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Abstract

Ice mélange, a conglomeration of icebergs and sea ice, persists in front of some
marine-terminating glaciers. Depending upon local fjord geometry and other envi-
ronmental conditions, an ice mélange can sometimes compact and jam. Here, the
impact of the ice mélange on iceberg calving is assessed at a fast-moving glacier with
a unique flow regime — Helheim Glacier, southeast Greenland (HG). Satellite remote
sensing is used to quantify the ice mélange and the glacier terminus position, and ad-
ditional ancillary data — wind speed, moorings, sea surface temperature (SST) and bed
topography — are used to assess potential controls on iceberg calving. Iceberg jams
were measured on a 2 to 35-day interval, but often did not correlate with the rate of
calving. Isolated calving events were more likely during a jam, but most jams were in
winter, when calving is most infrequent. At HG, SST and seasonality are the stronger

drivers of iceberg calving.
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Chapter 1

Introduction

1.1 Outlet Glacier Dynamics

Over the past two decades, repeat measurements of the Greenland Ice Sheet’s outlet glaciers in-
dicate noticeable acceleration (e.g. Stearns & Hamilton, 2007; Howat et al., 2007; Moon et al.,
2014) and thinning (e.g. Enderlin et al., 2014; Csatho et al., 2014; Murray et al., 2015), resulting in
greater mass loss of the entire ice sheet (Velicogna, 2009; Zwally et al., 2011). The continuation of
mass loss has serious implications for sea level rise, which has the potential to inundate low-lying
coastal areas and adversely impact coastal populations (Church et al., 2013).

The environmental processes and subsequent mass loss mechanisms linked to glacier dynamics
are relatively well known, but the contributions of each process to ice sheet mass loss at each
individual glacier are difficult to accurately and precisely quantify. The difficulty of making these
measurements is due to a combination of harsh climate conditions, relative remoteness of many of
the field sites and expense of deploying instrumentation. Thus, numerical models are often used to
recreate, describe, and predict glacier dynamics, and are often based upon empirical observation
(e.g. Van der Veen & Whillans, 1989). Many of these models help identify the impact of ice mass
loss mechanisms, which exist in two primary forms: liquid flux — ablation and runoff — and solid

flux — iceberg calving. Using the aforementioned techniques, several studies identify ice mass



loss at several major outlet glaciers on the Greenland Ice Sheet to be driven primarily by surface
melt, where above freezing air temperatures cause ablation and ice surface melt, resulting in ice
thinning. Melt water drains into ice surface fissures, called crevasses, which can potentially expand
the crevasses and weaken the glacier (Van der Veen, 2007; Van der Veen et al., 2011). Melt water
can also drain through conduits called moulins, subsequently lubricating the bed and increasing
glacier velocity (Zwally et al., 2002; Oerlemans, 2005; Bartholomew et al., 2010; Nick et al.,
2012; Enderlin et al., 2014). One consequence of faster glacier movement may be more frequent
iceberg calving (Van der Veen, 1996; Venteris, 1999; Thomas et al., 2003; Luckman et al., 2006),
though other studies debate calving may be the trigger, and not the result of ice velocity increase
(e.g. Hughes, 1986; Meier & Post, 1987; Joughin et al., 2004; Howat et al., 2005). The drivers of

iceberg calving are more numerous and complex, and are described below.

1.2 Iceberg Calving

Iceberg calving can be triggered my multiple mechanisms, all of which vary geographically and
are condition-specific; therefore a globally applicable calving law does not exist. In general, calv-
ing behavior is strongly linked with seasonal air temperature changes (e.g. Meier & Post, 1987,
Luckman & Murray, 2005; Schild & Hamilton, 2013), where a combination of surface and basal
crevasses driven by stretching and/or melt weaken the terminus to the point of calving (e.g. Benn
et al., 2007). Calving can also be initiated at a marine-terminating glacier, known as a tidewater
glacier, as a thinned terminus can become buoyant and calve (Meier & Post, 1987; Van der Veen,
2002; James et al., 2014). Buoyancy can also be regulated by the terminus position relative to the
underlying bed conditions, where a grounded glacier terminus on a reverse bed slope can temporar-
ily pin the terminus in place (Meier & Post, 1987; Pelto & Warren, 1991; Hughes, 1992; Van der
Veen, 1996; Hanson & Hooke, 2000; Nick et al., 2010). Pinning points can also be caused by a
combination of intermittent sediment deposits (e.g. Stearns et al., 2015), restrictive fjord geome-

try or shallow waters (e.g. Bassis & Jacobs, 2013). Calved icebergs may collect with sea ice and



become rigid, a physical trait known as an ice mélange. In constrained fjord conditions, the ice
mélange may apply back pressure against the glacier terminus and temporarily suppress calving
(e.g. Amundson et al., 2010).

Glacier flow and subsequent iceberg calving at tidewater glaciers can be much more rapid than
ground-terminating glaciers (Meier et al., 2007; Joughin et al., 2008a; Nick et al., 2009), possibly
due to warm ocean waters depleting mass and propagating crevasses at the glacier’s terminus (Hol-
land et al., 2008; Rignot et al., 2010; Motyka et al., 2011; Nick et al., 2012; Sutherland & Straneo,
2012). In terms of Greenland’s tidewater glaciers, atmospheric influence via surface melt may be
the dominant driver of iceberg calving (Nick et al., 2009; Enderlin & Howat, 2013; Enderlin et al.,
2014; Davis et al., 2014). Furthermore, thinning and subsequent acceleration has been correlated
more substantially with mass loss than calving (Bevan et al., 2015), though increased melt passed
through subglacial channels could also trigger calving drive further mass loss (Slater et al., 2015).

Iceberg calving’s impact on upflow glacier dynamics is highly debated. Some argue calving
can trigger increased flow speeds (Amundson et al., 2008; Nick et al., 2009), increase calving by
decreasing lateral resistance on the fjord walls (Joughin et al., 2004; Benn et al., 2007) or cause
glacial earthquakes subsequently increasing flow rates (e.g. Nettles et al., 2008; Nettles & Ekstrom,
2010; Schild, 2011). Alternatively, calving may be a side effect of melt and thinning, as a well-
lubricated bed increases flow and strain, thus increasing crevasses and triggering additional calving

(e.g. Van der Veen, 2002).

1.3 Ice Mélange

Icebergs calved from tidewater glaciers are typically carried out of the fjord and into larger water
bodies. Depending upon local conditions, such as water circulation and fjord geometry, icebergs
are not always efficiently moved away from the terminus, and may persist in front of the terminus
by freezing together or pinning against one another. This mixture of sea ice and calved icebergs

is known as an ice mélange. Ice mélange is a well-known fixture of outlet glacier control in



Antarctica (e.g. Rignot & MacAyeal, 1998), and occurs at several tidewater glaciers in Greenland.
Numerous findings assert that friction between the walls of the fjord and ice mélange could serve
as potential points of ice velocity reduction near or around the glacier terminus (Pelto & Warren,
1991; Sohn et al., 1998; Reeh et al., 2001; Joughin et al., 2008b; Amundson et al., 2010; Howat
et al., 2010; Amundson & Truffer, 2010; Walter et al., 2012; Sutherland et al., 2014; Peters et al.,
2015). Several field campaigns have quantified the ice mélange using a number of techniques,
including photogrammetry, synthetic aperture radar (SAR), lidar point clouds, and global position-
ing system (GPS) receivers. Amundson et al. (2010) make key observations at Jakobshavn Isbre,
West Greenland, where ice mélange has the ability to regulate calving by preventing icebergs from
overturning after being calved from the glacier, which may reduce overall glacier flow velocity.
Peters et al. (2015) examined Jakobshavn Isbra’s ice mélange over a single summer and found
that ice mélange jams (begins to compress and slow) and releases (accelerates) immediately af-
ter calving events; similar short-term jam-and-release behavior has been successfully recreated in
analogue models (Kuo & Dennin, 2013). These jams at Jakobshavn Isbra persist for only an hour
or less, and still have the ability to postpone some calving events (Peters et al., 2015). By tracking
the movement of individual icebergs, Sutherland et al. (2014) found the ice mélange at Helheim
Glacier, southeast Greenland generally moves in sync with the glacier terminus, but after moving
5-10 km away from the terminus will slow and compress; this compression region exists until ~1
km away from the fjord outlet.

The ice mélange also exhibits seasonal behavior patterns. At Kangerdlugssuaq Glacier, East
Greenland Sundal et al. (2013) note that the ice mélange is rigid and persists through the winter,
and releases in the spring; this is similar to numerous West Greenland glaciers (Howat et al., 2010;
Walter et al., 2012) whose ice mélange is also forced by sediment plumes released during the melt

seasons (Chauché et al., 2014).



1.4 Objectives

With consideration to the complex nature of iceberg calving’s contribution to glacier dynamics,
and the evidence of temporary iceberg jamming events potentially playing a role on said mecha-
nisms, the objective of this thesis is to quantitatively explore the relationship of iceberg calving to
seasonality and to characterize the ice mélange at a fast moving tidewater glacier, namely Helheim
Glacier, southeast Greenland (HG). HG loses the most mass of all the southeast Greenland outlet
glaciers (Murray et al., 2015), has a unique flow regime (Stearns & Hamilton, 2007) and has a

persistent ice mélange. Specifically, this thesis explores:

(a) glacier terminus behavior seasonally and inter-annually;
(b) if, when, and why terminus behavior correlates with the behavior of the ice mélange;

(c) how other environmental factors — wind, bed topography, sea surface temperature, and ocean

temperature at depth — may also impact glacier terminus dynamics;

(d) all no-cost remote sensing data records to accomplish the aforementioned objectives.

1.5 Methods

The data used here are derived from satellite-borne remote sensing and ancillary data from weather
stations, ocean mooring profiles and modeled observations. For the glacier terminus, both optical
(Moderate Resolution Imaging Spectroradiometer (MODIS) Terra, MODIS Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER), Landsat 5 Thermal Mapper (TM), Land-
sat 7 Enhanced Thermal Mapper Plus (ETM+), Landsat 8 Operational Land Imager (OLI)) and
radar (Envisat Advanced Synthetic Aperture Radar (ASAR)) satellite images are used to create a
record of terminus area, ice mélange area, terminus velocity, calving rate, and ice mélange rheol-
ogy. Observations were collected between the years 2002 through 2014. The ASAR imagery are

further used to derive characteristics of the ice mélange, such as velocity (when possible), iceberg



area, and iceberg distribution. Pre-compiled velocity maps (TerraSAR-X; Joughin et al. (2014)) are
used when available. Four ancillary datasets: sea surface temperature from Advanced Very High
Resolution Radiometer (AVHRR), maximum wind speed from a weather station, ocean mooring
data (Harden et al., 2014) and two bed topography datasets (Bamber et al. (2013) and Morlighem
et al. (2014)) are used to estimate potential impact on glacier terminus variability.

