Fig. 3.6a) and by icebergs overturning during periods of quiescence at the terminus.

The general characteristics of the type III signals were discussed in Amundson et al. [2008];

we expand on those observations in Section 3.4 with special attention paid to the event

onsets and to the proportion of the seismograms that are attributable to motion of the ice

mélange.

The occurrence rate of type I and II signals (combined) was determined with a short

term averaging / long term averaging (STA/LTA) detector after band-pass filtering the

seismic data between 4 and 15 Hz. The STA/LTA ratio was computed using 0.2 s and

30 s windows, respectively, and events were triggered when the ratio exceeded 5. These

values were chosen so as to detect both type I and II signals. Changing the detection
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Figure 3.5. Examples of seismic signals originating in the fjord and terminus area. Type
I seismic signal and spectrogram ((a)–(b)) and associated acoustic signal ((c)–(d)). Type II
seismic signal and spectrogram ((e)–(f)) and associated acoustic signal ((g)–(h)).

parameters affected the total number of detections but did not affect the overall temporal

variability. Type I and II signals can occur over 50 times per hour, with greatest activity

during and immediately following calving events. On the hourly time scale, there is no

obvious change in the number of events immediately preceding a calving event. Between

calving events the occurrence rate can decay to less than 10 per hour; the decay occurs

with an e-folding time of roughly 12 hr (Fig. 3.7).
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When ambient acoustic noise levels (especially from wind) are low, many of the above-

described seismic recordings are easily correlated with acoustic signals. Type I signals

are associated with sharp cracking sounds (“shotgun blasts”) suggestive of fracturing ice,

whereas type II signals are associated with long, low rumblings indicative of avalanching

ice debris. These acoustic signals contain significant energy at frequencies ranging from

infrasonic (< 20 Hz) to greater than 1 kHz (Fig. 3.5). Stereo recordings of the acoustic

signals indicate that they originate at the terminus and from down fjord at roughly equal

rates. Calving-generated seismic signals (type III) are associated with both cracking and

rumbling sounds (Fig. 3.6a,c).

3.4 Discussion of Calving Events

The general characteristics of calving events and calving-generated seismograms at Jakob-

shavn Isbræ have been described in Amundson et al. [2008]. Here, we expand on those

observations by comparing seismograms with audio recordings and high-rate timelapse

imagery that captures the onset of calving events. Event onsets are investigated in detail
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Figure 3.7. Temporal variations in the rates of short seismic events (Type I and II com-
bined). Calving events are indicated by dashed vertical lines.

to determine whether calving events are triggered by motion of the mélange away from

the terminus.

The first sign of an impending calving event in the 10-s timelapse imagery is gener-

ally either wide-spread fracturing (see spray of ice particles caused by seracs collapsing

upglacier from the terminus in Videos 3.A-2 and 3.A-3) or avalanching of debris from the

terminus (Video 3.A-4). No previous motion could be detected by either feature tracking in

oblique imagery or by differencing subsequent images. A small, gradual increase in seis-

mic activity often precedes discernible motion of the terminus and ice mélange in the 10-s

imagery (Figs. 3.3c and 3.6a–b and Video 3.A-3, which shows the calving event discussed

in Fig. 3.6). The ramp-up in seismic activity coincides with an increase in the number of

audible fractures and, to a lesser extent, debris avalanches, emanating from the fjord (see

Section 3.3.3; Fig. 3.6d). These sounds originate both at the terminus and in the fjord and

are separated by periods of silence (i.e., there is no persistent background rumbling that is

heard during calving events). We have so far been unable to detect any spatio-temporal

patterns of acoustic signals preceding a calving event.

The increases in seismic energy and number of acoustic signals in the short interval

preceding discernible motion at the terminus also precede observed horizontal accelera-

tion of the ice mélange (Fig. 3.3c). Thus, motion of the mélange away from the terminus

is not prerequisite for calving. The precursory activity in the fjord may instead represent

unsettling of the mélange in response to a very small rotation of a large ice block at the

glacier terminus. For example, rotating a 400 m long (in the glacier flow direction) by 1000

m tall iceberg by 0.5◦ will displace more than 4000 m3 of water per meter of lateral width
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of the iceberg, yet the upper corner of the iceberg (point P1 in Fig. 3.8a) will move less than

0.02 m horizontally and 2 m vertically, while the point where the iceberg is in contact with

the mélange (point P2) will move 1 m horizontally. Such a small rotation at the terminus

would therefore be undetectable with timelapse photography or our GPS receivers, but

may be sufficiently large to cause near-terminus icebergs to subtly shift their positions and

thereby generate seismic and acoustic signals. We suggest that the emergent onsets of the

seismograms represent the superposition of numerous fractures occurring at the terminus

and in the mélange.

Much of the seismic energy released during calving events at Jakobshavn Isbræ can,

for several reasons, be attributed to horizontal and vertical motion of the ice mélange.

First, maximum ground displacement coincides with the generation of large ocean waves,

occuring immediately following the overturning of icebergs at the terminus (Video 3.A-

3, Fig. 3.6a). Second, ground displacement during the coda of the seismograms, which

typically lasts 10 min or more, represents motion of the mélange only (i.e., the terminus is

quiescent). The coda of the seismogram therefore puts a minimum bound on the amount

of ground displacement that can be generated through horizontal motion of the mélange.

Third, there is a pronounced drop in seismic energy coincident with mélange stiffening

as icebergs within the mélange have stopped overturning and the mélange has resumed

steady deformation. Finally, the envelopes of the calving-generated seismic and acoustic

waves have similar durations and several peaks that are temporally correlated, suggesting

that the seismic and acoustic waves have the same source. As discussed earlier, many of

the acoustic signals emanate from the ice mélange.

Calving-related seismograms are likely generated by a variety of mechanisms occur-

ring simultaneously at numerous locations; they are therefore highly complex. Source

mechanisms might include hydraulically-driven fracture propagation and other hydraulic

transients within the glacier [St. Lawrence and Qamar, 1979; Métaxian et al., 2003; O’Neel

and Pfeffer, 2007; Winberry et al., 2009], the coalescence of micro-fractures at the terminus

[Bahr, 1995], acceleration of the glacier terminus [Nettles et al., 2008], ocean wave action
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[Amundson et al., 2008; MacAyeal et al., 2009], icebergs scraping the glacier terminus and

fjord walls [Amundson et al., 2008; Tsai et al., 2008], and motion of an ice mélange or layer of

sea ice. Superposition of these seismic signals makes interpretation of calving-generated

seismograms exceedingly difficult. The interpretations can be improved with, among

other things, simultaneous acoustic (including infrasonic and hydroacoustic) recordings.

Glaciogenic acoustic signals are more impulsive and decay more rapidly than correspond-

ing seismic signals (Fig. 3.6b,d). Identifying and locating events may therefore be some-

what easier with acoustic recordings than with seismic recordings (see also J. Richardson,

manuscript in preparation, 2009).

3.5 Simple Force Balance Analysis of Calving

Motion of the ice mélange is clearly driven by terminus dynamics. The relationship is

not, however, unidirectional. Here, we use a simple force balance analysis to argue that

the mélange influences the seasonality of calving events and the sequence of individual

calving events, including iceberg size and rotation direction. The force balance analysis

also demonstrates that full-glacier-thickness icebergs, which dominate the glacier’s mass

loss from calving, are unable to calve from a well-grounded terminus.

First, consider the case in which a rectangular iceberg of thickness H and width εH

(perpendicular to the terminus) calves from a floating tongue (Fig. 3.8a–b). Rotation of

the iceberg is driven by buoyant forces and, ignoring friction, inhibited by contact forces

at the terminus, Ft, and the mélange, Fm. For simplicity, we assume that the force from the

mélange can be treated as a horizontal line load acting at sea level, so that |Ft| = |Fm|.

Summing the torques around the iceberg’s center of mass for a block that is rotating

bottom out (Fig. 3.8a), we find that Fm required to hold the block in static equilibrium for

some given tilt angle, θ, is

Fb
m =

−
3

∑
i=1

τi

γcosθ
, (3.1)
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Figure 3.8. Diagrams used for the force balance analysis of calving icebergs. γ is indicated
by thick black lines.

where superscript b denotes bottom out rotation, τi represents the torques from the water

pressure acting along each of the iceberg’s three submerged sides, γ = H (1−ρi/ρw− (ε/2)tanθ)

(see Fig. 3.8 for the geometric interpretation of γ), and ρi and ρw are the densities of ice and

water, respectively [adapted from MacAyeal et al., 2003]. If the force from the mélange is
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greater than the value given in Equation 3.1, then the torques on the iceberg will either

decelerate an iceberg’s rotation or prevent an iceberg from rotating in the first place.

Similarly, the force from the melange required to keep the block from rotating top out

(Fig. 3.8b) is

Ft
m =

−
3

∑
i=1

τi

H (cosθ− εsinθ)− γcosθ
(3.2)

where superscript t denotes top out rotation. The ratio of these two forces is

Fb
m

Ft
m

=
cosθ− εsinθ

(1−ρi/ρw− (ε/2)tanθ)cosθ
−1. (3.3)

In the limit that θ→ 0, this ratio becomes

Fb
m

Ft
m

=
ρi

ρw−ρi
≈ 9. (3.4)

At small θ the force from the mélange required to keep a block from rotating bottom out

is roughly one order of magnitude greater than the force required to keep a block from

rotating top out. In other words, the resistive torque from a given Fm is greater for an ice

block that is rotating top out than it is for a block that is rotating bottom out. Thus, in

the presence of a resistive ice mélange, bottom out rotation is strongly preferred over top

out rotation. Without a mélange, there is no preferred direction of rotation in this simple,

frictionless model.

The force from the mélange (Eq. 3.1) required to maintain static equilibrium is ulti-

mately a function of H, ε, and θ. By arbitrarily setting H = 1000 m, approximately equal

to the terminus thickness of Jakobshavn Isbræ, and using the equations for τi derived in

MacAyeal et al. [2003], we can investigate the relationship between Fb
m and ε for various θ

(Fig. 3.9a).

The maximum value of ε for which buoyant forces will cause an iceberg to overturn at

arbitrarily small θ is εcr≈ 0.73. Furthermore, the largest force required from the ice mélange

to prevent rotation occurs when ε = εo ≈ 0.42; icebergs of this geometry are therefore more
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Figure 3.9. Force from the ice mélange (per meter lateral width) for various ε and θ that is
required to decelerate an already overturning iceberg or to prevent an iceberg from over-
turning in the first place. These calculations assume that there is no friction at the contact
points. Calving is considered from (a) a floating terminus and (b) a terminus that is at
floatation (β = ρi/ρw). The dashed lines give the value of εo for various θ.

easily able to capsize than thinner or wider icebergs. In this model, εo corresponds to the

iceberg geometry that experiences the largest buoyancy-driven torque at small θ.

If the terminus is instead grounded (Fig. 3.8c, with µ = 0), the force and torque balances

give

Fb
m =

−
3

∑
i=1

τi−H/2
(
Fg−Fb

)
(εcosθ− sinθ)

H (cosθ−β)
. (3.5)

where Fg and Fb are the gravitational and buoyant forces, β = Hw/H and Hw is the water

depth at the terminus, τi is the same as before, but γ (on which τi depends) is replaced with

γ = H (1−βsecθ) . (3.6)

Here, when the terminus is just grounded (i.e., β = ρi/ρw ≈ 0.9), εcr = 0.40 and εo = 0.21

for small θ (Fig. 3.9). At certain water depths, a terminus may be floating but at such

an elevation that calving icebergs will come into contact with the fjord bottom during

overturning. In such cases, εcr and εo will be intermediate to the values given above.
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Including friction and/or lowering the water level below floatation further reduces εcr,

εo, and the resistive force from the mélange required to prevent overturning. For example,

ignoring the mélange (letting Fm = 0) but accounting for friction at the terminus and fjord

bottom, the force and torque balances on the calving iceberg (Fig. 3.8c) become

Ft−µFn = 0 (3.7)

µFt + Fn = Fg−Fb (3.8)

τ =
3

∑
i=1

τi + FtH
(

cosθ +
µ
2

(sinθ + εcosθ)
)

+ Fn
H
2

(εcosθ− sinθ) , (3.9)

where Fn is the normal force on the fjord bottom, τ is the net torque acting on the iceberg,

and µ is the coefficient of friction between the iceberg and the terminus and the iceberg and

the fjord bottom (for simplicity, we assume that the coefficients of friction are the same for

both points of contact). The curves in Figure 3.10 indicate the points at which τ = 0 for

various µ, ε, θ, and β. µ was varied from 0–0.1; these values are less than the coefficient of

friction between ice and sand determined by sliding a relatively smooth, meter-scale ice

block across a sand beach [Barker and Timco, 2003]. In order for buoyant forces to cause

an iceberg of a given width-to-height ratio to overturn, the point in β− θ space must be

above the appropriate τ = 0 curve. From these curves it is apparent that buoyant forces

are unable to cause the calving of realistically-sized, full-glacier-thickness icebergs unless

the water depth is close to or greater than ρi
ρw

H (Fig. 3.10). A resistive ice mélange, not

accounted for here, would further reduce the glacier’s ability to calve from a grounded

terminus, even if full-thickness fracture has occurred.

3.6 Interpretation

3.6.1 Mélange and Fjord Dynamics

Motion of the ice mélange is driven by terminus dynamics. Between calving events the

mélange is pushed down fjord by the advancing terminus [see also Joughin et al., 2008c].

During these periods ocean and wind currents have little effect on mélange motion, at least

within 15–20 km of the glacier terminus (Video 3.A-1). Previously, however, ephemeral



46

0.7

0.8

0.9

1

β

a    µ=0

ε=0.05

ε=0.40

0.7

0.8

0.9

1

β

b    µ=0.05

ε=0.05

ε=0.40

0 1 2 3 4 5
0.7

0.8

0.9

1
c    µ=0.10

θ, degrees

β

ε=0.05

ε=0.40

Figure 3.10. Minimum β (water depth divided by ice thickness) for which buoyant forces
will cause a grounded iceberg with width εH and tilt from vertical θ to overturn. Coeffi-
cients of friction, µ, between the iceberg and terminus and iceberg and fjord bottom were
varied from 0–0.1 ((a)–(c)).

turbid upwellings were observed at the terminus [Echelmeyer and Harrison, 1990], indicat-

ing that subglacial discharge occasionally caused local separation between the mélange

and terminus. We observed no such upwellings during 2007–2008, thus suggesting that

the recent increase in the glacier’s calving flux has resulted in a denser, stronger mélange.

Such changes may affect glacier dynamics (Section 3.6.2), the timing and sequence of calv-

ing events (Section 3.6.3), and damping of ocean waves [e.g., Squire, 2007, and references

therein].

As full-glacier-thickness icebergs calve and overturn, they rapidly push the ice mélange

down fjord (Fig. 3.3), sweep through ∼0.5 km3 of water as they rotate through 90◦, and

may disrupt fjord stratification and circulation [as described in Motyka et al., 2003] by tur-

bulently mixing the entire water column. The total volume of water affected by a single

calving iceberg is likely larger than 0.5 km3, since water must fill the void left by the calving

iceberg at the same time that water is being pushed down fjord by the rotating iceberg. A
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typical calving event involves the calving of several full-glacier-thickness icebergs, which

combined might displace more than 2 km3 of water. Roughly thirty such calving events

occur each year [Amundson et al., 2008]. For comparison, the glacier’s subglacial discharge,

which drives fjord circulation, was estimated at 8–15 km3a−1 in the 1980’s [Echelmeyer et al.,

1992]. Thus calving events may strongly influence fjord circulation and affect the ability of

deep, warm ocean water to reach the terminus. In a mélange-covered fjord, ocean currents

may be further influenced by the irregular basal topography of the mélange.

The currents and meters-scale ocean waves generated by calving events may help

icebergs rotate to more energetically favorable positions (with larger width to height ra-

tios), resulting in extension of the mélange [see also MacAyeal et al., 2009]. Although the

mélange is eventually recompacted by the advancing terminus (following calving events

the mélange is initally moving slower than the terminus; Fig. 3.3a,b), extension of the

mélange during calving events may weaken it and reduce its ability to prevent subsequent

calving events. Such weakening may explain, in part, why calving events occur more fre-

quently in mid- to late summer and nearly always involve the successive calving of several

icebergs [Amundson et al., 2008].

3.6.2 Mélange Influence on Glacier Dynamics

The force required to prevent the calving and overturning of an iceberg at the glacier ter-

minus (Fig. 3.9) is comparable to the change in back-force on the terminus due to tides. If

the tidal range is 2 m and the mean water depth is 800 m, the range in back-force, ∆Fp is

∆Fp =
1
2

ρwg
(
8012−7992)≈ 1.6×107N m−1. (3.10)

Tides appear to have little to no effect on the glacier’s flow speed [see also Fig. 1b

in Amundson et al., 2008], especially when compared to other tidewater glaciers such as

Columbia Glacier, Alaska [Walters and Dunlap, 1987]. Thus the mélange does not necessar-

ily have a significant, direct influence on glacier velocity.