From these datasets, the significance of ice mélange and its ability to jam are considered in
terms of where and when icebergs calve along the glacier terminus, denoted as calving style. The
calving style, calving rate, and bed topography are compared with ice mélange jams, and how the

physical systems interact with one another.

1.6 Thesis Format

This thesis is composed of an introduction, two journal articles, a conclusion and references. Jour-
nal article 1 is published in Marine Technology Society Journal, and covers the techniques used,
associated error, and preliminary results of the glacier terminus and ice mélange quantification.
Journal article 2 will be submitted to Journal of Glaciology, and examines the results and scientific

implications of the data collected from 2002 through 2014.



Chapter 2
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Introduction

ne of the major sources of uncer-
tainty in predicting future rates of sea
level rise due to climate change are the
rapid changes affecting the flux of con-
tinental ice to the oceans via outlet gla-
ciers, particularly glaciers that terminate
in fjords or the open ocean (tidewater
glaciers) (Vaughan et al., 2013). Nega-
tive mass imbalances in large parts of
Greenland and Antarctica are being
driven by recent accelerations of out-
let glaciers (e.g., Rignot & Thomas,
2002; Rignot & Kanagaratnam, 2000)
responding to unknown or poorly con-
strained perturbations in their boundary
conditions. These changes have been
observed by a variety of ground-based
(e.g., Nettles et al., 2008; De Juan
et al., 2010) and satellite instruments
(e.g., Howat et al., 2007; Stearns &
Hamilton, 2007), but the physical

ABSTRACT

Iceberg calving is an efficient mechanism for ice mass loss, and rapidly calving
glaciers are often considered to be inherently unstable. However, the physical con-
trols on calving are not well understood. Recent studies hypothesize that the presence
of a rigid ice mélange (composed of icebergs, bergy bits, and sea ice) can reduce
iceberg calving by providing “backstress” to the terminus. To test this hypothesis
we use remote sensing techniques to construct a time series model of calving rate
and size and composition of the adjacent ice mélange. We describe a semi-automated
routine for expediting the digitization process and illustrate the methods for Helheim
Glacier, East Greenland, using 2008 data. Ice velocities of the glacier terminus and ice
mélange are derived with feature-tracking software applied to radar imagery, which is
successfully tracked year-round. Object-based image analysis (OBIA) is used to in-
ventory icebergs and sea ice within the ice mélange. We find that the model success-
fully identifies the calving rate and ice mélange response trends associated with
seasonal increases in terminus retreat and advance and shows seasonal trends of

ice mélange potentially providing seasonal backstress on the glacier terminus.
Keywords: glaciology, iceberg calving, object-based image analysis, feature tracking,

ice mélange

processes driving the changes are not
well understood. In part, this is because
coincident environmental changes, such
as flow acceleration, retreat of the calv-
ing front, and changes in ice mélange
geometry, make it difficult to separate
forcings from responses. In addition,
modeling studies aimed at identifying
initial perturbations show that different
forcings may lead to similar glacier re-
sponse (Vieli & Nick, 2011). Conse-
quently, predicting the response of the
Greenland Ice Sheet’s outlet glaciers to
climate warming remains a large un-
certainty in sea-level rise estimates.
Greenland’s tidewater glaciers that
terminate in fjords or the open ocean

interact directly with the ocean. As
such, their behavior may be sensitive to
changes in ocean conditions as well as
factors that affect their terminus buoy-
ancy conditions (Bassis & Jacobs, 2013).
Observations of glacier retreat, coinci-
dent with flow acceleration and thin-
ning that extends ~50 km up-flow of
the grounding line, suggest that changes
occurring at glacier termini impact mass
discharge of the whole glacier (e.g.,
Joughin et al., 2008a, 2008b; Payne
et al., 2004). The physical processes
driving observed rapid changes on these
outlet glaciers are not well understood.
In particular, whether changes in ice-
berg calving rates are the driver or

] September/October 2014 Volume 48 Number 5 81



consequence of flow acceleration re-
mains under debate. Recent studies
suggest that an ice mélange at the ter-
minus can control the rate of calving
by imposing a backstress on the ter-
minus (Sohn et al., 1998; Amundson
etal., 2010). An ice mélange is a collec-
tion of icebergs, bergy bits, and sea ice,
which aggregate in fjord constrictions.
The ice mélange is potentially impor-
tant to the dynamics at the glacier ter-
minus, because it may provide seasonal
backstress to the glacier front, resulting
from compression and shearing of the
mélange along the fjord, thus inhibit-
ing calving (Sohn et al., 1998; Reeh
et al.,, 2001; Amundson et al., 2010).
Mélange rigidity and extent are two
characteristics that have the potential
to influence calving rates. Mélange ri-
gidity depends upon the relative ratio
of icebergs to sea ice. Sundal et al.
(2013) observed that the amount of ice
loss due to calving at Kangerlugssuaq
Glacier increased during the summer
months when the ice mélange was
smaller in extent. They further noted
that, when the mélange is composed
of a higher percentage of icebergs, the
mélange undergoes buckling and de-
celeration, synchronous with reduced
iceberg calving. The mélange extent
is modulated by the frequency of calv-
ing events, wind patterns, and ocean
circulation (Joughin et al., 2008a,
2008b; Amundson et al., 2010). The
role of mélange in modulating calving
rates remains qualitative at best, how-
ever. For example, Schild and Hamilton
(2013) attempted to find simple expla-
nations for the observed patterns of ad-
vance and retreat on Helheim Glacier
(due to air or ocean surface tempera-
tures) but were unsuccessful, pointing
to the need for additional information
about terminus behavior.

To better examine the relationship
of iceberg calving patterns at the ice-

ocean interface, we developed a model
of observations derived from remotely
sensed datasets. We focus our model
on Helheim Glacier, a fast-flowing
tidewater glacier in East Greenland
with a persistent ice mélange. Between
2002 and 2005, Helheim Glacier re-
treated >7 km, accelerated in terminus
flow speeds from ~7,000 m a™' to
~11,000 m a™" and thinned by ~200 m
(Stearns & Hamilton, 2007). The glacier
has since slowed down (<8,000 m 2™,
Moon et al., 2012), although speeds
have not returned to pre-2002 levels,
and the terminus position shows con-
siderable inter-annual variability (Schild
& Hamilton, 2013).

In an attempt to fill critical data
gaps, we developed a semi-automated
technique to derive calving rate and
mélange characteristics from synthetic
aperture radar (SAR). Derived records
include quantification of ice mélange
extent and composition and allow us
to compare ice surface velocity patterns
to observations of terminus and mé-
lange extent. In this study, only data
from 2008 are used to test and validate
our model. Extension to other years
will be discussed in a future study.
This work contributes to a current
knowledge base of terminus change
at Greenland’s major outlet glaciers
(Joughin et al., 2008a, 2008b; Seale
et al., 2011; Schild & Hamilton,
2013).

Methods and Data
Terminus Area

We primarily use optical imagery
from the Moderate Imaging Spectrora-
diometer (MODIS) instrument (Earth
Observing System Data and Infor-
mation System, 2009) to determine
change in terminus and mélange
extent. Both satellites in the MODIS
network—Terra and Aqua—image

82 Marine Technology Society Journal 9

the poles several times daily, making
their temporal resolution ideal for
analysis of dynamic features such
as calving. Geolocation errors of
MODIS are as small as 50 m at nadir
but increase as the sensor points
off-nadir, subsequently affecting
co-registration (Wolfe et al., 2002).
Therefore, this study uses only nadir
images (1-2 times per day). MODIS
scenes from the red and near-infrared
bands are used and have a spatial reso-
lution of 250 m. We analyze all possi-
ble MODIS images—from days 001
to 365—and use images where the
glacier terminus is fully visible from
the northern to southern edge of the
fjord. Well-illuminated MODIS im-
agery is available from 1 March to 1
November of each year. The average
data gap between MODIS scenes for
the 2008 dataset is 6 days. We bridge
data gaps caused by bad weather or
solar illumination with imagery from
the European Space Agency’s Envisat
Advanced Synthetic Aperture Radar
(ASAR) geolocated imagery (https://
earth.esa.int/web/guest/missions/esa-
operational-eo-missions/envisat/
instruments/asar). ASAR intensity
images have a resolution of 10 m and
a repeat track time of 35 days.

We primarily use Terra images in
our analysis because it was launched
in 1999 (Aqua was launched in
2002) and has a longer continuous re-
cord. Aqua images supplement miss-
ing or erroneous Terra images. Terra
and Aqua acquire images within 2 h
of one another and are processed
using the same algorithms (NSIDC,
2014) and are delivered through an
automatically generated text file. To
expedite downloading HDF files,
we developed a batch download tool
written with the free-and-open-source
programming language R (http://
www.r-project.org/). Once acquired,



GeoTIFFs are extracted from the
HDEF file using the geospatial data
abstraction library (GDAL, http://
www.gdal.org/) and reprojected in
the NSIDC North Polar Stereographic
projection. Images are subset into the
desired study area using shapefiles
drawn in ArcGIS (Figure 1) and sub-
set using batch processing in R.

We created a processing routine
using R to efficiently analyze the
daily MODIS images, relying on the
sp (http://cran.r-project.org/web/
packages/sp/index.html) and raster
(http://cran.r-project.org/web/
packages/raster/index.html) packages
to display and subset the imagery. A
pixel-level analysis determines the
greatest difference between brightness
values of pixels in each row of data
and assigns a “pick” or digitization of

FIGURE 1

the glacier terminus position. This
method provides an initial guess for
the location of the terminus, but re-
sults may be vulnerable to atmospheric
effects and changes in illumination.
Therefore, a graphical user interface
was implemented using the zc/tk2
package (http://cran.r-project.org/
web/packages/tcltk2/index.html),
allowing the user to manually correct
false picks (Figure 2). The functions
controlled from within the GUI via
mouse input are digitize, undo digiti-
zation, and delete digitization; func-
tions available via interactive button
controls are multiple color palette ap-
plications for imagery, imaging saving,
and image discarding. Pixel-level digi-
tization of the glacier terminus can be
used to quantify the terminus area and
identify regions across the terminus

Location map (inset) of Helheim Glacier, East Greenland, with the static target areas outlined by the
dashed blue line (terminus area) and the solid red line (ice mélange). The background image
is from the Landsat 8 Operational Land Imager (OLI) panchromatic band from 30 May 2013
(LP DAAC, 2008). (Color versions of figures available online at: http://www.ingentaconnect.
com/content/mts/mtsj/2014/00000048/00000005.)

where calving events occur between
sequential scenes. We determine ter-
minus area from a fixed line behind
the glacier terminus (Figure 1).