On the other hand, our results show that the mélange can inhibit calving, thereby help-

ing to enable terminus advance in winter. The floating tongue that currently develops in
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winter may be little more than an agglomeration of ice blocks that are unable to overturn

(such as the partially overturned iceberg in Fig. 3.2b). Nonetheless, the newly-formed

floating tongue reduces the longitudinal strain rates at the grounding line, resulting in

thickening and an associated increase in effective (ice-overburden minus pore-water) pres-

sure there. Basal motion is generally thought to be highly sensitive to effective pressure,

especially when the effective pressure is close to zero [e.g., Paterson, 1994, and references

therein], as is likely the case near the termini of tidewater glaciers [Pfeffer, 2007]. Thus a

slight thickening near the grounding line in winter may be sufficient to explain the glacier’s

current seasonal velocity variations. Furthermore, the winter advance changes the geome-

try and stress distribution of the lower glacier; such changes have been shown to dramat-

ically affect the glacier’s flow, even without the inclusion of potential buttressing effects

along the fjord walls (M.P. Lüthi, manuscript in preparation, 2009).

3.6.3 Sequence of Calving Events and Glacial Earthquakes

Although the mélange may not directly influence glacier motion, it may affect the sequence

of individual calving events. In Section 3.5 we demonstrated that in the presence of a

back force from the mélange, bottom out rotation of calving icebergs is strongly preferred

over top out rotation and that icebergs with optimal width-to-height ratios (ε = εo) are

more easily able to calve than icebergs of different dimensions. εo depends on the glacier’s

proximity to floatation and the coefficients of friction at points of contact with the terminus

and fjord bottom, but is always less than 0.42 (Fig. 3.9). Our observations indicate that ε

for full-glacier-thickness icebergs that calve and overturn is generally between 0.2 and 0.5

(Videos 3.A-2–3.A-4).

The force balance analysis, which is consistent with our field observations, suggests

that calving events begin with the bottom out rotation of icebergs with relatively small

width-to-height ratios. Calving onset may be aided by avalanching of the terminus, which

increases the buoyant torque on the newly-formed iceberg, and/or by a subglacial out-

burst flood that rotates the iceberg away from the terminus [see also O’Neel et al., 2007].
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As the first iceberg calves, the mélange is pushed away from the terminus, both by the

rotating iceberg and potentially by turbulent ocean currents generated by the rotating ice-

berg. Due to a reduction in back forces as the mélange accelerates away from the terminus,

subsequent calving icebergs can more easily calve from a grounded terminus, rotate top

out, and have larger width-to-height ratios. The latter two points are consistent with ob-

servations from the time-lapse imagery (see Videos 3.A-2 and 3.A-4). Furthermore, glacial

earthquakes have recently been associated with calving events [Joughin et al., 2008a; Tsai

et al., 2008; Amundson et al., 2008; Nettles et al., 2008] and hypothesized to be generated by

especially large icebergs pushing off of the terminus [Tsai et al., 2008] or scraping the fjord

bottom [Amundson et al., 2008]. If either of these glacial earthquake mechanisms is correct,

then glacial earthquake generation should occur several minutes after calving onset, as has

been observed (see Amundson et al. [2008], Fig. 3.A-4; Nettles et al. [2008], Fig. 3).

The value of εo may affect the timing of calving events. For example, if a crevasse

penetrates the entire glacier thickness at some distance εoH from the glacier terminus, the

resulting iceberg may calve more readily than if the crevasse had penetrated the entire

glacier thickness at a distance of εH 6= εoH from the terminus.

Our analysis has mostly neglected the relationship between the mélange and the calv-

ing of tabular (ε≥ 1) or nearly tabular (εcr ≤ ε≤ 1) icebergs, which presently occurs during

spring and winter when all or part of the terminus is floating and previously occurred year

round. Although our observations on the generation of tabular and near-tabular icebergs

are limited, we have twice witnessed the calving of tabular icebergs at the end of long

calving events (Video 3.A-5) during the month of May. Both of these icebergs originated

near the centerline of the glacier, where the terminus appeared to be partially ungrounded.

Tabular icebergs might therefore only be able to detach from the glacier’s terminus after

previous, overturning icebergs have calved and pushed the mélange away from the glacier.

Although the mélange may influence the timing and sequence of calving events, once

a calving event begins and the mélange accelerates away from the terminus, the total mass

loss during the event may be controlled by other factors and processes, such as pre-existing
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fractures in the glacier [Bahr, 1995; Benn et al., 2007, and references therein], the glacier’s

height above buoyancy [Van der Veen, 1996; Vieli et al., 2001](see Section 3.6.4), and weaken-

ing of the terminus by large glaciogenic ocean waves [MacAyeal et al., 2006, 2009]. The first

point, that the total mass loss from a calving event is determined by the presence (or ab-

sence) of large rifts, is consistent with our visual observations. Thus, unless the back-force

exerted by the mélange is strong enough to influence rifting, in summer the total mass

loss from calving over time scales of weeks to months is likely controlled by glacier dy-

namics and not by mélange strength. On annual or longer time scales, the total mass loss

from calving may be influenced by the proportion of the year during which the mélange

is strong enough to prevent calving events [Joughin et al., 2008c]. Thus the mélange can

affect the seasonality of the terminus position, which in turn affects the glacier’s longer

term behavior.

3.6.4 Floatation Condition for Calving

The calving of full-glacier-thickness icebergs is likely necessary to balance Jakobshavn Is-

bræ’s high flow rates: between large calving events the terminus can easily advance more

than 100 m despite the frequent calving of small (meter to several meter scale) icebergs.

However, full-glacier-thickness icebergs are unable to capsize at small θ if the terminus is

well-grounded (Fig. 3.10; Section 3.5), even if full thickness fracture has occurred. There-

fore a necessary, but not sufficient, condition for calving retreat is that the terminus is close

to floatation. The ratio of water depth to ice thickness, β, necessary for calving depends

on iceberg geometry and on the coefficients of friction at the iceberg’s contact points; it is

therefore difficult to assign a specific floatation condition for calving. However, for realis-

tic iceberg geometries (ε = 0.25) and a likely conservative coefficient of friction (µ = 0.05),

buoyancy-driven capsize will not occur unless β > 0.875 (Fig. 3.10b).

Due to buoyancy differences between ice and water, the immediate result of a full-

thickness calving event from a grounded terminus is to increase the terminus’ height above

floatation (unless the glacier has a reverse bedrock slope that is more than nine times the
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surface slope). Thus, although full-thickness calving events can be enabled by processes

that change the torque balance on the terminus, such as avalanching of debris or subglacial

discharge events, such processes cannot drive terminus retreat over long time periods.

During its current retreat, Jakobshavn Isbræ’s average rate of retreat was largest in the

early 2000’s [Podlech and Weidick, 2004; Csatho et al., 2008] when the terminus was floating

year round. By 2004 the glacier had stopped producing tabular icebergs in summer (as can

be seen in satellite imagery), suggesting that the glacier had evolved to calve grounded

(or nearly grounded) ice in summer. At that time there was also a sharp decrease in the

glacier’s average rate of retreat [Joughin et al., 2008c]. One potential explanation for this

change is that the process limiting the glacier’s rate of retreat switched from rift propaga-

tion in floating ice to dynamic thinning of grounded ice, processes occurring over different

time scales. Thus, as long as the terminus region is sufficiently fractured, a height-above-

floatation calving criterion [as proposed by Van der Veen, 1996] may give a reasonable as-

sessment of the glacier’s late summer terminus position. Such a criterion, which does

not account for fracturing, is unable to predict individual calving events or to explain the

growth and decay of a short floating tongue in winter [Benn et al., 2007].

3.7 Conclusions

Temporal variations in ice mélange strength can influence the evolution of Jakobshavn

Isbræ’s terminus position, and therefore glacier flow [see also M.P. Lüthi, manuscript in

preparation, 2009; Nick et al., 2009], by controlling the timing of calving events. Further-

more, motion of the ice mélange is strongly controlled by terminus dynamics, especially

with respect to frequency and size of calving events.

In winter, sea ice growth between icebergs (freezing of the mélange matrix) and at

the mélange’s seaward edge acts to stengthen the mélange, thus preventing calving and

enabling the terminus to advance∼5 km. The mélange is pushed down fjord as a cohesive

unit by the advancing terminus. The sea ice margin begins to retreat from the fjord mouth

in mid-winter; calving rejuvenates in spring after the sea ice margin has retreated to within
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a few kilometers of the glacier terminus. Once calving renews, motion of the mélange

becomes highly episodic, especially during periods of frequent calving. Large, full-glacier-

thickness calving events cause the mélange to rapidly move 2–4 km down fjord, extend

longitudinally, and be subjected to vertical oscillations lasting over 12 hrs and having peak

amplitudes greater than 1 m. This wave action may promote further disintegration of

the terminus and ice mélange [as also suggested by MacAyeal et al., 2006, 2009], resulting

in additional seaward expansion and thinning of the mélange. Between calving events

the mélange is re-compressed and pushed forward by the advancing terminus, as occurs

throughout winter.