Uncertainties associated with quan-
tifying the terminus area are derived
from geo-location, co-registration, and
digitization errors. Digitizing errors
are dependent on the image resolution
and repeatability of the manual correc-
tions (when necessary). The uncer-
tainty associated with resolution is
quantified by calculating the terminus
area using coincident high-resolution
imagery (e.g., ASTER, Landsat 7
Enhanced Thematic Mapper Plus
(ETM+), Landsat 8 OLI, and ASAR).
For the 2008 dataset, we compare the
terminus area measurements of seven
temporally overlapping MODIS and
ASAR images; the mean difference is
1.13 km” or 3.63% of the total area.
We quantify the repeatability of the
manual corrections by tracing the ter-
minus from the same image 10 times
and determining the standard deviation
(after Schild, 2011), resulting in a stan-
dard deviation of 0.11 km®.

Results of the terminus digitization
are output into one comma-delimited
file, containing total area and individ-
ual terminus measurements for each
row of pixels.

Ice Surface Velocity

We estimate ice velocity by apply-
ing a cross-correlation technique to
sequential ASAR imagery. Velocity is
measured in the terminus region over
several epochs in 2008 using feature
tracking software IMCORR (https://
nsidc.org/data/velmap/imcorr.html).
Sequential ASAR or high-resolution
optical imagery (ASTER, Landsat
ETM+ or OLI) can also be used (e.g.,
Stearns & Hamilton, 2007); since
there are sufficient ASAR scenes in
2008, optical imagery is not used to

10 September/October 2014 Volume 48 Number 5 83



FIGURE 2

The fcltk2 package allows for raster images to be digitized at the pixel level. The automated ter-
minus prediction routine (A) is performed by finding the maximum difference between neigh-
boring pixels in each row. This method is not accurate when clouds and shadows are present.
The user-corrected image (B) allows correcting for any artifacts such as clouds or open water.
The imagery is near infrared MODIS from 1 March 2008. Cell size is 250 m.
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derive velocities in this study. Radar
images are pre-processed with a low-
pass filter to reduce noise and sharpen
the desired ground features (after
Scambos et al., 1992). We use a large
128 by 128 reference chip and a
64 by 64 search chip to encompass
multiple features within each pass of
the chips to ensure a better correlation
at the cost of increased computation
time. The 35-day repeat time of the
sensor requires an offset of feature
movement to be manually measured
with ArcGIS and applied to IMCORR
to reduce correlation error. The out-
put product is a vector coordinate
text file, which is converted into a ras-
ter image. To determine velocity at the
terminus, 10 velocity grid values are
averaged across the width of the glacier
at an evenly spaced interval and are
sampled from the points closest to
the terminus. We determine the ter-
minus position of the velocity grid to
be at the more retracted position of
the feature-tracked image pair.

Errors in feature tracking result
from co-registration, resampling,
and feature tracking mismatches. Co-
registration issues are largely controlled

by orbital corrections applied by ESA,
but many features become more dif-
ficult to accurately track as the time
separation between images increases.
Using a technique similar to Bevan
et al. (2012), we manually measure
an identifiable feature tracked near
the glacier terminus and compare the
value to the IMCORR-derived value.
We found the average error of our
velocity maps derived in 2008 to
be 0.24 m d7', similar to the Bevan
etal. (2012) finding of 0.22 m d! for
SAR imagery.

Calving Rate

The calving rate ¢ is calculated from
the difference between ice velocity
at the terminus, U,, and the change
in position of the calving face, L, over
time, .

"
dt

It should be noted that the term “calv-
ing rate” refers to both iceberg calving
and submarine melting: the position of
the calving face is impacted by both of
these processes.

84 Marine Technology Society Journal 11

Ice Mélange Area
and Composition

We define ice mélange extent as the
total area between the terminus of the
glacier and the point where open water
is visible. For the MODIS imagery,
this extent is measured within the
bounding boxes using a polygon delin-
eation feature incorporated into our
terminus picking tool (Figure 1). For
the higher-resolution ASAR images,
the extent is measured using manual
polygon delineation in GIS software.
The standard deviation of the MODIS
ice mélange area is 5.85 km?, which is
determined by digitizing the same ice
mélange 10 times in our picker. Error
for ice mélange digitization is higher
than terminus digitization due to
a larger digitization footprint in the
fjord than at the terminus. For ASAR,
the error is 0.97 km?, estimated by
manually digitizing the same image
10 times in ArcGIS.

The ice mélange is composed of sea
ice, icebergs, and bergy bits. We quan-
tify the ratio and composition of the
mélange in ASAR scenes by applying
an object-based image analysis (OBIA)
classification routine created and exe-
cuted in Trimble’s eCognition 8.7.2
Developer software (Figure 3). The
key advantage to an object-based
approach is the ability to analyze ho-
mogeneous clusters of pixels, which
represent the whole extent of an ob-
ject, instead of a pixel-based approach
where only immediate neighbors are
considered. To isolate individual ice-
bergs from the surrounding sea ice, a
multi-resolution segmentation algo-
rithm is applied to the entire study
area. Multi-resolution segmentation
consists of three user-defined parame-
ters. First, scale is a unitless measure
indicating the maximum allowed ho-
mogeneity of a pixel cluster; the larger
the desired objects, the larger the scale



FIGURE 3

Visual representation of the segmentation and classification process in eCognition. (A) is the orig-
inalimage once it has been subset and read into eCognition. (B) is the large segmentation. (C) is the
sub-object segmentation of (B). (D) is the removal of the image border with high brightness and
homogeneity thresholds. (E) is the classification of icebergs using the GLCM algorithm (blue); the
background is classified (teal) to prevent misclassification in later steps. (F) is the result of clas-
sifying objects touching >75% of an iceberg. (G) is the final product, classifying all remaining

objects as sea ice (red).

parameter (Trimble, 2012). Second,
shape is defined on a scale of “round”
to “thin and narrow”. Third, compact-
ness refers to the homogeneity of a pixel
cluster. We start with a large-scale pa-
rameter of 200 (minimum -3 km?) to
segment larger objects (Figure 3B) and
then use a smaller-scale parameter of
30 (minimum ~0.01 km?) to segment
sub-objects within the larger super-
objects (Figure 3C). The scale parameter
can also be quantitatively determined
using the estimation of scale parameter
(ESP) tool, a plug-in available for
eCognition software that incrementally
tests scale parameters, and plots these
against local variance and standard de-
viation (Drdgut et al., 2010). We find
far fewer under- or over-segmented ob-
jects in our study area by using the ESP

tool’s results as a reference and manu-
ally adjusting the scale parameter in in-
crements of 5 units until segmentation
errors are minimized across the entire
study area.

Classification of the resulting ob-
jects involves identifying area, shape,
and radar return intensity character-
istics of each object and reductively
classifying each object until no more
unclassified objects remain. Each ob-
ject’s classification is determined by as-
signing a score using several different
weighted characteristics, known as a
fuzzy membership. The mean score
of the memberships results in an object
being assigned to the classification
most closely related to the assigned
score. Six thresholds are implemented
for classification: (1) Objects that were

not efficiently segmented into smaller
sub-objects are assumed to be sea ice
due to its homogeneous appearance.
Objects containing a large number of
pixels (greater than 5,000 or 0.5 km?)
are assigned as sea ice, reducing the
number of unclassified objects. (2) Ice-
bergs return a higher intensity than the
surrounding sea ice and are generally
segmented into smaller objects. Fuzzy
membership weights are applied to ob-
ject intensity and area. (3) Open water
returns a relatively low signal compared
to neighboring objects. Weights for
darker returns are classified as water.
(4) Remaining portions of sea ice ob-
jects should be more heterogeneous
than iceberg objects, though too small
to be detected by the initial area param-
eter. Fuzzy membership is applied
to a gray-level co-occurrence matrix
(GLCM) algorithm, which searches in
all directions to find objects that have a
higher variation in texture (Figure 3E).
(5) Objects sharing 75% or more of
their border with an iceberg are likely
interior portions of an iceberg that are
not classified by the previous steps (Fig-
ure 3F). Fuzzy membership is applied
to objects sharing a border with a clas-
sified iceberg. (6) All remaining objects
are classified as sea ice (Figure 3G). The
remaining objects are generally small,
flat sections of sea ice.

The results of the classification are
exported as both a thematic raster and
a database containing each shape and
classification. Both files are clipped in
GIS software to eliminate glacier ice
and open water before further analysis
is performed.

We assess accuracy by generating
100 random points in ArcGIS and ex-
tracting the OBIA classifications and
comparing those to the user-identified
sea ice and iceberg classifications. We
find the overall classification routine
to be 88% accurate at identifying
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icebergs. However, under-classification
of icebergs is present under four differ-
ent scenarios, ultimately resulting in a
lower overall accuracy for measuring
iceberg and sea ice area. First, icebergs
will inherently be under-classified due
to spatial resolution limitations of the
ASAR imagery; as such, bergy bits and
sea ice are considered one single classifi-
cation. Second, sea ice clusters in open
water form similar shapes and sizes as
icebergs. We eliminate this issue by
masking out open water before scenes
are processed in eCognition. The third
scenario is a symptom of signal response
similarity between edges of icebergs and
sea ice, which are incorrectly grouped
into the same segment before classifica-
tion occurs. Based on manual identifi-
cation of each iceberg by shape and
reflectance in one map, we estimate
that this error occurs with ~10% of
icebergs. The fourth scenario occurs
when the signal response of an iceberg
face is very similar to the surrounding
sea ice. This typically leads to the ma-
jority of an iceberg’s outer edges being
correctly classified, but the remaining
parts of the iceberg are assigned to sea
ice. Based on examination of each ice-
berg in one map, we estimate that this
error occurs within ~15% of icebergs.