Our observations and simple force balance analysis demonstrate that the presence of

a mélange influences calving behavior: the first iceberg to calve tends to be small and al-

ways rotates bottom out, whereas subsequent calving icebergs can be larger and rotate

any direction. Motion of the mélange away from the terminus does not appear to be pre-

requisite for calving to begin. However, when the mélange is activated during calving

onset, it loses the ability to resist the calving of subsequent icebergs. The total amount

of ice lost during a calving event is therefore likely controlled by parameters other than

mélange strength, such as the presence (or absence) of pre-existing rifts up-glacier. Thus it

is unlikely that the ice mélange controls the net calving flux in summer over time periods

of days to weeks. Over seasonal time scales or longer, the mélange could influence the

net calving flux by controlling the proportion of the year during which calving can occur

[Joughin et al., 2008c]. Although the resistive force from the mélange may be insufficient to

directly influence glacier motion, the mélange may indirectly influence glacier dynamics

by controlling the evolution of the terminus geometry, which in turn affects glacier mo-

tion (M.P. Lüthi, manuscript in preparation, 2009). Finally, the calving behavior observed

at Jakobshavn Isbræ is unable to occur when the glacier is well-grounded (especially in

the presence of a resistive ice mélange), suggesting that the net annual calving retreat is

limited by the glacier’s height above floatation.

A realistic model of terminus behavior must be able to predict seasonal variations in
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calving rate. We suggest that at Jakobshavn Isbræ, these variations are presently con-

trolled by variations in sea ice cover and ice mélange strength and by dynamic thinning of

grounded ice in summer. The greater challenge is to couple the seasonality of ice mélange

strength to the growth and decay of sea ice.
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Appendix 3.A

The following supplementary videos are included in a DVD at the end of the thesis.

Video 3.A-1: Time-lapse video of Jakobshavn Isbrae’s proglacial ice melange from 9 July-31

July 2008. The camera was positioned approximately 10 km down fjord from the terminus

and pointed in the down fjord direction. The pulses in ice melange motion are due to

calving events.

Video 3.A-2: Hi-rate (10 s) time-lapse video of a calving event on 10 May 2008. Iceberg de-

tachment was preceded by widespread fracturing and the collapse of seracs some distance

upglacier from the terminus.

Video 3.A-3: Hi-rate (10 s) time-lapse video of a calving event on 15 July 2008 (see also

associated seismic and audio recordings in Figure 6). Iceberg detachment was preceded

by widespread fracturing and the collapse of seracs some distance upglacier from the ter-

minus.

Video 3.A-4: Hi-rate (10 s) time-lapse video of a calving event on 24 July 2008 (see also

associated iceberg motion in Figure 3c). Large-scale calving was preceded by several debris

avalanches from the terminus.

Video 3.A-5: Time-lapse video of a calving event on 16 May 2008 (the glacier terminus is

just off the edge of the frame). Photos were taken every 10 min. A tabular iceberg was

calved at the end of the calving event and appears at the end of the video.
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Chapter 4

A unifying framework for iceberg calving models 1

Abstract

We develop a general framework for iceberg calving models that can be applied to any

calving margin. The framework is based on mass continuity, the assumption that calving

rate and terminus velocity are not independent, and the simple idea that terminus thick-

ness following a calving event is larger than terminus thickness at the event onset. The

theoretical, near steady-state analysis used to formulate the framework indicates that calv-

ing rate is governed, to first order, by ice thickness, thickness gradient, dynamic thinning,

and melting of the terminus; the analysis furthermore provides a physical explanation for

the empirical relationship for ice shelf calving found by Alley and others [2008]. In the

calving framework the pre- and post-calving terminus thicknesses are given by two un-

known but related functions. The functions can vary independently of changes in glacier

flow and geometry, and can therefore account for variations in calving behavior due to ex-

ternal forcings and/or self-sustaining calving processes. Although the calving framework

does not constitute a complete calving model, any thickness-based calving criterion can

easily be incorporated into the framework. The framework should be viewed as a guide

for future attempts to parameterize calving.

4.1 Introduction

Iceberg calving is an important mechanism of mass loss for the Antarctic and Greenland

Ice Sheets and many glaciers around the world [Jacobs and others, 1992; Hagen and others,

2003; Rignot and Kanagaratnam, 2006]. Observations of recent calving retreats and coin-

cident flow acceleration at glaciers in Greenland and Antarctica [De Angelis and Skvarca,

2003; Joughin and others, 2004; Rignot and others, 2004; Howat and others, 2008] have

1Submitted to the Journal of Glaciology as Amundson, J.M. and M. Truffer. A unifying framework for iceberg
calving models.
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served to illustrate the tight linkages between calving, glacier flow, and terminus stabil-

ity. Unfortunately, modeling of calving processes remains a major challenge, thus casting

doubt on the ability of glacier and ice sheet models to predict future sea level variations.

A full calving model would describe the rapid (minutes to hours) evolution of glacier

geometry and stress field that occurs as an ice block detaches from a glacier [e.g., Pralong

and Funk, 2005]. Reconciling the high temporal and spatial resolution necessary for such a

model with the computational constraints of ice sheet models is, however, a highly difficult

task. An alternative is to seek a parameterization of calving that is sufficiently general to be

applicable to any calving margin, yet sufficiently simple to be implementable in ice sheet

models.

Previous efforts to parameterize calving include (1) relating mean calving rate of

grounded glaciers to water depth at the terminus [Brown and others, 1982], (2) continu-

ously adjusting the terminus position so that terminus thickness always equals some value

given by a calving criterion [Van der Veen, 1996; Vieli and others, 2000, 2001; Benn and oth-

ers, 2007a,b], and (3) relating mean calving rate of ice shelves to ice shelf thickness, width,

and strain rate [Alley and others, 2008]. Unfortunately, none of the previous efforts fully

addresses the wide range in size and frequency of calving events, and furthermore the

model of Benn and others [2007a,b] is the only model that can clearly be applied to both

floating and grounded termini. In their model, the terminus is located where crevasse

depth equals terminus freeboard, with crevasse depth depending on longitudinal strain

rates and ponding of water in crevasses.

Despite the advances made by Benn and others [2007a,b], their crevasse-depth calv-

ing criterion cannot explain all calving variability. As an example, consider the terminus

dynamics of Jakobshavn Isbræ, a rapidly-flowing outlet glacier in Greenland. Currently,

calving ceases during winter and the terminus advances ∼ 5 km. Calving typically re-

sumes vigorously in March or April, well before significant surface melting has occurred;

within a few weeks the terminus can retreat 3–4 km. The terminus continues retreating, al-

beit at a slower rate, throughout the summer [Amundson and others, 2008]. The observed
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seasonal variations in calving rate cannot be explained by the crevasse-depth calving cri-

terion, as the onset of calving in spring precedes significant surface melting, ponding of

melt water in near terminus crevasses is rare, seasonal variations in velocity (and therefore

strain rates) are smaller than at other tidewater glaciers [Echelmeyer and Harrison, 1990],

and velocity variations appear to occur in response to changes in terminus position and not

vice-versa [Joughin and others, 2008b; Amundson and others, 2008]. The crevasse-depth

calving criterion is furthermore inconsistent with the glacier’s current terminus freeboard,

which is about 100 m. The model would require strain rates of about 9 a−1, or nearly an or-

der of magnitude larger than observed [Amundson and others, 2008], to produce crevasses

that are 100 m deep.

Parameterization of calving is confounded by the wide variety of calving phenom-

ena, including the sub-hourly detachment of small ice blocks from grounded, temperate

glaciers [O’Neel and others, 2003, 2007], the roughly decadal calving of giant tabular ice-

bergs (with horizontal dimensions of 10–100 km) from floating ice shelves [Lazzara and

others, 1999], and the catastrophic collapse of thin ice shelves within a matter of days to

weeks [Rott and others, 1996; Scambos and others, 2000; Braun and others, 2009; Braun and

Humbert, 2009]. Herein, we develop a broad framework for calving models that, unlike

previous efforts, can be adapted to describe the wide range in size and frequency of calv-

ing events. The framework is based on the simple idea that terminus thickness is larger

after a calving event than at the event onset, and that pre- and post-calving terminus thick-

nesses are given by two separate but related functions. The functions are left unspecified,

and therefore new or existing calving models can be easily incorporated into the frame-

work. We do, however, investigate the relationship between the functions by considering

the wide spectrum of observed calving styles. In particular, the calving framework allows

for a simple parameterization of the highly non-linear, chain-reaction type processes that

can cause large portions of an ice shelf to disintegrate in a matter of days [see MacAyeal

and others, 2009].
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Figure 4.1. Schematic diagram of a glacier terminus indicating many of the variables used
in the present analysis.

4.2 Steady-state calving rate

The following analysis is developed in two horizontal dimensions to ease possible imple-

mentation into glacier and ice sheet models. In two dimensions, the change in terminus

position with time for a calving glacier is given by

dX
dt

= ut−uc− ṁ, (4.1)

where X is terminus position, t is time, ut, uc, and ṁ are the vertically-averaged along-flow

terminus velocity, calving rate, and melt rate of the vertical face of the terminus [Motyka

and others, 2003], respectively (Fig. 4.1), and bold face is used to indicate two-dimensional,

horizontal vectors. We use ṁ to refer to both terminus melting and calving associated

with non-uniform melting of the terminus (as discussed in Motyka and others [2003] and

Röhl [2006]). Over annual time scales, terminus velocity and calving rate tend to scale

with each other, such that the rate of length change is almost always one to two orders

of magnitude smaller than terminus velocity (or calving rate)[Van der Veen, 1996]. The

observation that calving rate and terminus velocity are two numbers of similar magnitude

that almost exactly cancel indicates that they are not independent of each other.

Here, we use a steady-state analysis to show that ice thickness, thickness gradient,

dynamic thinning, and melting of the terminus are the primary controls on calving rate
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(and therefore also on terminus velocity). We furthermore show that a wide spectrum

of calving behavior can be produced by simply increasing the terminus thickness during

a calving event. For a given ratio of pre- to post-calving terminus thickness, thickness

gradient determines the event size, and strain rate and balance rate determine the time it

takes the terminus to thin back to a critical value at which calving occurs. The analysis

presented here provides the basis for a general calving framework (Section 4.3).

4.2.1 Continuous calving

For a glacier that is in steady state, dX/dt = 0. Calving rate is therefore given by

uc = ut− ṁ. (4.2)

Terminus velocity, ut, can be estimated through the mass continuity equation, which

dictates that for a column of ice
∂h
∂t

= ḃ−∇ ·q. (4.3)

Here h is ice thickness, ḃ is the combined surface and bottom melt rate, ∇ = (∂/∂x,∂/∂y),

and q is horizontal ice flux. We let u equal the depth-averaged horizontal velocity, so that

q = hu and Equation (4.3) becomes

∂h
∂t

= ḃ−h∇ ·u−u ·∇h, (4.4)

We now note that

h∇ ·u = h
∂

∂x

(
1
h

Z h

0
u ·dz

)
+ h

∂

∂y

(
1
h

Z h

0
v ·dz

)
, (4.5)

where u and v are horizontal velocities within the column. Equation (4.5) is equivalent to

h∇ ·u =−u ·∇h + h(ε̇xx + ε̇yy) + us ·∇h, (4.6)

where ε̇xx and ε̇yy are the depth-averaged normal strain rates and us is the horizontal sur-

face velocity vector. Strain rates greater than 0 are used to indicate extension. As a result,

∇h < 0 indicates that ice thickness decreases in the downglacier direction, as is generally

observed near a glacier terminus.
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Due to the incompressibility of ice,

ε̇zz =−ε̇xx− ε̇yy, (4.7)

where ε̇zz is the depth-averaged vertical normal strain rate.

Inserting Equation (4.7) into Equation (4.6), and the result into Equation (4.4), gives

∂h
∂t

= ḃ + hε̇zz−us ·∇h. (4.8)

For a glacier that is in steady-state, all terms in Equation (4.8) are temporally invariant

and ∂h/∂t = 0. Furthermore, near the terminus of a calving glacier, surface velocity, us,

and depth-averaged velocity are generally in close agreement regardless of whether the

terminus is floating or grounded [e.g., Pfeffer, 2007]. Rearranging Equation (4.8), assuming

that the glacier is in steady-state, and setting u = us, gives

u ·∇h = ḃ + hε̇zz, (4.9)

which is satisfied when

u =
(ḃ + hε̇zz)∇h
|∇h|2

. (4.10)

Equation (4.10) is found by assuming that the velocity vector points in the direction of

largest thickness gradient.

Finally, evaluating Equation (4.10) at or near the terminus and inserting the result into

Equation (4.2) yields

uc =
(ḃ + Htε̇zz)∇h
|∇h|2

− ṁ, (4.11)

where Ht is terminus thickness. Equation (4.11) suggests that ice thickness, strain rate, and

thickness gradient are the primary controls on calving rate. Balance rate and melting of the

vertical face of the terminus also influence the steady-state calving rate but are typically

less important.

4.2.2 Discrete calving

Under steady-state conditions, the position of a glacier terminus is fixed, and thus calving

events must occur continuously and be infinitesimally small. We here consider how mean
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Figure 4.2. Contours of H0/H1 for various along-flow thickness gradients (∂h/∂x) and nor-
malized calving retreat lengths (∆x/H1). Gray contours represent intervals of 0.01. Shaded
boxes indicate approximate thickness gradients and calving event sizes (see references in
Benn and others [2007b]) for various calving margins during near steady-state conditions.

calving rate is affected by discrete calving events that occur periodically and are always the

same size. Glacier strain rates, thickness gradient, and melt terms are held constant, but

dX/dt 6= 0. We furthermore assume that uc and ṁ point in the direction of largest thickness

gradient.

The distance, ∆x, that a point along the terminus retreats during a calving event is

∆x =
(H0−H1)∇h
|∇h|2

, (4.12)

where H0 and H1 are the terminus thicknesses at the onset of and immediately following

calving events. The ratio of pre- to post-calving terminus thickness, H0/H1, is typically

close to 1 (Fig. 4.2).

The thinning rate of a column of ice as it is advected toward the terminus is given by

the material derivative
Dh
Dt

=
∂h
∂t

+ u ·∇h. (4.13)

Inserting Equation (4.9) into Equation (4.13) and again assuming that u = us yields

Dh
Dt

= hε̇zz + ḃ. (4.14)
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The time interval between calving events, ∆t, is determined by the time it takes the ter-

minus to thin from H1 to H0. The column of ice that reaches the terminus at time ∆t will

have had an initial thickness of H1− (ṁ ·∇h)∆t. Thus, integrating Equation (4.14) from

H1− (ṁ ·∇h)∆t to H0 gives

∆t =
1

ε̇zz
ln

(
H0ε̇zz + ḃ

H1ε̇zz + ḃ− (ṁ ·∇h)∆tε̇zz

)
. (4.15)

The period between events depends inversely on vertical strain rate and becomes infinites-

imally small as H1→ H0. When strain rates are high, the ratio of pre- to post-calving ter-

minus thickness, H0/H1, has little impact on the time period between events (Fig. 4.3).

Similarly, melt-induced changes in terminus geometry most strongly impact the calving

interval of slow flowing glaciers; high bottom and surface melting, ḃ, tends to decrease ∆t

(Fig. 4.3a), whereas high melting of the vertical face of the terminus, ṁ, tends to increase

∆t (Fig. 4.3b).

Over several calving events, the mean calving rate is

uc =
∆x
∆t

. (4.16)

Inserting Equation (4.12) into Equation (4.16) gives

uc =
kH0ε̇zz∇h
|∇h|2

, (4.17)

where k is a non-dimensional number given by

k =
H0−H1

H0ε̇zz∆t
. (4.18)

In general, 1≤ k≤ 1.5 (set ṁ ·∇h = 0 in Equation (4.15), insert the result into Equation (4.18),

and evaluate with appropriate values of all remaining variables). k is large for small H0/H1;

thus, mean calving rate is slightly larger for glaciers that experience large calving events,

even if the calving events do not affect the glacier flow field or thickness gradient, as has

been assumed here. If calving events are large enough to cause upglacier acceleration and

drawdown, then mean calving rate would be expected to further increase. Furthermore, in
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the limit that H1→ H0, calving becomes continuous and Equation (4.17) reduces to Equa-

tion (4.11), as expected. Although Equations (4.11) and (4.17) are nearly equivalent, we

prefer Equation (4.17) as the basis for a general calving framework because it accounts for

the time dependent relationship between terminus thinning rate and terminus thickness

(through Equation (4.14)) and can characterize a wide range of calving behavior (see Figs.

4.2 and 4.3).
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4.2.3 Comparison with observations

The form of our near steady-state calving rate relation (Equation (4.17)) is consistent with

the empirical relationship for ice-shelf calving found by Alley and others [2008]. By ana-

lyzing data from a variety of ice shelves, they found that calving rate (along a glacier flow

line) could be estimated by

uc = c · (wHtε̇xx), (4.19)

where uc is set equal to terminus velocity ut, w is terminus half-width, and c is an empirically-

determined constant approximately equal to 0.016 m−1. All parameters were measured

within a few ice thicknesses of the terminus.

Using theoretical work and comparing the results to observations, Sanderson [1979]

demonstrated that ice shelf half-width is related to along-flow thickness gradient, ∂h/∂x,

through the relationship

w =
−2τ

ρig(1−ρi/ρw)

(
∂h
∂x

)−1

, (4.20)

where τ is the depth-averaged shear stress on the ice shelf margin, ρi and ρw are the densi-

ties of ice and water, g is gravitational acceleration, and x points in the downglacier direc-

tion. Inserting Equation (4.20) into Equation (4.19) and setting τ = 90 kPa [as also done by

Sanderson, 1979] gives

uc ≈−3Htε̇xx

(
∂h
∂x

)−1

. (4.21)

When melt terms and across-flow normal strain rates are negligible, the value of uc in

Equation (4.21) is roughly two to three times greater than our calving rate relation, but the

form of the equations are otherwise identical.