Results
Terminus Area and Calving Rate
Our method identifies several termi-
nus advances in 2008 (Figure 4, top),
consistent with the results reported
earlier by Seale et al. (2011) and Schild
and Hamilton (2013). The terminus
generally advances between January
and July, with short-lived periods of
retreat in March and May. The ter-
minus reaches its maximum area in
July, before undergoing sustained
retreat between July and September.
The terminus retreats to a minimum

FIGURE 4

Top: Results of the digitized terminus area and ice mélange extent. Raw values are shown as points
(blue for terminus area and red for ice mélange). Raw values are smoothed and expressed as lines
(blue for terminus area and red for mélange area). Values are normalized over each dataset, where
0 is the minimum measurement and 1 is the maximum measurement in 2008. Terminus area
measurements outnumber ice mélange area measurements due to high cloud cover over the
fjord. Bottom: Results of the ASAR feature-tracked terminus velocity (green) and calving rate
(brown) measurements. Calving rate is averaged over the same epoch as a velocity measurement.
A calving rate below the terminus velocity indicates that terminus is advancing while a calving rate
exceeding terminus velocity means that the glacier terminus is in retreat. Feature-tracked velocities
were not successfully generated for March to May.
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area in September, which is later than
any other annual retreat from 2001 to
2010 (Schild & Hamilton, 2013). After
this large retreat in September, advance
of the terminus area continues through
the end of our 2008 record. Change in
terminus area is greatest during the
large advance-and-retreat cycle between
July and September (Figure 4, top).
ASAR-derived ice velocities can be
produced over the ice mélange and for
a small region over the glacier trunk
(Figure 5), but time separation or
image resolution of the ASAR scenes

Marine Technology Society Journal 13

prevents feature tracking on the trunk
and margins. Radar intensity images
may also inhibit feature tracking of
small features due to noise and spatial
resolution limitations.

Throughout most of 2008, the ter-
minus velocity increases, interrupted
by a marked slowdown in August and
October-November (Figure 4, bottom).
Compared to the seasonal changes in
velocity observed in other years on
Helheim Glacier (e.g., Bevan et al.,
2012) and on other glaciers (e.g.,
Joughin et al., 2008a, 2008Db, at



FIGURE 5

Velocity maps derived from ASAR scenes acquired on 18 January and 25 February 2008 (top), 14
May 2008 and 18 June 2008 (bottom). The black dotted line (denoted as Terminus Position 1)
indicates terminus location in the reference image (18 January and 14 May), and the black solid
line (Terminus Position 2) is the terminus position of the search image (25 February and 18 June).
The white solid line is used to extract velocity profile; the corresponding velocity profiles are below

each velocity map.
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Jakobshavn Isbrae), ice velocity re-
mains constant throughout 2008—the
terminus velocity only has a standard
deviation of 1.91 m d™".

Velocity of the ice mélange is mea-
surable during the January-February
and May-June measurements but is

Velocity Profile

not measurable in subsequent mea-
surements. Continuity of the ice mé-
lange between ASAR acquisitions is
essential in deriving ice velocities; re-
sults cannot be obtained using our
method when the icebergs and sea ice
move freely in the fjord.
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Both ice velocity and calving rate
reach a peak in August and September;
because the calving rate exceeds the ice
velocity, the glacier retreats during this
time. For most of the year, ice velocity
is larger than the calving rate, allowing
the glacier terminus to advance.

Ice Mélange Extent

The extent of the ice mélange varies
on short time scales throughout 2008
(Figure 4, top). Overall, the mélange
slowly grows from January to May, al-
though this trend is punctuated by
short-lived, but large, periods of mé-
lange reduction. As the glacier termi-
nus advances between May and July,
the mélange shrinks. Mélange extent
is at its maximum in August, after
which it steadily reduces in area until
the end of the 2008 record. During pe-
riods of relatively large terminus area
gain and loss (March and May to Sep-
tember; Figure 4, top), the ice mélange
extent behaves inversely of terminus
area. Periods of incremental change
(January to February, April to May
and September through December) re-
veal no consistent growing area trend
between mélange and terminus area.

Ice Mélange Composition

The ice mélange composition is
displayed in a segmented thematic
map discerning both sea ice and ice
mélange (Figure 6). The classification
of icebergs allows us to determine the
overall area covered by icebergs, which
we divide by the area of sea ice to de-
termine the ratio of icebergs to sea ice
(Figure 7). The example in Figure 6
shows an ice mélange with consistently
spaced icebergs through the first
~15 km of the fjord and increasing
spacing toward the open ocean. Results
from earlier and later months (when
the calving rate is lower) show more
distinct iceberg clustering at the glacier

87



FIGURE 6

An ASAR analysis image (top) used in eCognition to generate a thematic map (bottom) showing
the distribution of large icebergs (purple), small icebergs, and sea ice (green). Once classification
is complete, water is masked out of each image, leaving only large icebergs, small icebergs, and
sea ice for analysis. Background image is Envisat ASAR from 23 July 2008.
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terminus, with icebergs spreading
apart as they move down the fjord.
The iceberg-to-sea ice ratio reflects
this change in iceberg presence, as the
ratio is higher in the summer (-0.25-
0.3) and lower (-0.2) in winter, spring,
and fall. During the winter and spring
seasons, icebergs do not clear out of the
fjord for at least 152 days. After the 11
July measurement, icebergs take as lit-
tle as 12 days to exit the ice mélange,
and icebergs continually move quickly
until the end of the dataset.

Discussion
Role of Ice Mélange in Calving
An ice mélange is likely linked to
calving processes through a compli-
cated, and currently unproven, nega-
tive feedback cycle. Icebergs that are
added to the mélange will impact the
mélange rigidity and extent. However,
a rigid mélange may provide substan-
tial backstress to the glacier terminus,
thus reducing calving rates. This feed-
back system is further complicated by
other factors that control mélange
composition (wind and air tempera-
ture) and calving rates (ice velocity
and submarine melting rates).
Environmental factors at the ice-
ocean interface that may control calving
rates can originate from the ocean or
atmosphere. Positive degree days can
increase calving rates, as meltwater
generated in surface crevasses could en-
hance fracture propagation and, thus,
calving (Van der Veen, 1998; Vieli &
Nick, 2011). Ocean temperatures and
circulation patterns can impact subma-
rine melt (Rignot et al., 2010; Rignot
& Jacobs, 2002), which plausibly plays
a role in both increased calving rate
and ice mélange weakening. Warm
water (>4°C) occupies Sermilik Fjord
year-round, and estimates of subma-
rine melt rates at the face of Helheim



Glacier are high (650 m a™!) (Sutherland
& Straneo, 2012). Our results, as well
as those by Schild and Hamilton
(2013), find no simple relationship
between environmental controls and
calving rates. Instead, we find that
the calving rate is largely synchronous
with changes in ice velocity, except at
distinct periods in late summer, when
large calving rates are likely controlled
by environmental factors.

Mélange rigidity has the potential
to modulate calving rates. Kuo and
Dennin (2013) perform laboratory
tests of the jamming ability of unsorted
particles constrained in a trough and
find that jamming primarily occurs
when larger particles (icebergs) span
the entire width of the trough and
buckle to the sides. Observations in
our study show that icebergs never
span the entire width of the fjord,
even during the highest iceberg-to-sea
ice ratio occurrence (Figure 7). Addi-
tionally, the iceberg-to-sea ratio never
reaches 0.4; the majority of solid mate-
rial within the ice mélange is sea ice.

Calving rate and ice mélange extent
are inversely related during the large
advance-retreat epoch from May to
September (Figure 4). In addition,
mélange composition is not anoma-
lous during this time of steady advance
and then retreat (Figure 7). These ob-
servations strongly suggest that the ice
mélange provides little to no backpres-
sure during the summer and fall sea-
sons. In addition, we were unable to
derive mélange velocities during the
summer and fall months, indicating
that the mélange is not rigid and that
icebergs are moving freely and are
therefore untraceable in our approach.

In our results, ice mélange is slower
than the glacier terminus in the winter
and spring months of 2008, which is
when the calving rate is at its lowest.
Our results also show that terminus re-

treat begins after the ice mélange disin-
tegrates in late June. This correlation
may just be coincidental but does sup-
port the hypothesis that a rigid (thus
slow) ice mélange reduces calving
rate. Sundal et al. (2013) also observe
winter mélange speeds that are slower
than those at the glacier terminus—
coincident with periods of reduced
calving. Amundson et al. (2010) and
Walter et al. (2012) observed sim-
ilar calving reduction patterns in West
Greenland.

Seasonal Variations

In 2008, the ice mélange varies in
extent seasonally and weekly. In gen-
eral, the mélange is smaller in the win-
ter. It is also more rigid according to
our ability to produce velocity esti-
mates of the ice mélange by using a
feature-tracking algorithm that only
tracks translational motion. This rigid
mélange does not change in size due to
high winds. The mélange in the winter
and early spring has a very low iceberg-
to-sea ice ratio, presumably from a
lower calving rate. These observations
suggest that rigidity may be due to air
temperature (as opposed to iceberg
content).

During the spring, both the ter-
minus and mélange grow in size—
although both exhibit punctuated
periods of retreat. These periods of
retreat are coincident and short-lived,
lasting only a few days for the mélange
and a few weeks for the terminus. In
early summer (mid-June to late July)
ice velocity is high and calving rate is
low, causing the glacier to advance.
During this time, the mélange is re-
duced in size and contains few ice-
bergs. The calving rate increases in
late July until it exceeds the ice velocity
and retreats. Retreat continues until
September, continuously increasing
the number of icebergs in the mélange.

Mélange extent steadily decreases from
mid-August to December, even though
it presumably becomes more rigid with
the increased number of icebergs.

The seasonality of the ice velocity
plays a large role in the calving rate as
well as the mélange speed. In 2008,
Helheim Glacier steadily accelerated
from January to October, with a
period of deceleration in August.
This deceleration caused the glacier
to retreat because not enough ice was
being supplied to the terminus to
maintain a steady position. While the
calving rate generally followed the ice
velocity, a large decrease in calving
rate in July occurred when velocity
was relatively constant, suggesting
that another variable impacted the
calving rate during this time.

Model Success

The model is designed to define the
significance of an ice mélange on calv-
ing events by providing insight to how
icebergs and sea ice occupy the space
within the fjord and how that variation
coincides with iceberg calving rates.
The model successfully identifies the
calving rate and ice mélange response
trends associated with seasonal in-
creases in terminus retreat and ad-
vance. Icebergs are transported away
from the ice mélange during times of
increased calving, despite the increased
flux deposited into the fjord. During
times of terminus advance or a steady
state in the winter months, the model
shows the bulk of ice mélange never
exceeds glacier flow, leading to the
conclusion that the ice mélange has
a role on calving rate variation at
Helheim Glacier.

The primary shortcoming of the
model is that it does not exhaustively
determine all controls on the ice mé-
lange. Factors such as wind, air tem-
perature, sea surface temperature, and

16 September/October 2014 Volume 48 Number 5 89



tidal shift are not taken into considera-
tion in the model. To simplify, we keep
the scope of the study within the con-
text of the ice mélange’s control on calv-
ing and do not examine ice mélange
controls. The other major shortcoming
of the model is due to the resolution of
the input datasets. Ice velocity measure-
ments and ice mélange composition are
bound to ASAR repeat times (35 days),
leaving short-term velocity slowdowns
and individual iceberg displacement
unknown.

Summary

The combination of remote sens-
ing techniques used in this study re-
quired the use of both commercial
and free and open-source software,
which extracted spatiotemporal glacier
terminus area, ice mélange area, and
ice mélange composition data from
currently available remotely sensed
data products. The use of a customized
graphical user interface to identify and
modify terminus location data and
ice mélange extent provides a simple,
fast, and accurate method of recording
dynamics at the pixel level. The object-
based method of classifying ice mélange
is advantageous over a pixel-based ap-
proach, as object-based algorithms
look not only at spectral differences be-
tween pixels butalso at group homoge-
neous neighbors into objects. These
objects provide additional dimensions
(area, shape) to the classification pro-
cess, making the discernment of ice

types straightforward.
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ABSTRACT. Ice mélange, a conglomerate of calved icebergs and sea ice, exists in some
fjords adjacent to tidewater (marine-terminating) glaciers. Under certain conditions, ice
mélange can become cohesive and jam, which may restrict the glacier terminus and
subsequently reduce iceberg calving. In this study, we examine the impact of seasonality,
ice mélange characteristics and other environmental forcings on iceberg calving at Helheim
Glacier, southeast Greenland. Our observations are derived primarily from satellite
observations collected between 2002 through 2014. We characterize glacier terminus behavior
by its position, calving rate and calving style, and the ice mélange by its area, distribution of
icebergs, size of icebergs, and velocity. We find that extended periods of ice mélange jamming
(~11-35 days) are tied more closely to cooler seasons (spring/fall/winter) and a high density
of icebergs within 5 km of the glacier terminus. Longer duration ice mélange jams are not
strongly tied to its rheology or environmental controls. Iceberg calving style and calving rate
at Helheim Glacier are more closely tied to seasonality and sea surface temperature (SST)
than the ice mélange’s rheology, ice mélange rigidity, or basal topography, indicating that

seasonal calving at Helheim Glacier is likely linked to surface melt.

INTRODUCTION

Mass loss from the Greenland Ice Sheet increased four-fold
in the past two decades, resulting in a total contribution
to global sea level rise of ~0.4-0.7 mm y ! (Shepherd and
others, 2012; Enderlin and others, 2014; Csatho and others,
2014). Half of this mass loss came from the acceleration
and retreat of marine-terminating glaciers (e.g. Moon and
others, 2012), which are modulated by processes not well
understood. The widespread retreat of Greenland’s glaciers,
and the coincidence with a period of oceanic and atmospheric
warming, points toward a common climate driver (Csatho
and others, 2014); however, details of both the forcing
mechanism(s) and the response in outlet glacier dynamics
are not fully understood (e.g. Vieli and Nick, 2011; Straneo
and others, 2012).

Several recent studies conclude that changes in outlet
glacier dynamics can be attributed to perturbations at the
ice-ocean interface — through increases in submarine melt
rates (Straneo and others, 2010; Johannessen and others,
2011; Sutherland and Straneo, 2012; Sciascia and others,
2013), weakening of an ice mélange (Straneo and others,
2013) or buoyant flexure of the glacier terminus (e.g. James
and others, 2014). These mechanisms can lead to increased
calving rates and retreat (e.g. Jenkins, 2011; Straneo and
others, 2012; Slater and others, 2015). The controls on calving
behavior are complex, and determining direct causality
is not straightforward. In this study, we characterize the
relationship of calving rate with seasonality, calving style and

ice mélange behavior at Helheim Glacier (HG), in southeast
Greenland.

Of the potential forcings at the ice-ocean interface, the ice
mélange is arguably the least studied. An ice mélange may
have implications to calving dynamics, as it has the potential
to provide mechanical buttressing along fjord walls (Reeh
and others, 2001; Amundson and others, 2010; Foga and
others, 2014), control crevasse propagation (Amundson and
Truffer, 2010), and alter energy transfer of calving icebergs
(MacAyeal and others, 2012). Observations of ice mélange
show that its rigidity changes over time, and therefore may
have a variable impact on glacier calving rates. Using a
ground-based radar interferometer, Peters and others (2015)
find that the ice mélange at Jakobshavn Isbrae responds to
individual calving events by compacting, jamming, and then
relaxing, even when the ice mélange is at its most mobile.
Results from radar and time-lapse camera observations show
that the ice mélange does not offer much inherent resistance
to the glacier terminus in the summer, but jams within 10
minutes following a large calving event, and then relaxes 40-
60 minutes after (Peters and others, 2015). Similar calve-
and-jam behavior occurs immediately after calving events at
HG (Sutherland and others, 2014), and has been reproduced
in an analogue model (Kuo and Dennin, 2013). At Store
Gletscher, West Greenland, ice mélange removal coincides
with an acceleration of the glacier terminus (~1.5 m dfl)7
yielding estimates of the ice mélange exerting ~30-60 kPa of
backstress against the terminus (Walter and others, 2012).
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Our focus is on seasonal and inter-annual observations at
HG. HG has an ever-present ice mélange, and has undergone
many unique flow patterns over the past fifteen years:
between 2002 and 2005, the terminus of HG experienced a
rapid surface velocity increase of ~4000 m a~!, thinning
~200 m at its terminus, and retreating ~18 km? (Stearns
and Hamilton, 2007). Since 2006, HG has remained relatively
stable (Moon and others, 2012), yet has exhibited a
pattern of thinning, thickening, and re-thinning (Csatho
and others, 2014). Our study quantifies HG’s terminus
position and surface velocity, and examines the pattern
of individual calving events, which we denote as calving
style. We then quantify the ice mélange by its composition,
surface velocity and extent, and compare its seasonal and
inter-annual behavior with calving rate and calving style.
These measurements span a 12-year period from 2002-2014.

METHODS

To quantify the impact of the mélange on calving behavior,
we characterize both the ice mélange and glacier terminus
using a combination of optical and radar satellite imagery.
Here we focus specifically on the impact that seasonality, ice
mélange composition, and ice mélange jams have on calving
style and calving rate. We define jams as periods when the
ice mélange is cohesive and moves more slowly than the
glacier terminus. Note that the jams here are detected at
an interval of several days to several weeks, meaning the
more ephemeral jams observed by Peters and others (2015)
cannot be detected here. We further explore the relationship
of external forcings on HG terminus and ice mélange by
using several ancillary datasets: sea surface temperature,
wind speed, and ocean temperature.

Terminus Characterization

In this study, we use a semi-automatic technique to digitize
the edge of the glacier terminus using each 250 meter pixel of
Moderate Resolution Imaging Spectroradiometer (MODIS)
Terra imagery (Foga and others, 2014), collected daily from
2002 through 2014; this per-pixel technique not only measures
terminus position, but allows for geolocation of specific
calving events.

To analyze calving style, we aggregate the terminus area
data into five lateral transects (Fig. 1), where transects 1
and 5 are 750 m wide (3 pixels), and transects 2, 3, and
4 are 1000 m wide (4 pixels). The transect data are used
to calculate change in terminus position in meters per day,
and are discussed in terms of the entire time series, by
season, and by year. Comparisons of the size and timing of
calving events between transects are made using correlation
coefficients (7).

Ice Mélange Characterization

We characterize the ice mélange by measuring the size and
distribution of its icebergs, as well as the mélange extent
and velocity. We define the mélange extent as the area of
cohesive ice mélange, where no open water is visible, from
the glacier terminus to the fjord edge. The ice mélange extent
is manually delineated from MODIS imagery. We create an
inventory of icebergs and sea ice within the ice mélange

using object-based image analysis (OBIA) with Envisarz1

Advanced Synthetic Aperture Radar (ASAR) imagery
from 2002 through 2010, and Landsat 8 Operational Land
Imager (OLI) imagery from 2013 through 2014. The OBIA
technique allows us to retrieve icebergs statistics, specifically
iceberg size and location. Further details about the OBIA
methodology are outlined in Foga and others (2014). We
analyze mélange characteristics within along-fjord zones
(Fig. 1) to investigate how icebergs are distributed and how
their spatiality may affect calving.

Terminus and Ice Mélange Velocity

We calculate terminus and ice mélange velocity by tracking
surface features with image correlation software (Scambos
and others, 1992) using imagery from ASAR, Landsat
OLI, and the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER). Pre-compiled interferom-
etry velocity maps are used when available (TerraSAR-X)
(Joughin and others, 2011). To determine the calving rate,
we average velocity values across the width of the glacier
terminus. For each velocity epoch, we calculate the calving
rate (¢) using the width-averaged velocity (ups), and the
width-averaged change in terminus position (L) between each
velocity epoch (t):

cC=upy — —- (1)

Ancillary Datasets

We utilize ancillary datasets for sea surface temperature
(SST) and wind speed to assess their impact on calving
rate and ice mélange behavior. SST data is averaged from
three spatially unique daily measurements from the Advanced
Very High Resolution Radiometer (AVHRR) Optimum
Interpolation dataset (Reynolds and others, 2007; Reynolds,
2009), which span the extent of Sermilik Fjord.

Wind speed data is from the University of Copenhagen’s
Sermilik Research Station at “Station Coast” established near
the fjord at 65°40.8N, 37°55.0W, ~75 km from the glacier
terminus (Mernild and others, 2008), running from 2002-
2012, and one weather station near HG in 2014-15. Oltmanns
and others (2014) use the former dataset in conjunction with
two other wind speed datasets to determine the change in
fjord conditions and sea ice cover in response to downslope
wind events (DWE), which are established as being >17.4
m s~!. DWE affect the entire fjord when blowing in the
directions between 270 degrees (East) and 20 degrees (South-
southwest). Wind speed is captured every three hours; in our
study, we use the maximum daily wind speed.