The factor of two to three difference could be attributed to approximations in the the-

oretical work by Sanderson [1979](which should be trusted “only to within a factor of

about two”), overestimation of shear stresses on the ice shelf margin (Crabtree and Doake

[1982] used τ = 40 kPa), not accounting for melting of the terminus or lateral stretching,

our assumption that near-terminus glacier flow is steady and spatially invariant, and mea-

surement uncertainties or measurements in Alley and others [2008] being made farther
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away from the terminus than is required by Equation (4.17). For example, the strain rates

they cited for Jakobshavn Isbræ are roughly a factor of two smaller than was observed

within a few kilometers of the terminus in the 1980’s (Motyka et al., in review); if applied

uniformly, a factor of two increase in near-terminus strain rate would result in a reduc-

tion of c by one-half. We thus argue that, using different approaches, we and Alley and

others [2008] have demonstrated that the primary controls on mean calving rate are ice

thickness, dynamic thinning, and thickness gradient (which is related to terminus width

for ice shelves). Furthermore, our analysis applies for both grounded and floating ter-

mini, potentially explaining why the mean calving rate for Columbia Glacier, a grounded

tidewater glacier, was consistent with the linear regression on floating ice shelves shown

in Alley and others [2008]. Our calving rate relation, however, accounts for thinning of

the terminus due to lateral stretching and melting; it therefore represents an improvement

over the work of Alley and others [2008]. When applying our calving rate relation, strain

rates, thickness gradient, and melt terms should be evaluated within a few ice thicknesses

of the terminus.

4.3 Calving framework

4.3.1 General framework

In the previous section we argued that calving rate is controlled, to first order, by ice thick-

ness, thickness gradient, dynamic thinning, and melting of the terminus. We also demon-

strated that calving event size and periodicity can be characterized simply by changing

the terminus thickness during a calving event (Equations (4.12) and (4.15)). Our analysis

assumed steady-state or near steady-state conditions, and thus our calving rate relation

(Equation (4.17)) is only valid for glaciers that are near steady-state. In reality all terms in

Equation (4.17), including H0 and H1, vary in space and time. Furthermore, H0 and H1 are

unknown.

We therefore propose a framework for calving models in which only H0 and H1 are

specified, and strain rates, thickness gradient, and melt rates are allowed to evolve in time.
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That is, a calving event is triggered when the terminus has thinned to the point that

Ht(x,y, t) = H0(x,y, t), (4.22)

and that once calving has begun the terminus retreats until

Ht(x,y, t) = H1(x,y, t). (4.23)

We suggest that this framework represents the simplest possible, universally-applicable

calving framework.

H0(x,y, t) and H1(x,y, t) are difficult to define functions that potentially depend on a

number of glaciological and oceanographic parameters, such as strain rates and crevasse

spacing, ice temperature, pre-existing micro-fractures or “damage” [Pralong and Funk,

2005], melt water ponding on the glacier surface, terminus proximity to flotation, tides

or other ocean swell, and resistance from a cover of pro-glacial sea ice or ice mélange.

H1 furthermore allows for self-sustaining calving processes, such as rapid stress transfer

due to loss of resistance along the fjord walls or bottom, disintegration of the terminus by

glaciogenic ocean waves [MacAyeal and others, 2009], or failure of a resistive ice mélange

during the onset of a calving event [Amundson and others, 2010]. In other words, this

framework allows calving events to be triggered at any point along the terminus; once

triggered, self-sustaining processes can cause subsequent calving at distant points on the

terminus or upglacier from the initial rupture.

In the following sections, H0 and H1 are left undefined but variations in H0/H1 are dis-

cussed in the context of different calving margins. We will argue that, for well-grounded

glaciers, self-sustaining processes are unimportant and H0(t)≈H1(t). H1 therefore primar-

ily describes the structural rigidity of a floating terminus. If a terminus loses structural

rigidity, possibly from the opening of large rifts due to thinning and flow acceleration

[Joughin and others, 2008c] or to meltwater ponding on the glacier surface [Scambos and

others, 2000], H1 will become much larger than H0 and the terminus will disintegrate.

Although H0 and H1 are not given here, they can be specified later with existing or

newly-proposed calving theories. For example, the Van der Veen/Vieli and Benn calving
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models amount to a specification of H0 (in terms of terminus geometry in the former and

crevasse depth in the latter) and the assumption that H1 ≈H0.

4.3.2 Case studies

Calving glaciers vary in flow speed, ice temperature, and geometry. Variations in these

parameters give rise to differences in size and frequency of calving events. To investigate

appropriate values for H0/H1, we group calving glaciers into five categories: fast-flowing

and grounded (e.g., Alaska tidewater glaciers), fast-flowing and floating (e.g., many outlet

glaciers in Greenland), lake calving, stable ice shelves, and unstable ice shelves. Typical

near steady-state thickness gradients, calving event retreat lengths, strain rates, and peri-

ods between calving events for each of these groups, excluding unstable ice shelves, are

indicated in Figures 4.2 and 4.3. Only approximate ranges are given, as statistics of calving

margins are poorly known and documented (for some measured values see references in

Benn and others [2007b], and also Sanderson [1979]; Joughin and others [2008a]; Alley and

others [2008]; Amundson and others [2008]).

Calving events from grounded glaciers tend to be small but occur frequently [e.g.,

O’Neel and others, 2003, 2007], indicating that H0/H1 ≈ 1. When near-terminus thinning

rates (dynamic or melt-induced) are large relative to a glacier’s calving rate, the terminus

will go afloat and H0/H1 will decrease to 0.96–0.99, regardless of whether the terminus is

cold and slow-flowing or temperate and fast-flowing (Figs. 4.2 and 4.3). Note that both

temperate lake calving [Naruse and Skvarca, 2000; Warren and others, 2001; Boyce and

others, 2007] and temperate tidewater glaciers (Columbia Glacier; personal communica-

tion from S. O’Neel, 2009) have been observed to develop short floating tongues. Values

of H0/H1 ≈ 0.96 may indicate that self-sustaining processes influence the size of calving

events, whereas values closer to 0.99 may indicate that calving is controlled only by rift

propagation. (Rift herein refers to a crevasse that penetrates the entire glacier thickness.)

In the calving framework, catastrophic disintegration of formerly intact, thin ice shelves

over a period of days to weeks [Rott and others, 1996; Scambos and others, 2000; Braun
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and others, 2009; Braun and Humbert, 2009] can occur either through changes in ice shelf

thickness gradient or by decreasing H0/H1. Variations in ice shelf thickness gradient can

be estimated by considering steady-state profiles of ice shelves. To generate steady-state

profiles, we assume that u = us, that ice shelf density is constant, and that transverse vari-

ations in ice thickness and velocity are small. The steady-state mass continuity equation

(Equation (4.9)) can be rearranged and oriented along a glacier flowline, such that

∂h
∂x

=
ḃ−hε̇xx

u
. (4.24)

The longitudinal stretching rate is found by balancing the total force on any vertical col-

umn in the ice shelf with the horizontal force acting on the terminus [see Weertman, 1957;

Sanderson, 1979], yielding

ε̇xx = A
(

1
4

ρig
(

1− ρi

ρw

)
H− τ

2H

Z L

x

H
w

dx
)n

, (4.25)

where A and n are flow law parameters and L is the total length of the ice shelf. Equations

(4.24) and (4.25) can be solved by specifying a velocity and thickness at the grounding

line, making an assumption about the value of the integral in Equation (4.25), integrating

outward from the grounding line, and iterating until the ice shelf has the desired length

[see explanation of methodology in Crabtree and Doake, 1982].

For an ice shelf with specified width, length, and flow law parameters, ice thickness

is determined by thickness and velocity at the grounding line, surface and/or bottom

melting, and shear stresses on the shelf margins. The geometry of the inner shelf is most

strongly influenced by thickness and velocity at the grounding line, whereas the geome-

try of the outer shelf is determined by melt rates and shear stresses on the shelf margins

(both assumed constant)(Fig. 4.4). Regardless of the input parameters, the near-terminus

thickness gradient of a long ice shelf is nearly constant. Thus for a model to cause an ice

shelf to collapse, H0/H1 must decrease considerably. Furthermore, processes that may con-

dition an ice shelf for catastrophic failure, such as thinning due to increased melt rates or

loss of shear stresses at the margin, may actually steepen the terminus and thereby reduce

the likelihood that a high value of H0/H1 will cause the ice shelf to collapse. Steepening
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due to increased melting or loss of buttressing forces can initiate an irreversible retreat,

however, as these processes would decrease terminus thickness and increase longitudinal

strain rates (see Equation (4.17)).

4.3.3 Parameterization of self-sustaining processes

In light of the above observations, we propose a general relationship between H0 and H1

such that

H1 = H0(xc, ...)−xc ·∇h + Γ(ḃ, ε̇xx, ε̇yy,1/H0,T,Hg), (4.26)

where xc is crevasse spacing, Γ≥ 0 is a function that describes the effect of self-sustaining

calving processes (Γ = 0 for grounded termini), T is ice temperature, and Hg is the ice thick-

ness at the grounding line. For floating termini, calving flux may be primarily controlled

by the propagation of widely-spaced rifts, and thus xc refers to rift spacing.

The three terms on the right hand side of Equation (4.26) represent three poorly known
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functions; identification of these functions would lead to a complete calving model. Pre-

vious work has focused primarily on identifying H0 [Van der Veen, 1996; Vieli and others,

2000, 2001; Benn and others, 2007a,b]. Although the model of Benn and others [2007a,b]

allows ice shelves to form, it does not take into account the potential role of crevasse spac-

ing: if crevasses are widely spaced, then a terminus must reach flotation prior to calving.

Although we do not propose an exact formulation of H0, we do suggest that if |xc| is large,

then

H0 ≤
ρw

ρi
Hw, (4.27)

where Hw is the water depth at the terminus. Thus glaciers with large crevasse spacing (as

proposed for lake calving glaciers [Venteris, 1999]) would be forced to go afloat prior to

calving. This requirement does not necessarily force glaciers with small crevasse spacing

to remain grounded. For example, if ice thickness is much greater than crevasse depth,

crevasses may be ineffective at separating ice blocks from the glacier and a terminus can

go afloat faster than it retreats back to the grounding line. In such cases calving rate may

be more strongly controlled by the growth of deep rifts that penetrate the entire glacier

thickness and produce large icebergs, such as those observed at Jakobshavn Isbræ. Fur-

thermore, when crevasses are widely-spaced, calving events are triggered by the propaga-

tion of crevasses or rifts some distance |xc| upglacier from the terminus. The thickness to

which a terminus must thin prior to calving is therefore given by

H0(xc, ...) = H0(xc = 0, ...) + xc ·∇h. (4.28)

Unfortunately the relationship between glacier stress field and crevasse and rift spacing is

poorly known.

The second term in Equation (4.26) determines the size of a calving event when event

size is determined exclusively by crevasse spacing (i.e., when self-sustaining processes are

unimportant). This term is relatively large for slow-flowing glaciers such as lake calving

glaciers and ice shelves, and close to zero for temperate tidewater glaciers.

Finally, the third term in Equation (4.26) describes the impact of self-sustaining pro-

cesses and is only applicable to ice shelves. If an ice shelf has low strain rates and therefore
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little damage, is thick, and/or cold, self-sustaining processes are unlikely to be important

and therefore Γ ≈ 0. Γ can increase if these properties change or if a strong melt season

causes melt water to pond in crevasses and force the crevasses to grow downward [see

Scambos and others, 2000]. Since self-sustaining processes cannot cause an ice shelf to

retreat past its grounding line, Γ≤Hg−H0.

As a glacier advances or retreats over annual time scales, H0/H1 may vary quasi-

periodically. For example, for a grounded tidewater glacier, H0/H1 ≈ 1. As the terminus

retreats and thins it may reach floatation, causing H0/H1 to decrease. If the newly-formed

shelf is structurally rigid, H0/H1 may only decrease slightly (to ∼0.98) and the shelf will

be a meta-stable feature that occasionally calves large icebergs. As the terminus continues

to retreat and thin, the floating shelf may become unstable and H1→Hg. The ice shelf will

catastrophically collapse back to the grounding line, at which point H0/H1→ 1.

Our calving framework does not preclude the formation of floating shelves during

glacier advance. It does require, however, that for an ice shelf to develop during advance

the terminus must be thick, slowly flowing (such that the ice is not highly damaged), and

cold. Otherwise, self-sustaining processes (captured in Γ) will cause the shelf to collapse

immediately after it forms. Possibly, expansive floating shelves are only a relict of retreat-

ing ice sheets. At the very least, the length that an ice shelf grows during advance is likely

limited by the terminus thickness, which is a function of grounding line thickness and

velocity [Sanderson, 1979].

4.4 Application of calving framework

The calving framework proposed in Section 4.3 is highly versatile and can easily incorpo-

rate new or existing calving models. To demonstrate we (1) use ad-hoc functions for H0

and H1 to produce seasonal variations in terminus behavior (Section 4.4.1) and (2) briefly

discuss how the crevasse-depth calving criterion [Benn and others, 2007a,b] fits within the

model framework (Section 4.4.2).
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4.4.1 Seasonal variations in terminus position

Many tidewater glaciers experience large seasonal variations in terminus position and, in

some cases, the size of and time interval between calving events [Meier and others, 1985;

Motyka and others, 2003; Joughin and others, 2008b; Amundson and others, 2008, 2010].

Seasonal variations in terminus position can be attributed to variations in calving rate due

to changes in thinning rate or thickness gradient, and to variations in backwards melting

of the vertical face of the terminus, a process that also enables calving [Motyka and others,

2003; Röhl, 2006] (Equation (4.17)). Variations in the size of and interval between calving

events, however, are better explained by processes controlling the ratio of pre- to post-

calving terminus thickness (H0/H1; see Figs. 4.2 and 4.3).

To illustrate the effect of variations in H0/H1, we arbitrarily pick parameters to de-

scribe glacier flow (terminus velocity, strain rate, and thickness gradient are held constant)

and let H0 vary sinusoidally. Processes that might cause seasonal variations in H0 include

longitudinal stretching and surface melting, which affect crevasse depth near the terminus

[e.g., Benn and others, 2007a,b], and variations in the strength of buttressing sea ice and/or

ice mélange [Amundson and others, 2010]. In cases where calving ceases during winter,

H0 becomes effectively 0; in other words, no amount of thinning will cause the terminus

to become unstable and calve.

We consider both the case in which H1 is constant and so H0/H1 also varies with time,

and the case in which H1(t) = H0(t) (self-sustaining processes are unimportant). In the for-

mer, terminus position is determined by setting terminus velocity equal to some constant

value and tracking the interval and size of calving events through Equations (4.12) and

(4.15). In the latter, calving events occur continuously and are infinitesimally small; we

thus use Equation (4.11) to calculate the instantaneous calving rate. The terminus position

at a given time is then found by inserting Equation (4.11) into Equation (4.1) and integrat-

ing (Fig. 4.5).

When self-sustaining calving processes are important (i.e., H1(t) 6= H0(t)), seasonal vari-

ations in terminus position are amplified and the model produces fewer but larger calving
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events in winter than in summer and slightly more calving events in spring than in fall.

Furthermore, ignoring self-sustaining processes when they may be important can reduce

the mean calving rate by several percent (as also indicated by Equations (4.17) and (4.18)).

Our analysis has assumed, however, that terminus velocity is constant and unaffected by

changes in terminus position, when in fact glacier velocity has been observed to change

as a result of individual calving events [Amundson and others, 2008; Nettles and others,

2008]. Short-term changes in glacier flow associated with calving, which are poorly un-

derstood, can therefore influence long-term trends in terminus behavior. Furthermore,

changes in the seasonal advance-retreat cycle can affect terminus stability and long-term

behavior by enabling a terminus to advance to a stable pinning point in winter or to retreat

past a pinning point in summer.

The seasonal variations in terminus position investigated here were driven by pro-

cesses, such as changes in strength of a proglacial ice mélange [Joughin and others, 2008c;

Amundson and others, 2010], that control the critical terminus thickness for calving, H0. A

glacier can, of course, experience variations in terminus position when H0 is held constant.

For example, submarine melting of a terminus affects terminus position by influencing the

rate at which the terminus thins to H0 and melts backward. The gray curve in Figure 4.5,

produced by varying H0 sinusoidally and assuming that H0 = H1, can also be produced
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by holding H0 constant and letting ḃ vary from -100 m a−1 to +100 m a−1 (see Equation

(4.11)). Ocean temperatures can therefore affect calving by (1) influencing the strength of

proglacial ice mélanges through the growth and decay of interstitial sea ice, and (2) af-

fecting the structural rigidity of the terminus (e.g., by controlling the crevasse depth to ice

thickness ratio).

4.4.2 Incorporating existing calving criteria into the calving framework

Any thickness-based calving criterion can be incorporated into the calving framework with

relative ease. For example, Benn and others [2007a,b] proposed that terminus position be

located where the depth of a field of closely-spaced crevasses equals terminus freeboard,

such that

H0 = d0 + W0 + δ0, (4.29)

d0 is crevasse depth, W0 is ice thickness minus glacier freeboard, and δ0 represents the

elevation (relative to sea level) of the bottom of the crevasse field at the onset of a calving

event. In Benn and others [2007a,b], δ0 = 0; we prefer the more general formulation here, as

it allows the critical crevasse depth to depend on other parameters such as ice temperature

and damage.