We use mooring data to assess the potential impact
of ocean water temperatures on HG’s terminus and/or
ice mélange conditions. The data were acquired at three
locations: Irminger Sea (100-600 m in depth), the Atlantic
Ocean shelf adjacent to Sermilik Fjord (~300 m), and
Sermilik Fjord itself (100-500 m) (Harden and others, 2014).

Error Analysis

We assess the accuracy of the terminus position data by
comparing temporally overlapping, higher-resolution images
from Landsat 8 OLI, ASAR, and ASTER with our MODIS-
derived record. The average error for the terminus area is 1.3
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Fig. 1. The fjord is divided into zones (1-5) in order to analyze pattens in mélange rheology, and the terminus area is divided into
transects (A-E) to analyze calving style. Zones and transects are overlain on a Landsat 8 OLI RGB composite image from 03 September

2013.

km? (4.1% of the study area). The ice mélange delineation
error is 37.9 km? (22.7% of the study area) — likely due
to ambiguity of ice mélange cohesion in MODIS imagery.
Digitization repeatability errors are 0.1 km? for terminus
area using MODIS imagery, and 5.9 km? (MODIS) and 0.9
km? (ASAR) for the ice mélange (Foga and others, 2014).
Velocity errors are 0.24 m d~! for ASAR scenes (Foga and
others, 2014) and 0.82 m d~! for OLI scenes. The error
for TerraSAR-X derived velocities typically fall within 0.01
m d7! to 0.05 m d_l7 depending upon proximity to shear
margins (Joughin, 2002).

To assess the accuracy of identifying icebergs with the
OBIA routine, we manually traced icebergs in one randomly
selected image from ASAR and one from Landsat 8 OLIL.
The ASAR image classified with OBIA was 66.3% accurate
compared to its manually digitized mask. Error is most
prominent in the ASAR images where small icebergs
(<~2,200 m2) are clustered together; this is the result of the
algorithm sometimes aggregating adjacent, smaller icebergs
into a single iceberg. This error has a noticeable effect
when calculating the area of icebergs by zone, but does not
significantly alter the distribution of the icebergs (Fig. 2).
Results from the Landsat OLI digitization show better
results than the ASAR object-based classification with an
overall accuracy of 73.9%, and shows similar statistical fits
as shown in Fig. 2. Overall, the accuracy of the iceberg area
results from both datasets make its usefulness debatable,
but iceberg distribution values were accurately obtained.

RESULTS

Terminus and Mélange Extents

Both the terminus and ice mélange extents show clear
seasonal signals (Fig. 3). In general, Helheim Glacier advances
in the fall when the glacier is moving more slowly and
begins to retreat in the spring when the glacier accelerates
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Fig. 2. Differences in zonal statistics for the single ASAR
image, between the object-based classification (”OBIA”) and the
manually-digitized mask (?Manual”). The results show significant
differences in categorizing iceberg size (a, r = -0.24), but show
good agreement in mean percent of icebergs (b, » = 0.99).

and calving rate increases. Not surprisingly, the ice mélange
extent is inversely related to the terminus area — as the
terminus retreats, the additional icebergs cause the mélange
to extend both near the terminus and outward into the fjord.
Calving rate varies closely with surface velocity (r = 0.75),
and both correspond to the larger retreats and advances of
the terminus. The calving rate became more stable after the
2002-2005 terminus retreat.

The ice mélange extent typically grows and shrinks along
with seasonal variations in iceberg calving (Fig. 3d). A shorter
ice mélange is observed during winter except during the late
2005/early 2006 winter; HG retreated ~22 km? in summer
2005 and the mélange remains extensive throughout the
winter 2005-06 (Fig. 3). During summer 2005, the terminus

2jelocity and calving rate both exceeded 30 m d~! (Fig. 3b,
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¢), simultaneously growing the ice mélange area to its
second greatest extent measured (Fig. 3d). The ice mélange
observations are partially explained by calving, but the ice
mélange varies more irregularly and at a greater frequency

than terminus area, terminus velocity or calving rate.
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Fig. 3. a) Terminus area. b) Terminus velocity, where the width
of the bars indicate the epoch of the measurement. ¢) Calving rate,
where the width of the bars indicate the epoch of the measurement.
d) Ice mélange area. Dark gray bars indicate an ice mélange jam
observed within the surface velocity epoch; light gray indicates an
ice mélange jam was not observed; white indicates unknown, as no
data are present to measure ice mélange velocity.

Terminus and Mélange Velocity

Often usable ice mélange velocities cannot be produced due to
its fast, nonlinear motion, particularly in the 35-day epochs of
the ASAR imagery. The shorter epochs of the other velocity
datasets (11 days for TerraSAR-X, and 2-16 days for Landsat
OLI) mean less ice mélange movement, thus a greater chance
to detect mélange compaction. Jams observed in the ASAR
data occur exclusively in the late fall (as early as DOY 245)
and winter, with an exception to 2008, when one jam occurred
in the summer. Jams occur during all four seasons in the
TerraSAR-X data, and during the late summer and fall in
the Landsat OLI imagery (Fig. 3).

Iceberg jams, denoted by the dark gray bars in Fig. 3 and
Fig. 5, occur nearly annually starting after the large series
of terminus retreats in 2005. Jams occur under a variety of
different conditions: when calving rate is positive and near
zero (Fig. 3c); when ice mélange extent is fully extended and
short (Fig. 3d); when SST is cold and warm (Fig. 4a); and
when the wind speeds range from zero to a DWE (Fig. 4b).
The ranges of data collected during jams versus all data are
detailed in Table 1.

SST (deg. C)

* Fjord 150-500m
+ Irminger Sea 100-600m
= Shelf 300m

Mooring (deg. C)

Wind spd. (ms™")
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Fig. 4. a) Sea surface temperature. A black dashed line separates
the freezing point of fresh water (0°C). b) Mooring data acquired
in Sermilik Fjord (red), the Atlantic shelf immediately outside of
Sermilik Fjord (green), and the surrounding Irminger Sea (blue). ¢)
Wind speed data from Sermilik Fjord, filtered for wind directions
between 270° (East) and 20° (South-southwest) degrees. A black
dashed line separates the downslope wind event (DWE) established
by (Oltmanns and others, 2014).

Ice Mélange Rheology

The mélange composition analysis is separated between two
datasets: 2002 through 2010 (ASAR) and 2013 and 2014
(Landsat 8 OLI). High spatial resolution imagery is not
available to derive mélange composition maps for 2011 and
2012. These datasets are analyzed separately, as ASAR and
Landsat 8 OLI datasets were acquired at different intervals,
and the ice mélange was often obfuscated by by cloud
cover, reducing the time series density and creating distinctly
different iceberg/sea ice ratio and iceberg area results that tell
two different stories.

In the ASAR data (Fig. 5), the measured ice mélange
characteristics — iceberg to sea ice ratio and mean iceberg size
— are highly correlated (r = 0.96) and are inversely related to
seasonal calving patterns: as HG retreats in mid-summer it
produces numerous small icebergs that subsequently increase
the overall area of the ice mélange. Conversely, in winter large
icebergs are calved at infrequent intervals, and sea ice is less
prevalent in the ice mélange. Of the seven ice mélange jams
occurring between 2002 and 2010 (derived from both ASAR
and TerraSAR-X data), iceberg distribution measurements
were only possible from the five ASAR images. However, the
distribution of iceberg/sea ice ratio and mean iceberg size
measurements for jammed periods is nearly indistinguishable
from a non-jammed ice mélange (Table 1). Regardless of
conditions, the iceberg/sea ice ratio is always <1.0, indicating
there is more sea ice and/or small iceberg bits (<~2,200 m?)
than icebergs.

The Landsat 8 OLI data show a more dynamic view of
the ice melange due to overlapping acquisition paths, but
is sensitive to cloud cover, therefore rheology cannot always

23 be analyzed at a consistent interval. Only two images in
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2013 were cloud-free, but fifteen images in 2014 were cloud-
free over the ice mélange. In the winter and early spring
2014, the ice mélange was often short (<5 km) and iceberg-
filled (iceberg/sea ice ratio between 0.36 to 1.32), yielding
results not found in the ASAR record. The iceberg/sea ice
ratio and mean iceberg area went from maximum in mid
April, and fell to minimum at the end of July. Only one
of the five measured ice mélange jams coincide with an
iceberg distribution measurement due to partial ice mélange
obstruction by clouds. This particular observation falls in
the summer (between DOY 233 and 235), has the smallest
iceberg/sea ice ratio in 2014 (0.36) and when the ice mélange
was fully extended, indicating that shorter-duration jams can
occur during the summer.
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Fig. 5. Iceberg characteristics in Helheim Glacier’s ice mélange,
derived from ASAR images. a) The iceberg/sea ice ratio assumes
that within a cohesive ice mélange, any object not detected as an
iceberg is either sea ice or small, unresolvable icebergs. b) For
all icebergs detected in each image, the area is calculated and
represented as a mélange-wide mean. Gray bars represent the state
of the ice mélange relative to the glacier terminus velocity.

To understand the seasonality of the ice mélange, we
compare the iceberg/sea ice ratio and mean iceberg size by
season and by distribution, which is determined by analyzing
the data within five geographic zones of 5 km in width
(Fig. 1). We calculate the standard deviation for each zone to
account for the variability exhibited in the raw measurements.
The concentration of icebergs is greatest at the terminus, and
consistently decreases as it approaches the mouth of the fjord,
regardless of season (Fig. 6a). During the summer, icebergs
are distributed most evenly throughout the fjord compared to
other seasons. There are more icebergs near the terminus in
the winter than any other season, but these values can vary
by ~15% (Fig. 6b). The ice mélange was often shortest in
winter months (sometimes never extending past zone 3), thus
lowering the sample size in zones 4 and 5 during the winter.
The icebergs measured in the winter tended to be larger in
size in zone 5 (the mouth of the fjord) than the other seasons
(Fig. 6¢), but also vary greatly (Fig. 6d). Icebergs tend to
be largest in winter and spring (Fig. 6¢), which corresponds
to the large, infrequent calving events observed during these
seasons. Ice mélange characteristics during a jam are also
plotted (without being aggregated by season), but show no
unique characteristics.