For floating ice or grounded ice with widely-spaced crevasses, H1 is given by Equation

(4.26) or can be estimated by statistical analyses of calving margins and comparison to

Figures 4.2 and 4.3. For grounded ice with closely-spaced crevasses, H1(t) ≈ H0(t) (see

discussion in Section 4.3.2), and thus the steady-state calving rate (see Equation (4.11)) is

given by

uc =

(
ḃ + (d + δ0 + W0)ε̇zz

)
∇h

|∇h|2
− ṁ. (4.30)

The crevasse-depth calving criterion yields a steady-state calving rate that depends on

water depth at the terminus, as first suggested by Brown and others [1982].

Other thickness-based calving models, such as the height-above-buoyancy calving cri-

terion [Van der Veen, 1996; Vieli and others, 2000, 2001], can also be implemented in the

calving framework with similar results. Identifying an appropriate function for H0 and
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determing the threshold at which H1 → Hg (Hg is ice thickness at the grounding line),

however, remain major tasks.

4.5 Conclusions

We have developed a framework for iceberg calving models based on (1) mass continuity,

(2) the observation that, over annual time scales, terminus velocity and calving rate are

generally much larger than changes in terminus position, suggesting a coupling between

calving and flow parameters [Van der Veen, 1996], and (3) the simple idea that terminus

thickness is larger following a calving event than immediately preceding the event. Our

steady-state analysis indicates that calving rate is primarily governed by ice thickness,

thickness gradient, dynamic thinning, and melting of the terminus; the analysis also pro-

vides a physical explanation for the empirical relationship for ice shelf calving found by

Alley and others [2008]. Furthermore, variations in calving event size and periodicity can

be prescribed simply by increasing the terminus thickness (by a few percent or less) during

a calving event.

In the calving framework, terminus thicknesses at the onset of and immediately fol-

lowing calving events are given by two unknown but related functions. The functions

may depend on strain rates and crevasse spacing, ice temperature, terminus proximity to

flotation, tides or other ocean swell, and resistance from proglacial sea ice or ice mélange.

Furthermore, differences between the functions determine how crevasse spacing and/or

self-sustaining processes affect terminus behavior. For well-grounded glaciers with large

crevasse spacing, the difference between the two functions depends only on crevasse spac-

ing; if crevasse spacing is large, a terminus may need to achieve flotation prior to calving.

On the other hand, the functions may differ significantly for floating termini that are thin,

highly damaged, and/or warm; such termini are unstable to small perturbations and are

therefore unlikely to be long-lasting features. With this calving framework, it may be dif-

ficult to develop expansive ice shelves during glacier advance, unless the glacier is thick,

slowly flowing, and cold.
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The calving framework we have developed does not constitute a complete calving

model. It can, however, easily incorporate new or existing thickness-based calving mod-

els. The framework is sufficiently general to be applicable to all calving margins, yet suffi-

ciently detailed to give insights into long-term terminus dynamics. Additionally, the form

of the functions defining the framework can be investigated through, for example, sta-

tistical analyses of calving margins or numerical application of ad hoc functions. Most

importantly, perhaps, the framework developed here provides a guide for future attempts

to define a universal calving “law”.

Finally, we note that glacier and ice sheet models are unable to characterize all calving

processes in regions where calving events are small compared to the model grid spacing

and/or changes in glacier flow occur on time scales much shorter than the model time

step. Further work is need to assess and parameterize, if deemed necessary, the long term

impact of rapid dynamical changes (such as those observed by Amundson and others

[2008] and Nettles and others [2008]) associated with subgrid-scale calving events. .
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Chapter 5

Conclusions

Calving at Jakobshavn Isbræ is highly seasonal, causing the terminus to advance and re-

treat several kilometers each year. In winter the dense mélange of icebergs and sea ice

in the fjord strengthens and prevents icebergs from calving, even if crevasses have prop-

agated through the entire glacier thickness. In summer the mélange weakens and the

terminus retreats.

Mass losses from calving are dominated by the subweekly calving of full-glacier-

thickness icebergs. Such calving events typically involve the successive detachment and

overturning of several icebergs; the first icebergs to calve (during a calving event) always

rotate bottom out from the terminus, whereas subsequent icebergs can rotate any direction

or remain tabular (upright). Tabular icebergs are only calved in early summer, suggest-

ing that by mid-summer the terminus has retreated to a near grounded position, which is

further corroborated by a lack of vertical tidal motion of survey markers deployed on the

lower glacier. On the other hand, simple theoretical considerations demonstrate that full-

glacier-thickness icebergs cannot calve from a well-grounded terminus, thus indicating

that the glacier’s retreat rate is limited by its proximity to flotation.

These calving events have a substantial impact on their surroundings: they produce

ocean waves and seismic signals (including “glacial earthquakes”) that can be detected

more than 50 km and 250 km from the terminus, respectively, cause icebergs in the fjord to

move 2 km in an hour, and cause the lower glacier to accelerate by ∼3% by redistributing

stresses within the glacier. The events do not cause episodic glacier slip, however, thus

contradicting the initially proposed glacial earthquake mechanism.

Motion of the proglacial ice mélange is strongly modulated by calving events. Between

events, including the entire winter, the mélange is pushed down fjord as a cohesive unit by

the advancing terminus. Motion of the mélange becomes highly episodic during periods

of high calving activity, when large calving events cause the mélange to rapidly move 2–

4 km down fjord, extend longitudinally, and be subjected to vertical oscillations lasting
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over 12 hrs and having peak amplitudes greater than 1 m. The vertical oscillations may

promote further disintegration of the terminus and ice mélange, resulting in additional

seaward expansion and thinning of the mélange. After a calving event the mélange rapidly

decelerates over a period of roughly 30 minutes.

Our observations and simple force balance analysis demonstrate that the mélange also

influences calving behavior: the first icebergs to calve tend to be small and always rotates

bottom out, whereas subsequent calving icebergs can be larger and rotate any direction.

Motion of the mélange away from the terminus does not appear to be prerequisite for

calving to begin. However, when the mélange is activated during calving onset, it loses

the ability to resist the calving of subsequent icebergs. The total amount of ice lost during

a calving event is therefore likely controlled by parameters other than mélange strength,

such as the presence (or absence) of pre-existing rifts up-glacier. Thus it is unlikely that the

ice mélange controls the net calving flux in summer over time periods of days to weeks.

Over seasonal time scales or longer, the mélange could influence the net calving flux by

controlling the proportion of the year during which calving can occur. Although the re-

sistive force from the mélange may be insufficient to directly influence glacier motion, the

mélange may indirectly influence glacier dynamics by controlling the evolution of the ter-

minus geometry, which in turn affects glacier motion.

The style of calving observed at Jakobshavn Isbræ, and presumably similar glaciers in

Greenland, appears to represent a previously undescribed class of calving glaciers. For

comparison, mass loss from calving at expansive ice shelves in Antarctica is dominated by

the decadal calving of kilometer-scale icebergs, while mass loss from calving at grounded

temperate glaciers is typically dominated by the (roughly) hourly calving of meters-scale

icebergs. Our observations led to the development of a simple framework for calving mod-

els that can be applied to any calving margin. The framework is based on mass continuity,

the observation that calving rate tends to scale with terminus velocity, and the simple idea

that terminus thickness increases during a calving event. Several different styles of calving

can be prescribed simply by setting the ratio of the pre- and post-calving terminus thick-
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nesses to 0.96–0.99, regardless of glacier temperature, proximity to flotation, flow field,

and geometry. Larger variations in calving behavior can be prescribed by allowing for

the ratio of pre- to post-calving terminus thickness to vary in space and time. Although

the framework does not provide a complete calving model, it does provide a guide for

future studies of calving. Furthermore, analysis of the framework suggests that calving

rate is controlled, to first order, by strain rate, thickness gradient, terminus thickness, and

melting of the terminus.

Outlook

The biggest gains in understanding of calving processes have come by watching calving

events unfold. As technology has improved, so have our observations. By combining

satellite imagery, high-rate digital photography and video, and seismic data, it is now

possible to build a highly detailed inventory of calving events from any number of calving

margins. Such an inventory, when put into the context of a simple calving framework such

as the one proposed here, will undoubtedly lead to an improvement in calving models.

On the other hand, certain processes that influence calving are difficult to ascertain

from observations alone. In particular, information on crevasse propagation rates and

crevasse spacing would be highly useful, but may be most readily addressed with numer-

ical modeling exercises. Similarly, fjord conditions and their impact on terminus dynamics

are often difficult to assess from field measurements alone.

An additional complication arising from this and other previous work is that calving

is driven by processes occurring close to a glacier terminus. Large-scale ice sheet models,

however, typically have grid spacings and time steps that are too large to adequately de-

scribe individual calving events and associated changes in glacier flow and geometry. The

long-term impact of these dynamic changes is presently unknown but may be significant.

Future attempts to parameterize calving should also take into account time-dependent

variations in near-terminus flow associated with calving.
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