To investigate the conditions under which ice mélange
jams occur, the ice mélange statistics are filtered by incidence
of jams. We find that jams occur when 20-35% of icebergs
exist within zone 1 (32% average, Fig. 6a). Five of the seven

jams occur exclusively in the winter. The overall distribution
pattern suggests that jams occur when icebergs cluster near
the terminus and tend not to happen in summer months.
Icebergs also tend to be larger when jams occur, but not
exclusively.
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Fig. 6. a) Iceberg distribution throughout the ice mélange (refer
to zone map in Fig. 1) aggregated by season and by periods of ice
mélange jams for the 2002-2010 ASAR dataset. b) The standard
deviations of the mean iceberg distributions vary between seasons,
particularly near the terminus. ¢) Mean iceberg size, represented
as area, of all icebergs within each zone, aggregated by season and
by jam. Icebergs tend to start out larger near the glacier terminus
(zone 1), but then become smaller as they move through the fjord,
with exception of the fjord mouth (zone 5). d) The standard
deviations of the mean iceberg size. The greatest variability is
exhibited in zone 5.

Calving Style

Our analysis of the terminus area divided into transects
(Fig. 1) show calving frequency is closely linked between
adjacent transects, and correlations decrease as transects are
farther apart (Fig. 7a). This suggests that calving events
often span more than one transect, either as a single large
iceberg, or multiple small icebergs. The correlation between
any two transects is always positive, showing that the entire
terminus generally advances and retreats as a single entity.
Correlations are slightly higher between adjacent transects
along the northern and central transects.

To further investigate the effect that ice mélange jams
have on calving style, we subset the terminus data at
coincident times of ice mélange jams (Fig. 7b). There are 74
samples collected during jams, making up only 5.1% of the
entire terminus position record. All transects behave more
randomly (7 closer to 0) when the mélange is jammed, with
the exception of Transects A and B, which are more closely
correlated. Transect C (the centerline of glacier flow) and
transect E (the southern edge of the terminus) have a nearly

) iandom correlation in the jam-only dataset, indicating the
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a Entire Dataset b Jam Only
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Fig. 7. a) A correlation matrix of each calving transect compared
with one another for the entire 2002-2014 terminus position
dataset. b) The correlation of each calving transect compared to
one another coincident with all observed ice mélange jams.

size and location of calving events could be geographically
isolated during ice mélange jams. The more random behavior
of zones C, D and E are likely influenced by rising and
falling tides, which have been observed to perturbate these
zones, and directly impact glacier terminus velocity at HG
(Voytenko and others, 2015), which may trigger iceberg
calving.

DISCUSSION
Calving and Potential Ice Mélange Control

Amundson and Truffer (2010) suggest that the ice mélange
impacts seasonal terminus geometry and iceberg calving
style by preventing calving events that may otherwise have
been triggered by terminus flotation, crevasse spacing, ice
temperature, and/or terminus thickness. Seasonal variation
in ice mélange rheology has been observed to some extent at
other Greenland tidewater outlet glaciers: Seale and others
(2011) note ice mélange cohesion beginning sometime after
October and weakening ~4 months later in February-March
at Kangerdlugssuaq Glacier (KG), ~330 km north-northeast
of HG. They observed one instance of ice mélange clearing
and re-forming 14 days later, which coincided with terminus
retreat. Like KG, here we find HG has an always-present
ice mélange, and jams occur in 2 to 35-day intervals, where
jams last longer in winter and early spring months. Unlike
KG, we observe that HG’s terminus advances more than
retreats during jams; the terminus retreated during jams only
twice, but most jams occur during winter, which is when
HG moves slower and calves less. Sometimes, ice mélange

jams prevent icebergs from capsizing and separating from the
glacier terminus (Amundson and others, 2010), which would
still appear as an advancing terminus. The chance of this
phenomenon increases with the size of the iceberg, and being
grounded at the time of calving from the glacier (Amundson
and others, 2010).

The timing of ice mélange rigidity could play a strong role
in modulating iceberg calving. At HG, the ice mélange never
completely disappears at HG, there is an observed reduction
in the percent of icebergs next to the terminus between
winter and spring seasons (Fig. 6a), which corresponds well
to our results showing ~70% of the 35-day jams occurred
in winter (Fig. 5). Cassotto and others (2015) investigate the
seasonal timing of ice mélange presence with calving events at
Jakobshavn Isbrae. The ice mélange often relaxed and began
accelerating above its mean velocity up to 20 days before
a large calving event. Winter calving events and terminus
advance were both correlated with variation in ice mélange
behavior (Cassotto and others, 2015). Our observations at
HG agree with these findings, as the icebergs within the
ice mélange become more distributed along-fjord throughout
the spring, summer, and fall, with summer being the most
distributed and varying the least in the zones closest to the
glacier terminus (Fig. 6a, b). Larger icebergs concentrated in
zone 5 during the winter (Fig. 6¢) may be grounded on a sill
(Joughin and others, 2008). However, the impact of the sill
on ice mélange stability could not be determined with our
data.

During ice mélange jams, calving transects behave more
independently, suggesting that large icebergs or across-width
calving events are less common (Fig. 7b). Independence
among zones may explain the high variation in calving rate
during times of ice mélange jamming, as some parts of the
terminus calve more than others. Calving style may appear
independent due to the relatively small number of samples
present during ice mélange jams, which are concentrated
primarily in the winter. Furthermore, the terminus is almost
always advancing during jams, implying that calving is
reduced across the entire terminus relative to the summer
and early fall calving style.

The large terminus retreat between 2002-2005 may be more
closely linked with the above freezing SST values in 2002-
2003. SST varies closely with seasonality, indicating warming
air temperatures may be the greater driver of melt and
subsequent iceberg calving at HG (Fig. 4). Irminger Sea
waters were also warmer in 2002-2003 (~6°C), indicating
subglacial melting at the terminus could also be a factor
increasing the calving rate and terminus velocity. Here we

Measured variable Range of conditions Mean value Median value % of all Date range

obs.
Terminus velocity 16.87 m d~! to 29.04 m d—! 22.89 m d~t 2247 m d—1 94.5% 2002-2014
Calving rate 14.36 m d~! to 30.87 m d~! 20.13 m d—*t 20.68 m d—! 81.2% 2002-2014
Ice mélange extent 37.99 km? to 220.15 km? 121.50 km? 122.0 km? 83.0% 2002-2014
SST 0.40°C to 4.72°C 2.44°C 2.82°C 89.3% 2002-2014
Wind speed Oms ! t019.72ms ! 6.49 m st 6.92m s ! 82.6% 2002-2012
Iceberg/sea ice ratio 0.176 to 0.295 0.242 0.252 90.5% 2002-2010 (ASAR)
Mean iceberg size 3.69x10~2 km? to 5.97x102 km? 4.71x1072 km?  4.99x1072 km?  90% 2002-2010 (ASAR)
Iceberg concentration  20% to 35% 32% 31.44% N/A 2002-2010 (ASAR)
(zone 1)

Table 1. Observed ice mélange jamming conditions at Helheim Glacier compared to the total mean, median, and percent of all other

environmental observations.
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do not observe a clear trend of subsurface temperature
fluctuation coinciding with changes in calving rate, even
with a time lag applied (up to +30 days), indicating that
subsurface melting may not be a first-order driver of iceberg
calving.

Controls on Ice Mélange

Based upon our set of ice mélange rheology maps (Fig. 5),
an ice mélange’s ability to jam is not necessarily dictated by
size of icebergs nor the concentration of icebergs relative to
sea ice. The density of icebergs (within the first 5 km of the
terminus) is the most distinct feature we found related to our
observed ice mélange characteristics.

Strong wind events may cause infrequent break up of
the ice mélange during the winter, keeping the ice mélange
short relative to summer and fall seasons. Oltmanns and
others (2014) observe winds controlling the ice mélange when
a single DWE passing through Sermilik Fjord reduced ice
mélange cover by 29% in 2011. Similar observations have
been made at Jakobshavn Isbree (JI) (Cassotto and others,
2015), where warmer air temperatures could either be the
cause (convection) or result (exposed warmer waters causing
an increase in air temperature) of increased winds. However,
little impact due to down-fjord events have been found at JI
(Amundson and others, 2010). Likewise at HG, ice mélange
velocity near the terminus does not increase with strong
along-fjord winds (Sutherland and others, 2014), which agrees
with our results pertaining to longer-term iceberg jams and
DWE (Fig. 4c). Even DWE impacting ice mélange coverage
in all of Sermilik fjord did not remove ice mélange immediate
to HG (Oltmanns and others, 2014). Alternatively, the abrupt
changes observed in ice mélange extent during winter could
be influenced by tidal perturbations (e.g. Walter and others,
2012) rather than DWE.

Here we find the likelihood of ice mélange jams is most
closely linked with lower SST/air temperature. Often in
winter, the waters at the surface are below freezing (Fig.
4a). Waters at depth are always above freezing, and are
even warmer during the winter when they are not cooled by
glacier runoff (Straneo and others, 2011). Here we observe
ice mélange is more often jammed in the winter, and for
longer durations than other seasons; 2002 and all of 2003
were an exception, as there was an absence of ice mélange
jams and SST was above freezing, indicating that SST have
more of an impact on ice mélange rigidity. Runoff from the
summer season has the ability to cool subsurface waters
(Straneo and others, 2011; Sciascia and others, 2013), but
never below freshwater nor ocean water freezing points.
Considering that long-term jams are not observed during the
summer, we therefore assume iceberg calving and SST have
greater control on ice mélange rigidity than subsurface water
temperatures. However, SST does not perfectly explain
these events: while no long-term ice mélange jams were
observed during 2002-03, and the mean SST was 1.18°C, a
sustained 54-day jam in winter 2012-13 occurred while SST
was above freezing (0.92°C avg.), indicating that SST is not
the exclusive driver of ice mélange jamming.

The Role of Bed Topography on Calving

Overall terminus stability is thought to be modulated by the
glacier bed. However, recent models show that glaciers do
not always stabilize on topographic bedrock highs; Nick and
others (2010) found the bed of marine-terminating glaciers

is most stable on reverse slopes or in shallow waters, and
areas of instability may be prevalent on reverse bed slopes
(e.g. Weertman, 1974; Thomas, 1979). Stability may also be
impacted by the flotation (or ungrounding) of the glacier
terminus (e.g. Van der Veen, 1996; Amundson and Truffer,
2010). A glacier with a floating ice tongue may be more
susceptible to calving than a fully grounded glacier due to
loss of stability provided by the bed (Meier and Post, 1987),
which was observed after HG’s retreat in 2005 (Joughin and
others, 2008).

To test HG’s terminus stability based on bed topography,
we aggregate all 1400 terminus positions tracked between
2002 though 2014 (Fig. 8), referred to here as frequency. There
is only one value assigned to each row for any given image.
The spatial distribution of these pixels follows a normal
Gaussian curve, where the peak frequency exists near the
center of the profile at all three transects. We compare the
terminus frequency data with two bed topography datasets:
a 1 km resolution bed elevation dataset compiled with radar
observations by Bamber and others (2013), and a 250 m
resolution bed elevation dataset with combined radar and
mass conservation techniques (Morlighem and others, 2014).
In this comparison, we assume that a higher terminus position
frequency indicates a location of greater terminus stability.

38.28°W

Frequency

o High: 228

-Law o

Fig. 8. Samples of terminus position frequency for the entire
dataset (2002-2014) are taken from three different along-flow
transects. Each sample is 250 m apart. Profile b is at the center
of the glacier, and Profiles a and ¢ are ~2km away from b. The
samples are shaded to show distribution of the 1400 unique days
of terminus position data.

Terminus frequency and bed elevation datasets are sampled
at 250 m intervals (Fig. 9). Each of the three frequency
profiles behave similarly, but peak at slightly different
points in relation to the bed topography. To examine
the contribution of ice mélange and/or bed topography
impacting the terminus position, we filter the data for periods
concurrent with an ice mélange jam, and plotted in relation
to bed elevation (Fig. 9).

The attempt to correlate calving style with bed topography
(Fig. 9) shows that the terminus position relative to the bed
during jams strongly resembles periods of non-jams; however,
the two selected bed topography datasets largely disagree,
making it difficult to draw any serious conclusions about
the true physical relationship between calving style and bed
topography. If the Bamber and others (2013) bed is more

2) @ccurate, the bed may be the primary control on terminus
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Fig. 9. Profiles of terminus position frequency graphed against two unique bed topography datasets (top). The ‘All data’ terminus position
frequencies (dashed green) correspond to Fig. 8. The ‘Jams’ frequencies (solid brown) are filtered for coincident periods of ice mélange
jamming. Both frequency datasets are square root transformed to exaggerate detail. The cooresponding bed topography — IceBridge

BedMachine (solid red) and Bamber and others (2013) (dashed blue) notably disagree, and are shown at the bottom.

position, as the terminus is most frequently on a reverse bed
slope in the center of flow, while the terminus near the fjord
walls rest on plateaus. A reverse bed slope combined with
fast flow and a relatively deep bed could be a driver for rapid
calving (e.g. Pelto and Warren, 1991). However, the frequency
of the terminus position does not differ greatly between
transects, and is stable on a reverse bed slope, indicating
that continuous calving could be restrained by another force,
such as the ice mélange.

Variations in Calving Style

We test for the potential controls on calving style by
comparing them to our derived environmental variables
shown in Fig. 3. Here we define calving style as the behavior
of the terminus between one transect and another (1). For
each year, we calculate the correlation coefficients between
transects, and then calculate the correlation coefficients
for each season. The results of the correlations between
and calving style yielded
nearly random coefficients (r = -0.08 to 0.11), except for

the environmental variables

SST (r = 0.36). The transects behave more congruently
during years when SST was above freezing for the majority
of the winter than years when SST was below freezing.
Likewise, in seasons where one or more transect pairs were
inversely correlated, SST was an average of 0.58°C, which
is low relative to the dataset-wide mean of 2.44°C. This
observed behavior could be due to surface runoff from
warmer temperatures, hydrofracturing surface crevasses and
inhibiting calving across the entire terminus (e.g. Van der
Veen, 1998). Increased melt at the surface could also induce
faster breakup of the ice mélange, causing it to quickly move
out of the fjord, thus relieving any potential pressure on
the glacier terminus, subsequently allowing more calving to
take place across the entire terminus. However, we do not
observe a subsequent increase in calving rate nor uniformity
of calving style when the ice mélange becomes un-jammed,

style, if at all.

CONCLUSION

By exhausting the satellite remote sensing record and several
ancillary datasets, we characterized iceberg calving behavior
in relation to the sustained ice mélange in front of Helheim
Glacier, southeast Greenland (HG). We used these derived
characteristics to examine: 1) the ice mélange’s ability to
jam based upon its composition, size, and season; and 2) the
implications of ice mélange jamming’s impact to terminus
position, calving rate and calving style at HG.

Ice mélange jams were rarely observed in longer 35-day
acquisition epochs; they were primarily detected in the fall
and winter starting in 2005. Jams < 35 days are sporadically
detected with the 11-day epochs, and a single 2-day epoch
in summer 2014, implying that ice mélange jam duration is
linked to seasonality. The 2-day epoch in 2014 was observed
in the summer with a fully extended ice mélange (~26 km),
indicating that a longer ice mélange could be a key mechanism
in driving short-term jams, which has been noted in other
field-based research. The proximity of icebergs to the glacier
terminus are linked with jamming potential, as 30% (+12%)
of icebergs during jams are concentrated within the first
5 km of the fjord, and decrease as they move away from
the terminus (Fig. 6a). On average, a jam consisted of an
ice mélange covering ~73% of the fjord and an iceberg/sea
ice ratio of 0.242, which was relatively dense in terms of
our 2002-2010 ASAR observations, but not so for the 2013-
2014 observations. The distribution of iceberg size remained
constant relative to the seasonal trends, showing iceberg
size is not a conclusive variable for characterizing the ice
mélange’s ability to jam at HG, though our iceberg size
dataset was only ~66% accurate.

In terms of ice mélange jams as a potential control on
calving, our dataset comparisons showed that ice mélange

indicating that it is likely a second-order control on calvin%’7 jams occurred during a wide range of conditions (Table 1).



Foga and others: Characterization of iceberg calving and ice mélange behavior at Helheim Glacier, southeast Greenland 9

HG’s terminus was almost always advancing during ice
mélange jams, indicating calved icebergs could be held in
place by the ice mélange to inhibit further calving, similar
to the findings of Amundson and others (2010), but may be
coincident with decreased melt during the winter. Overall
calving behavior in the context of this dataset are more
explainable through seasonality and SST, as calving rate
increases when the seasons become warmer. Ice mélange jams
were not correlated with our calving rate measurements.

By separating the terminus into five along-flow transects,
we quantified how and where HG’s terminus calves, and how
it varies across space and time; we defined this as calving
style. The variation among transects increases as distance
between transects becomes greater, yet all transects were
nearly always correlated positively with one another (Fig. 7).
Overall, seasonality and SST were the clearest signals in
terms of explaining calving style variation. Many peaks and
troughs in our mooring data did not coincide with calving
rate or terminus position changes, indicating that submarine
melt may be a second-order control on calving. Likewise,
the ice mélange and coincident jams occurred under a range
of observed environmental and glacier terminus conditions,
but often occur for month-long periods during the winter,
indicating that ice mélange also has a second-order control
on calving at HG, but more so in winter. Smaller calve-
and-jam scenarios observed by field-based research find the
ice mélange and iceberg calving closely interact, but these
trends were not apparent in our results.
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Chapter 4

Conclusion

This thesis examined iceberg calving and potential influences from ice mélange and environmental
factors at Helheim Glacier, southeast Greenland (HG). The information was disseminated through
two peer-reviewed manuscripts, where the first manuscript examined the satellite remote sensing
techniques used to quantify iceberg calving, ice mélange rheology and ice surface velocity, and
the second paper examined the specific patterns of iceberg calving and potential environmental
influences in relation to the ice mélange jams.

The results from the first paper showed through the use of object-based image analysis (OBIA),
ice mélange rheology could be systematically measured using a workflow derived from empirical
characteristics of the icebergs, specifically shape, size, and texture. The glacier terminus was dig-
itized on a per-pixel level in MODIS imagery, which yielded data quantifying glacier retreat/ad-
vance and the spatiality of iceberg calving along the terminus. Measuring both glacier terminus
and ice mélange surface velocities in 2008 revealed that the ice mélange has the ability to “jam” or
move slower than the glacier terminus, indicating that the ice mélange rigidity may impact iceberg
calving events at HG.

The second paper used the methods applied in the first paper, expanded the scope to years
2002 through 2014, and examined possible controls of iceberg calving at HG. Additional ancil-

lary datasets were incorporated to help determine contribution and causality to calving behavior,
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specifically wind speed, bed topography, moorings and sea surface temperature (SST). The ice
mélange rheology data derived from OBIA were used to examine the iceberg size and distribution
within the fjord. Here, ice mélange is typically shorter and more densely packed with icebergs
in the winter, but is longer and filled with sea ice and/or unresolvable iceberg pieces during the
summer. Ice mélange jams often coincided when 30% (£12%) of all icebergs were within ~5 km
of the glacier terminus.

The terminus area data were split into discrete transects, and were compared with one another,
termed as calving style. Calving style of the transects varied inter-seasonally, but no two portions
of the glacier ever correlated negatively, indicating that iceberg calving occurs along the terminus
nearly simultaneously. However, the calving style varied almost randomly in some areas of the
glacier terminus during ice mélange jams, which coincides with winter, a time when calving is
slow relative to the summer and early fall seasons at HG. Both bed topography datasets were
distinctly different, and neither agreed in terms of HG’s terminus and stability. An equilibrium
was evident when plotting terminus position as frequency, but did not correlate to a topographic
high, low or slope in either bed topography dataset. Downslope wind events (DWE) did not dictate
the extent or rigidity of the ice mélange. Subsurface ocean temperatures recorded by moorings
showed that the ocean waters during the winter are well above freezing; variation in their winter
highs do not correspond to a change in calving rate.

More often than not, ice mélange jamming did not correlate to iceberg calving events at HG;
the potential for a delayed response was examined by lagging the events up to 30 days, which
yielded only less significant correlations. Here, a shorter jam (2 days) observed with a fully ex-
tended ice mélange (~26 km) indicated that short-term jams can occur, and are likely related to the
arrangement and density of icebergs. Jams spanning multiple days do not necessarily impact ice-
berg calving, though longer jams (up to 35 days) were likely to occur in winter, and when icebergs
are clustered within 5 km of the glacier terminus. ~11-16 days jams occurred in all seasons. SST
and seasonality were the two clearest signals in terms of controls on the glacier terminus, following

the theories of acceleration and subsequent calving being driven by seasonal melt.
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